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HERA, the first electron-proton collider, has been delivering luminosity since 1992. It is the natural
extension of an impressive series of fixed-target lepton-nucleon scattering experiments. The increase
of a factor of 10 in center-of-mass energy over that available for fixed-target experiments has allowed
the discovery of several important results, such as the large number of slow partons in the proton and
the sizable diffractive cross section at large Q2. Recent data point to a possible deviation from
standard-model expectations at very high Q2, highlighting the physics potential of HERA for new
effects. The HERA program is currently in a transition period. The first six years of data taking have
primarily elucidated the structure of the proton, have allowed detailed QCD studies, and have had a
strong impact on the understanding of QCD dynamics. The coming years will bring the era of
electroweak studies and high Q2 measurements. This is therefore an appropriate juncture at which to
review HERA results. [S0034-6861(99)00305-0]
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I. INTRODUCTION

The ultimate goal of research in high-energy physics is
to understand and describe the structure of matter and
its interactions. The fundamental constituents of matter
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
as we know them today, leptons and quarks, are fermi-
ons arranged into generations characterized by lepton
numbers and quark flavors, respectively. Leptons are
free particles that can be detected. Quarks, on the other
hand, exist only in bound states—hadrons. The existence
of quarks can be inferred from experimental measure-
ments of the properties of particle interactions and had-
ron production.

There are four known forces governing our world:
gravitational, weak, electromagnetic, and strong. Only
the last three play a major role in the microscopic world.
In the modern language of physics, interactions are due
to exchange of field quanta that determine the proper-
ties of these interactions. These field quanta correspond
to particles whose properties can be measured. All the
known carriers of forces are bosons: three vector bosons
mediating the weak interactions (W6,Z0), the photon g
mediating the electromagnetic interactions, and eight
gluons g mediating the strong interactions. Each of them
carries specific quantum numbers, as do the fundamen-
tal constituents of matter.

There is no theory limiting the number of generations.
The only theoretical condition is that the number of lep-
ton generations be equal to that of the quarks. At
present three generations of leptons and quarks are
known. The leptons are the electron—e, the muon—m,
and the tau—t, each one accompanied by a correspond-
ing neutrino, ne , nm , and nt . There are six known
quarks: the up—u, down—d, strange—s, charm—c,
bottom—b, and top—t quarks. Neutrinos, which carry
no electric charge, interact only weakly. Charged leptons
take part in weak and electromagnetic interactions.
Only quarks take part in all the known interactions of
the microworld.

The theoretical framework that allows us to describe
formally this simple picture is based on gauge theories.
The weak and electromagnetic interactions are unified
within the so-called electroweak theory formulated by
Glashow, Salam, and Weinberg (Glashow, 1961; Wein-
berg, 1967; Salam, 1968). The strong interactions are
embedded in the framework of quantum chromodynam-
ics (Wilczek, 1982). The combination of the two consti-
tutes what is generally known as the standard model of
particles and interactions. The experimental evidence
that led to this simple and elegant picture has been pro-
vided by a multitude of experiments involving high-
energy interactions of hadrons with hadrons, leptons
with hadrons, and leptons with leptons.

The description of electroweak interactions is based
on the SU(2) group of weak isospin and U(1) group of
weak hypercharge. This symmetry is spontaneously bro-
ken at ;100 GeV by introducing in the theory scalar
mesons called Higgs particles. In the resulting theory we
find two charged and one neutral massive vector
bosons—the W6 and the Z0, which mediate weak inter-
actions, and one massless neutral vector boson—the
photon. While the existence of the weak charged cur-
rents had been known (since the explanation of the b
decay of atomic nuclei by Fermi in 1932), this theory
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predicted the existence of weak neutral currents, which
were subsequently discovered (Hasert et al., 1973).

The experimental and theoretical progress achieved in
the electroweak sector has been tremendous. The W6

and the Z0 were discovered at the CERN proton-
antiproton collider (Arnison et al., 1986; Ansari et al.,
1987), and with the advent of two high-energy electron
positron colliders, LEP and SLC, the electroweak pa-
rameters of the standard model have been determined
to a high precision (Altarelli, Barbieri, and Caravaglios,
1986; Bardin et al., 1997). Suffice it to say that the ex-
periment and the theory agree with each other at the
level of O(1023) (Pokorski, 1996). The Higgs boson re-
mains the only missing link. Global fits constrain the
Higgs mass at 95% confidence level to be mH
,500 GeV (Altarelli et al., 1986), with the minimum x2

corresponding to a value mH.115 GeV.
The interactions of quarks and gluons are described

by quantum chromodynamics (QCD), a non-Abelian
gauge theory based on the SU(3) color symmetry
group. Color constitutes the equivalent of the electric
charge in electromagnetic interactions. The quarks, each
in three colors, interact by the exchange of electrically
neutral vector bosons, the gluons, which form a color
charge octet. The gluons are not color neutral and thus
they themselves interact strongly. A consequence of this
property is asymptotic freedom, which states that the
interaction strength of two colored objects decreases the
shorter the distance between them. The effective strong
coupling constant as depends on the scale at which the
QCD process occurs. The solution of the renormaliza-
tion group equation in leading order leads to

as~Q2!5
4p

b0 ln~Q2/L2!
, (1.1)

where Q2 denotes the scale at which as is probed and L
is a QCD cutoff parameter. The parameter b0 depends
on the number of quark flavors in the theory, Nf ,

b05112
2
3

Nf . (1.2)

Since the known number of flavors is six, b0.0, and the
coupling constant becomes smaller the larger the scale
Q2. The property of asymptotic freedom has been
proven rigorously and allows us to make predictions for
the properties of strong interactions in the perturbative
QCD regime, in which as is small.

Another property of QCD, which has not been
proven rigorously, is confinement, which keeps quarks
bound into colorless hadrons and prevents the observa-
tions of free quarks. In QCD, the color degree of free-
dom and confinement explain why the observed hadrons
are made either of qq̄ or of qqq (q̄q̄q̄) states. These
combinations ensure that hadrons are colorless and have
integer electrical charge. It also explains why baryons
made out of three quark states are fermions while me-
sons made out of qq̄ states are bosons (Gell-Mann and
Neeman, 1964). The model in which hadrons are viewed
as composed of free quarks q or antiquarks q̄ is called
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the quark-parton model. In the presence of QCD, the
naive quark-parton model picture of hadrons has to be
altered to take into account the radiation and absorption
of gluons by quarks as well as the creation of qq̄ pairs by
gluons. Thus in effect hadrons consist of various partons,
quarks, and gluons. We know today that about 50% of
the proton momentum is carried by gluons.

QCD has two properties that make it much more dif-
ficult to work with theoretically than electroweak
theory. The first property is that the coupling constant is
large, making the use of perturbation theory difficult.
The strong coupling constant depends on the scale, as
described above, and cross sections can be calculated
only for scatterings with a hard scale, for which as is
small enough. The second property is the non-Abelian
nature of the interaction. Gluons can interact with other
gluons, leading to confinement of color.

The distribution of partons bound in hadrons cannot
be calculated from first principles. The calculations
would have to be performed in a regime of QCD in
which the perturbative approach breaks down. How-
ever, the QCD factorization theorem (Collins, Soper,
and Sterman, 1985) states that for hard scattering reac-
tions the cross section can be decomposed into the flux
of universal incoming partons and the cross section for
the hard subprocess between partons. The measurement
of parton distributions in hadrons becomes an essential
element in testing the validity of QCD.

QCD has been tested in depth in the perturbative re-
gime and describes the measurements very well. How-
ever, because the observables are based on hadron
states rather than the partonic states to which perturba-
tive calculations apply, the precision level that is
achieved in testing QCD is lower than in the case of the
electroweak interactions. In addition, up to now there
has been no understanding within QCD of scattering
processes in the nonperturbative regime, the so-called
soft regime, although this is the regime that dominates
the cross section for strong interactions.

The soft hadron-hadron interactions are well de-
scribed by the Regge phenomenology (Collins, 1977) in
which the interaction is viewed as due to exchanges of
collective states called Regge poles. The Regge poles
can be classified into different families according to their
quantum numbers. Among all possible families of Regge
poles there is a special one, with the quantum numbers
of the vacuum, called the Pomeron (P) trajectory. The
Pomeron trajectory is believed to determine the high-
energy properties of hadron-hadron interaction cross
sections. The link between Regge theory and QCD has
not yet been established.

QCD remains a largely unsolved theory, and the jus-
tification for the use of perturbative QCD rests to a
large extent directly on experiment. Every experiment
in strong interactions involves a large range of scales,
over which the value of the strong coupling constant
changes radically. This, together with a certain arbitrari-
ness in truncating the perturbative expansion, leads to
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uncertainties that can be successfully resolved only if the
gap between the perturbative and nonperturbative ap-
proach is bridged.

The advantage of lepton-nucleon collisions in study-
ing the structure of matter is that leptons are pointlike
objects and their interactions are well understood. The
pointlike, partonic substructure of the nucleon was first
firmly established in the pioneering SLAC experiment
(Bloom, 1969; Breidenbach, 1969) in which the spectrum
of electrons scattered off a nucleon target was measured.
This experiment was very similar in its essence to the
famous Rutherford experiment that established the
structure of atoms. In a scattering in which an electron
of initial four-momentum k emerges with four-
momentum k8, the exchanged virtual photon has a mass
q25(k2k8)252Q2 and correspondingly a Compton
wavelength of \/AQ2. Thus for different values of Q2

the interaction is sensitive to structures at different
scales.

The picture that has emerged from measurements of
lepton-nucleon scattering, in particular from deep in-
elastic scattering (DIS), utilizing electron, muon, and
neutrino beams, confirmed the universality of parton
distributions as well as the validity of perturbative QCD,
which predicts a change in the observed parton distribu-
tions as a function of the scale at which they are probed
(for a review, see Mishra and Sciulli, 1989).

Charged lepton-nucleon interactions also are an ideal
laboratory for the study of photon-nucleon interactions.
When the lepton scattering angle is very small, the ex-
changed photon is almost real and the leptons can be
thought of as a source of photons that subsequently in-
teract with the nucleon. At high photon energies we can
then study the properties of photon interactions with
hadronic matter. A simple guess would be that photons,
as gauge particles mediating electromagnetic interac-
tions, would interact only electromagnetically. However,
given the Heisenberg uncertainty principle, the photon
can fluctuate into a quark-antiquark pair, which can then
develop further structure. In the presence of a hadronic
target, the interaction can then be viewed as hadron-
hadron scattering.

In many respects the HERA accelerator, in which
27.5-GeV electrons or positrons collide with 820-GeV
protons, offers a unique possibility to test both the static
and dynamic properties of the standard model. The
center-of-mass energy of the electron-proton collisions
is 300 GeV and is larger by more than a factor of 10 than
any previous fixed-target experiment. The available Q2

range extends from Q2.0 to Q2.93104 GeV2 and al-
lows it to probe structures down to 10216 cm, while par-
tons can be probed down to very small fractions of the
proton momentum, x5Q2/(Q21W2);1025. Two
general-purpose experiments, H1 and ZEUS, are dedi-
cated to the study of HERA physics.

The first 0.02 pb21 of luminosity delivered by the
HERA accelerator has brought striking results that have
opened a whole new interest in QCD. In the deep in-
elastic regime, Q2>10 GeV2, in which the partons can
be easily resolved, it was found that the number of slow
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
partons increases steadily with decreasing x (Abt et al.,
1993a; Derrick et al., 1993a). This observation is in line
with asymptotic expectations of perturbative QCD. Fur-
ther studies have shown that an increase is observed
even at Q2 as low as 1 GeV (Breitweg et al., 1997a),
where it is not even clear that the parton language is
applicable. It was also found that a large fraction of DIS
events had a final state typical of diffractive scattering,
which was always believed to be a soft phenomenon
(Derrick et al., 1993b; Ahmed et al., 1994a). This opened
the interesting possibility of exploring the partonic na-
ture of the Pomeron and providing some link between
Regge theory and QCD.

Before the advent of HERA the complicated nature
of the photon was inferred from low-energy photon had-
ron interactions in which the photon behaved essentially
as a vector meson, a bound state of a qq̄ (Bauer, Spital,
Yennie, and Pipkin, 1978). On the other hand, in gg
interactions derived from e1e2 scattering, the photon
behaved as if it consisted mainly of qq̄ states that could
be calculated in perturbative QCD (Witten, 1977). The
missing link was established at TRISTAN (Tanaka et al.,
1992) and at HERA (Ahmed et al., 1992; Derrick et al.,
1992). The cross section for photon-induced jet produc-
tion could not be explained without a substantial contri-
bution from a photon consisting of partons. The pres-
ence of the photon remnant after the hard collision was
observed for the first time with the HERA detectors
(Ahmed et al., 1992; Derrick et al., 1992).

The investigation of hadronic final states in DIS and
hard photoproduction scattering demonstrated that we
still do not have a complete understanding of the tran-
sition from partonic states to hadronic ones in the region
affected by proton fragments (Ahmed et al., 1993; Der-
rick et al., 1993c). This is unlike the description of the
hadronic final states produced in e1e2 interactions in
which models tuned to describe low-energy interactions
hold very well in the increased phase space (Muller,
1992). Here again the message is that simple quark-
parton model approaches corrected for perturbative
QCD effects are not adequate when one of the initial
particles has by itself a complicated nature.

At very large Q2.1000 GeV2, where the contribution
of W and Z0 exchanges becomes important, the mea-
sured cross sections are generally well described by the
standard model. However, an excess of events was re-
ported in the region of large x.0.4 and very high Q2

.15 000 GeV2 by both the H1 and the ZEUS experi-
ments (Adloff et al., 1997a; Breitweg et al., 1997b). The
origin of these is not yet understood , but the presence
of these events underscores the discovery potential at
HERA for new physics beyond the standard model.

In the following chapters, we review HERA physics in
some depth. More detailed discussions of some aspects
of HERA physics can be found in recent reviews (Crit-
tenden, 1997; Erdmann, 1997; Kuhlen, 1997; Cooper-
Sarkar, Devenish, and De Roeck, 1998) as well as in
selected lecture notes (Wolf, 1993; Levy, 1995).
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II. LEPTON-NUCLEON SCATTERING

The HERA physics program to date has primarily fo-
cused on testing our understanding of the strong force.
Measurements have been performed in kinematic re-
gions where perturbative QCD calculations should be
accurate, as well as in regions where no hard scale is
present and nonperturbative processes dominate. In the
following sections, we introduce the language of struc-
ture functions and the effects expected from perturba-
tive QCD evolutions. This background serves as the
base for interpreting many of the physics results de-
scribed in later sections.

In the most general case the lepton-nucleon interac-
tion proceeds via the exchange of a virtual vector boson
as depicted in Fig. 1. Since the lepton number has to be
conserved, we expect the presence of a scattered lepton
in the final state, while the nucleon fragments into a
hadronic final state X,

lN→l8X . (2.1)

Assuming that k, k8, P, and P8 are the four vectors of
the initial and final lepton, of the incoming nucleon, and
of the outgoing hadronic system, respectively (see Fig.
1), the usual variables describing the lepton nucleon
scattering are

Q252q252~k2k8!2,

s5~k1P !2,

W25~q1P !25P82,
(2.2)

x5
Q2

2P•q
,

y5
q•P

k•P
,

n5
q•P

mN
.

The variables s and W2 are the center-of-mass energy
squared of the lepton-nucleon and intermediate boson-
nucleon systems, respectively. The square of the four-
momentum transfer (the mass squared of the virtual bo-
son), q2,0, determines the hardness of the interaction,

FIG. 1. Schematic diagram describing deep inelastic lepton-
nucleon scattering. The four vectors of the particles, or systems
of particles, are given in parentheses.
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or in other words, the resolving power of the interaction.
The exchanged boson plays the role of a ‘‘partonom-
eter’’ with a resolution Db ,

Db;
\c

AQ2
5

0.197

AQ2
GeV fm, (2.3)

where for convenience we introduce the positive vari-
able Q252q2. The meaning of n and y is best under-
stood in the rest frame of the target, in which n is just
the energy of the intermediate boson and y measures the
inelasticity of the interaction and its distribution reflects
the spin structure of the interaction. The variable x is the
dimensionless variable introduced by Bjorken.

By selecting the outgoing lepton energy and angle we
can vary the values of Q2 and y, thus probing the charge
distribution (electromagnetic or weak) within the
nucleon. An example of the scattered electron energy
E8 spectrum as measured in electron-proton collisions
(Bloom et al., 1969) is shown in Fig. 2. From right to left,
the direction of increasing inelasticity y, we first observe
a peak that corresponds to an elastic ep→ep interaction
in which the proton remains intact (Kirk et al., 1973).
We then observe a series of maxima that correspond to
the proton excited states and then a continuum. Should
the charge distribution in the proton be continuous we
would expect, in the region of continuum, a decrease of
the cross section with increasing Q2 following the Ruth-
erford formula. The experimentally observed spectrum
turned out to be much flatter (see Fig. 3). This was the
first indication that there is a substructure inside the
nucleon.

The derivation of the formula for the inclusive scat-
tering cross section (which is beyond the scope of this

FIG. 2. An example of the electron energy spectrum measured
in electron-proton scattering. From right to left, the direction
of increasing inelasticity y, we first observe a peak that corre-
sponds to an elastic ep→ep interaction (Kirk, 1973), then a
series of maxima that correspond to the proton excited states
and then a continuum (Bloom, 1969).
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review) is very similar to that of em scattering. The un-
known couplings of the lepton current to the nucleon
are absorbed in the definition of the structure functions
Fi , which can be thought of as Fourier transforms of the
spatial ‘‘charge’’ distribution.

The inclusive differential cross section, integrated
over all possible hadronic final states, is a function of
two variables that uniquely determine the kinematics of
the events. These variables are most easily recognizable
as the energy and production angle of the scattered lep-
ton. However, in anticipation of the partonic structure
of hadrons, the differential cross section is usually ex-
pressed in terms of two variables, x and Q2, defined in
Eq. (2.2),

d2s l~ l̄ !N

dxdQ2 5AH y2

2
2xF1~x ,Q2!1~12y !F2~x ,Q2!

6S y2
y2

2 D xF3~x ,Q2!J , (2.4)

where, for Q2!MW ,Z
2 (the mass squared of the interme-

diate vector bosons), A5GF
2 /2px for neutrinos and an-

tineutrinos with GF the Fermi constant, and A
54pa2/xQ4 for charged leptons with a the electromag-
netic coupling constant.

The structure functions Fi may depend on the kine-
matics of the scattering and the chosen variables are x
and Q2. The reason for this choice will become clearer
in the next sections. The structure functions F1 , F2 , and
F3 are also process dependent. The F3 structure func-
tion is nonzero only for weak interactions and is gener-

FIG. 3. The inelastic ep→eX cross section scaled by the Mott
cross section for fixed W values as a function of Q2 as mea-
sured in the SLAC experiment (Bloom, 1969). For comparison
the elastic ep→ep cross section with dipole form factors scaled
by the Mott cross section is shown for electron scattering angle
u510° (dotted-dashed line). The lines connecting the data
points are to guide the eye (adapted from Fig. 1 of Breiden-
bach et al., 1969).
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ated by the parity-violating interactions. In the follow-
ing, after discussing the kinematics of lepton-nucleon
scattering, we will concentrate on the interpretation and
properties of the structure functions.

A. Kinematics of lepton-nucleon scattering

The variables used in describing the properties of
lepton-nucleon scattering are defined by Eq. (2.2). Here
we would like to discuss in more detail their meaning.
We will do so assuming that the masses of the incoming
and scattered leptons are negligible and, in preparation
for the HERA conditions, that the nucleon is a proton
with mass mp .

The variable s5(p1k)2.mp
212p•k is the square of

the center-of-mass energy. However, an energy variable
that is more appropriate at HERA is W, which is the
invariant mass of the system recoiling against the scat-
tered lepton and can be interpreted as the center-of-
mass energy of the virtual boson-proton system:

W25~P1q !25mp
22Q212P•q5ys2Q21mp

2~12y !,
(2.5)

where in the last step we have used the definition of y
[see Eq. (2.2)]. The variable y is an invariant and in the
proton rest frame the expression for y reduces to

y512
El8

El
, (2.6)

where El , El8 are the energies of the incoming and scat-
tered lepton in this frame, respectively. It is now easy to
infer the most general limits on y,

0<y<1. (2.7)

The variable y is a measure of the fraction of the energy
from the electron transferred to the interaction. The lim-
its on x can be readily deduced from the following:

x5
Q2

2P•q
5

Q2

W21Q22mp
2 , (2.8)

where we have used relation (2.5) in the last step. Since
Q2>0 and W2 cannot be smaller than mp

2 , the upper
limit on x is x<1. In practice the lower limit is deter-
mined by the maximum W2 available in the interaction,
but formally x can be infinitely small, although positive.
Thus

0<x<1. (2.9)

The interpretation of x is easiest in the quark-parton
model language. Define z as the fraction of the proton
momentum carried by the struck quark and p8 is the
four-momentum of the outgoing quark. If we assume
that the quark masses are zero as dictated by the quark-
parton model [i.e., (zP)25p8250], then

p825~zP1q !252zP•q2Q250. (2.10)

It can be readily seen that z5x . Thus in the quark-
parton model x is the fraction of the proton momentum
carried by the struck massless quark. Note also that for
Q2!W2,
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x.
Q2

W2 , (2.11)

and for fixed values of Q2, the higher the W the lower
the x.

The value of Q2 depends only on the lepton vertex
and is given by

Q252ElEl8~12cos u!, (2.12)

where u is the angle between the initial and scattered
lepton. This expression is valid in all frames of refer-
ence. The larger the scattering angle and the larger the
energy of the scattered lepton, the larger the Q2. The
maximum Q2 is limited by s,

Q25xy~s2mp
2 !, (2.13)

and occurs when both x and y tend to one. For a given
Q2 the lowest x is achieved when y51 and the lowest y
when x51. Thus kinematically the small values of x are
associated with large values of y and vice versa.

The kinematic plane available in x and Q2 for
electron-proton scattering at HERA is shown in Fig. 4.

B. Structure functions in the quark-parton model

In deep inelastic scattering (i.e., Q2@1 GeV2) the
nucleon is viewed as composed of pointlike free
constituents—quarks and gluons. In the quark-parton
model the lepton-nucleon interaction is described as an
incoherent sum of contributions from individual free
quarks. To justify this approach (Ioffe, Khoze, and Li-
patov, 1984), let us consider a virtual photon in the
frame in which its four-momentum is purely spacelike
(in the so-called Breit frame). In this frame the four-
momenta of the photon qg and of the proton pp have
the following form:

FIG. 4. The region in the (x ,Q2) plane where measurements
of F2 have been performed by the fixed-target and HERA
experiments.
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qg5~0,0,0,2AQ2!,

Pp5SAS n2

Q2 11 Dmp
2 ,0,0,

mpn

AQ2D . (2.14)

In the Bjorken limit, when Q2;mpn→` and x
5Q2/(2mpn);1, the proton momentum mpn/AQ2

→` . The static photon field occupies a longitudinal size
;1/AQ2. Because of energy conservation, the photon
may only be absorbed by a quark with momentum equal
to 0.5uAQ2u. After absorption, the quark will change di-
rection and move with the same momentum value. The
interaction time may be defined as the overlap time be-
tween the quark and the field of the photon, t i
;2mq /Q2, where mq stands for some effective mass of
the quark. The lifetime of the quark is then estimated to
be tq;AQ2/mq

2@t i . Thus at large Q2 it is indeed justi-
fiable to consider the quark as free and to neglect pos-
sible interactions of the photon with other partons.

The electroweak gauge bosons couple to quarks
through a mixture of vector (v) and axial-vector (a) cou-
plings. The structure functions can then be expressed in
terms of quark distributions qi(x), where i stands for
individual quark types. For noninteracting partons, as is
the case in the quark-parton model, Bjorken scaling (no
Q2 dependence) is expected

F1~x !5
1
2 (

i
qi~x !~v i

21ai
2!,

F2~x !5(
i

xqi~x !~v i
21ai

2!, (2.15)

F3~x !52(
i

qi~x !~v iai!.

The index i runs over all flavors of quarks and anti-
quarks, which are allowed by conservation laws to par-
ticipate in the interaction. For the simplest case of elec-
tromagnetic interactions, v i5ei , where ei is the charge
of quark i in units of the electron charge, and ai50. For
charged currents v i5ai51 for quarks and v i52ai51
for antiquarks. For neutral-current interactions medi-
ated by the Z0, v i5Ti322ei sin2 UW and ai5Ti3 , where
Ti3 is the third component of the weak isospin of quark
i and UW denotes the Weinberg mixing angle, one of the
fundamental parameters of the standard model. The
couplings have a more complicated structure for neutral-
current interactions in which the interference between
the Z0 and the g play an important role. A direct con-
sequence of formulas (2.15), derived for spin 1/2 par-
tons, is the Callan-Gross relation (Callan and Gross,
1969), i.e.,

2xF1~x !5F2~x !. (2.16)

For universal parton distributions in the proton, ex-
pected in the quark-parton model and QCD, formulas
(2.15) can be used to relate DIS cross sections obtained
with different probes. In fact, many more relations and
sum rules can be derived assuming SU(3) or SU(4)
flavor symmetry for hadrons. Inversely, the validity of
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these assumptions can be tested experimentally. A de-
tailed discussion of these issues is beyond the scope of
this review. The naive quark-parton model approach,
which allows the construction of structure functions
from quark distributions, has to be altered to take into
account some dynamic features predicted by QCD, such
as violation of scaling and of the Callan-Gross relation,
as well as higher twist effects.

Quarks are bound within the nucleon by means of
gluons. We may thus expect fluctuations such as the
emission and reabsorption of gluons as well as the cre-
ation and annihilation of qq̄ pairs. Depending on the
resolving power of the probe and the time of the inter-
action, some of these fluctuations can be seen and the
partonic structure of the hadron will change accordingly.
The structure functions acquire a Q2 dependence. This
Q2 dependence is encoded in QCD and the measure-
ment of the Q2 dependence constitutes a test of pertur-
bative QCD at a fundamental level. The violation of the
Callan-Gross relation is also a consequence of QCD ra-
diation.

Nonperturbative effects of QCD can contribute to the
scale breaking of structure functions. They are due, e.g.,
to scattering on coherent parton states. These contribu-
tions vanish as inverse powers of Q2. The theoretical
understanding of higher twist effects is quite limited
(Miramontes and Sanchez Guillen, 1988; Martinelli and
Sachrajda, 1996). Experimentally they are observed at
large x and small W2 (Virchaux and Milsztajn, 1992) and
are also expected to affect the very small x region (Bar-
tels and Wüsthoff, 1997). The assumption that quarks
are massless certainly does not hold for the heavy

FIG. 5. Schematic representation of photon-proton scattering
for increasing photon virtuality Q2 at fixed W. As Q2 in-
creases, the photon probes smaller transverse distance scales
and is able to resolve the structure of the proton. With further
increases in Q2, quarks are resolved into more quarks and
gluons.
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quarks c, b, and t, for which mc.1.5 GeV, mb
.4.5 GeV, and mt.175 GeV, respectively. The radia-
tion of heavy quarks will be affected by threshold effects
that may be substantial up to large values of Q2.

C. QCD evolution equations

The parton distributions in the hadron cannot be cal-
culated from first principles. However, thanks to the
QCD factorization theorem (Collins et al., 1985), which
allows us to separate the long-range effects (such as the
parton distribution at a small-Q2 scale) from the short-
range interactions, the Q2 dependence of partons, called
parton evolution, can be calculated within perturbative
QCD. The main origin of this Q2 dependence is that a
quark seen at a scale Q0

2 as carrying a fraction x0 of the
proton momentum can be resolved into more quarks
and gluons when the scale Q2 is increased, as shown in
Fig. 5. These quarks and gluons have x,x0 . Thus we
can easily infer from this picture that the number of slow
quarks will increase and the number of fast quarks will
decrease when we increase the resolving power of the
probe. The implications for F2 are depicted in Fig. 6.

In QCD, as in many gauge theories with massless par-
ticles, the loop corrections to the quark-gluon coupling
diverge and the renormalization procedure introduces a
scale into the definition of the effective coupling. The
effective strong coupling constant as decreases with in-
creasing scale relevant to the QCD subprocess [see Eq.

FIG. 6. The expected behavior of the proton structure func-
tion F2 in the quark parton model (top), and including the
effects of QCD (adapted from Fig. 9.7 of Halzen and Martin,
1984).
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(1.1)] and when it becomes sufficiently small, perturba-
tive calculations can be performed.

The parton evolution equations derived on the basis
of the factorization theorem are known as the
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)
evolution equations (Gribov and Lipatov, 1972; Altarelli
and Parisi, 1977; Dokshitzer, 1977). The DGLAP equa-
tions describe the way the quark q and gluon g momen-
tum distributions in a hadron evolve with the scale of
the interactions Q2

]

] ln Q2 S q
g D5

as~Q2!

2p FPqq Pqg

Pgq Pgg
G ^ S q

g D , (2.17)

where both q and g are functions of x and Q2. The split-
ting functions Pij provide the probability of finding par-
ton i in parton j with a given fraction of parton j momen-
tum. This probability will depend on the number of
splittings allowed in the approximation. Given a specific
factorization and renormalization scheme, the splitting
functions Pij are obtained in QCD by perturbative ex-
pansion in as ,

as

2p
Pij~x ,Q2!5

as

2p
Pij

~1 !~x !1S as

2p D 2

Pij
~2 !~x !1••• . (2.18)

The truncation after the first two terms in the expansion
defines the next-to-leading-order (NLO) DGLAP evolu-
tion. This approach assumes that the dominant contribu-
tion to the evolution comes from subsequent parton
emissions that are strongly ordered in transverse mo-
menta kT , the largest corresponding to the parton inter-
acting with the probe.

It should also be noted that beyond leading order the
splitting functions depend on the factorization scale and
thus the definition of parton distributions is not unique.
This affects the simple relation (2.15) between quarks
and structure functions. The relation (2.15) is preserved
in leading order, but the parton distribution functions
acquire a Q2 dependence. In next-to leading order the
Callan-Gross relation is violated. The difference be-
tween F222xF1 is called the longitudinal structure func-
tion FL (its meaning will be explained in Sec. II.D) and
for virtual photon exchange takes the following form in
QCD:

FL5
as~Q2!

p F4
3 Ex

1 dz

z S x

z D 2

F2~z ,Q2!

12 (
i51,4

ei
2E

x

1 dz

z

x

z S 12
x

z D zg~z ,Q2!G . (2.19)

Formula (2.4) for the deep inelastic cross section re-
mains valid to all orders.

D. Structure functions in the g*p system

The lepton-nucleon interaction cross section can also
be described as a convolution of a flux of virtual bosons
with the absorption cross section of a virtual boson by
the nucleon. This is depicted in Fig. 7 where for the sake
of simplicity only g* is considered.
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The virtual photon is treated as a massive spin 1 par-
ticle and acquires three polarization vectors correspond-
ing to helicities l561, 0. The absorptive cross section
may depend on helicity. In the case of the virtual pho-
ton, parity invariance implies that the cross sections cor-
responding to l561 have to be equal. We will thus
have two independent cross sections, one for absorbing
a transversely polarized photon sT (l561) and one for
a longitudinally polarized photon sL (l50). The rela-
tion between sT ,L and the structure functions F1,2 is as
follows:

2xF15
K

4p2a

Q2

n
sT , (2.20)

F25
K

4p2a

Q2n

Q21n2 ~sT1sL!, (2.21)

where K stands for the virtual photon flux. For virtual
particles there is no unambiguous definition of the flux
factor. It is a matter of convention. Here we will use the
Hand convention (Hand, 1963), which, in analogy to the
real photon case in which K5n , defines K for virtual
photons as the energy that a real photon would need in
order to create the same final state:

K5n2
Q2

2mp
. (2.22)

The ratio R5sL /sT depends on the spin of the inter-
acting particles. A spin 1/2 massless particle cannot ab-
sorb a longitudinally polarized photon in a head-on col-
lision without breaking helicity conservation. The early
measurements in which R was found to be small (Rior-
dan, 1974) gave support to the idea that partons in the
nucleon were in fact quarks. For scalar partons R→` .
However, in a theory in which quarks are massive with
mass mq and/or have an intrinsic transverse momentum
kT , R is expected to be

R5
^kT

2 &1^mq
2&

Q2 . (2.23)

The parameter R can be related to the longitudinal
structure function of the proton,

FIG. 7. At small Q2, ep scattering can be thought of as radia-
tion of a virtual photon g* from the electron, followed by g* p
scattering.
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R5
~Q2/n211 !F222xF1

2xF1
.

FL

2xF1
. (2.24)

As an outcome of QCD, radiation partons in the proton
acquire transverse momentum, the more so the slower
they are, and therefore FL is nonzero.

The representation of structure functions in terms of
absorption cross sections turns out to be very useful in
understanding some dynamic properties of DIS as it cre-
ates a natural link between the perturbative regime of
QCD and the nonperturbative soft hadron-hadron inter-
actions. The latter are best described in the framework
of Regge theory.

E. Regge phenomenology

The soft hadron-hadron interactions are well de-
scribed by Regge phenomenology (Collins, 1977) in
which the interaction is viewed as due to exchanges of
collective states called Regge poles. The Regge poles
can be classified into different families according to their
quantum numbers. The Regge poles with quantum num-
bers of mesons form linear trajectories in the m2, l
plane, where m is the mass of the meson and l its spin.
The continuation of a trajectory to negative values of m2

leads to a parametrization in terms of t, the square of the
four-momentum transfer, as follows:

a~ t !5a01a8•t , (2.25)

where a0 is the intercept and a8 is the slope of the tra-
jectory. An example of such trajectories, called reggeon
trajectories, is shown in Fig. 8. Among all possible fami-
lies of Regge poles there is a special one, with the quan-
tum numbers of the vacuum, called the Pomeron (P)

FIG. 8. Example of the r (circles), v (empty squares), f (tri-
angles), and p (dots) trajectories. Also shown is the continua-
tion of the r trajectory as measured in p2p→hn (Barnes
et al., 1976).
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trajectory. There are no known hadronic bound states
lying on this trajectory (glueballs would be expected to
form this trajectory). Its parameters have been deter-
mined experimentally (Donnachie and Landshoff, 1984,
1987, 1992) to be

aP51.0810.25t . (2.26)

In Regge theory the energy dependence of total and
elastic cross sections is derived from the analytic struc-
ture of the hadronic amplitudes. In the limit s@2t ,
where s is the square of the center-of-mass energy of the
scattering, the amplitude for elastic scattering has
the form A(s ,t)}saP(t)

. The Pomeron trajectory also
provides the leading contribution to the high-energy be-
havior of the total cross section,

s tot5s21 Im A~s ,t50 !}saP~0 !21. (2.27)

The s dependence of hadronic interactions fulfills this
behavior independently of the interacting particles
(Donnachie and Landshoff, 1992) as expected from the
universality of the exchanged trajectories.

Two types of soft interactions arise naturally in Regge
theory: elastic and diffractive scattering. These are me-
diated by the exchange of the Pomeron. In elastic scat-
tering, the square of the momentum transfer t between
the interacting hadrons is very small and the only prod-
ucts of this interaction are the two hadrons, which
emerge with little change in their initial directions. The
properties of the elastic scattering cross section deter-
mine the slope of the Pomeron trajectory. In diffractive
scattering, the momentum transfer between initial had-
rons still remains very limited, but one or both of the
interacting hadrons may be excited into a state of finite
mass, which then subsequently decays. Single dissocia-
tion occurs if only one hadron dissociates, while if both
dissociate into higher masses the scattering is called
double dissociation. Typical of diffractive scattering is
the production of relatively low excited masses and the
mass spectrum is directly related to the properties of the
Pomeron trajectory.

Regge phenomenology proved very successful in de-
scribing the energy dependence of the total hadron-
hadron interaction cross section as well as in describing
the properties of elastic and diffractive scattering (for a
review, see Goulianos, 1983).

F. QCD dynamics at small x

In deep inelastic scattering, the kinematic region that
corresponds to the Regge limit is that of small x at fixed
Q2. In perturbative QCD at small x, higher-loop contri-
butions to the splitting functions are enhanced,

Pij
~n !;

1
x

ln~n21 ! x . (2.28)

The presence of these terms may spoil the convergence
of Eq. (2.18). The evolution equation that allows the
resummation in the expansion (2.18) of leading
(as ln x)n terms is known as the Balitsky-Fadin-Kuraev-
Lipatov (BFKL) equation (Kuraev, Lipatov, and Fadin,
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1976, 1977; Balitskii and Lipatov, 1978). In the parton
cascade picture this evolution corresponds roughly to
cascades with subsequent emissions following a strong
ordering in x with no restriction on the kT . Here the
evolution takes place from high longitudinal momentum
partons to low longitudinal momenta over a fixed trans-
verse area proportional to 1/Q2. The BFKL equation in
its original form does not address the Q2 evolution of
the parton distributions. The difference between DG-
LAP and BFKL evolution is shown schematically in Fig.
9.

The two approaches to parton evolution, DGLAP and
BFKL, are embedded in a single equation known as the
CCFM equation (Ciafaloni, 1988; Catani, Fiorani, and
Marchesini, 1990; Marchesini, 1995) based on kT factor-
ization and angular ordering.

The solutions of the DGLAP equation and of the
BFKL equation (in leading order), in the limit of very
small x, where the dominant contribution to the cross
section is driven by gluon radiation, predict a rise of F2
with decreasing x,

F2
DLL~x ,Q2!;expS 2ACAas

p
ln

1
x

ln
Q2

Q0
2D , (2.29)

FIG. 9. Schematic description of the differences in the
DGLAP and BFKL evolution equations. The DGLAP equa-
tion has strong Q2 ordering in the radiation sequence, while
BFKL evolution has strong x ordering.
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F2
BFKL~X ,Q2!;AQ2

Q0
2 x2~4CAaS /p!ln 2, (2.30)

where the superscript DLL stands for the double lead-
ing logarithmic approximation used in solving the DG-
LAP equation and Q0

2 denotes the starting scale of the
evolution. In general the BFKL equation predicts a
faster increase of F2 with decreasing x and stronger scal-
ing violations in Q2 as compared to the DGLAP evolu-
tion. However, the solution (2.30) is derived assuming a
constant as and higher-order corrections are expected to
tame the rise with 1/x (for a discussion see Martin,
1996). In the BFKL approach the concept of a QCD
Pomeron arises naturally.

The two solutions presented above [Eqs. (2.29) and
(2.30)] are expected to violate unitarity at very small x
(Abramowicz, Frankfurt, and Strikman, 1997). The fast
increase of parton densities at small x expected in per-
turbative QCD and confirmed experimentally (see Sec.
IV) raises a natural question, whether such high densi-
ties will not lead to overcrowding of the proton. The
annihilation and recombination of partons could lead to
saturation effects and would require corrections to the
known evolution equations (Gribov, Levin, and Ryskin,
1982).

G. Perturbative QCD in the final states

It is generally believed that the pattern of perturba-
tive QCD radiation should be observed in the hadronic
final states. Although colored partons cannot be ob-
served directly, their fragmentation produces jets of
hadrons, collimated around the original direction of the
partons. This is the principle of parton-hadron duality
(Azimov, Dokshitser, Khoze, and Troian, 1985). In fact,
while the need for gluons was inferred from DIS mea-
surements of structure functions, the actual proof of
their existence was first made in e1e2 interactions (for a
review see Söding, Wiik, Wolf, and Wu, 1996). Hadron
production in high-energy e1e2 interactions proceeds
through the annihilation of leptons into a photon (or a
Z0) with a subsequent production of a qq̄ pair. The frag-
mentation of the pair leads to a two-jet structure in the
final state. However, each of the quarks (or both) may
emit a gluon with a large transverse momentum relative
to the parent quark. Such a hard gluon will be a source
of a third jet. The probability of such a configuration can
be calculated in perturbative QCD.

A similar situation may arise in DIS. In a typical DIS
interaction we expect the final state to consist of a jet of
hadrons originating from the struck quark, called the
current jet, which balances in transverse momentum the
scattered lepton. The remnant of the target also frag-
ments into hadrons that remain collimated around the
direction of the latter. The space between the fragmen-
tation of the current jet and the remnant is filled by
radiation due to the color flow between the struck quark
and the remnant state of the target. Various approaches
exist to model this effect (Lönnblad, 1995; Ingelman,
Edin, and Rathsman, 1997).
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A gluon may split into a pair of quarks with large
relative transverse momenta, before one of the quarks
absorbs the virtual boson. Two jets will be observed in
the final state. This process, called boson-gluon fusion
(BGF), is diagrammatically presented in Fig. 10. An-
other possibility is that the quark will emit a hard gluon
before absorbing the virtual boson as shown in Fig.
10(b). This process is called QCD Compton scattering
(QCDC). The contribution of both diagrams to the DIS
cross section can be calculated in perturbative QCD
(Korner, Mirkes, and Schuler, 1989).

In BGF the large transverse momenta partons may be
replaced by heavy quark production. The latter in par-
ticular gives rise to the charm content of the F2 structure
function. Both the QCDC and BGF processes are in-
cluded at some level in the evolution equation in the
NLO approximation (Aivazis, Olness, and Tung, 1990).
The BGF process is sensitive to the gluon content of the
nucleon. The extraction of the gluon distribution from a
direct measurement of the BGF process is quite chal-
lenging because of higher-order QCD corrections, espe-
cially when the square of transverse momenta of the jets
is of the same order as Q2. However, heavy quark pro-
duction through the BGF mechanism is easier to control
theoretically (Buza, Matiounine, Smith, and van Neer-
ven, 1997; Thorne and Roberts, 1998).

The perturbative calculation of cross sections for
QCDC or BGF types of processes does not require Q2

to be large. In fact the presence of one large scale, be it
transverse momentum or heavy quark mass, is sufficient
to perform perturbative calculations, even for the case
of Q2.0 GeV2.

As has been mentioned earlier, charged leptons are a
natural source of a flux of photons and the propagator
effect favors photons with Q2.0 GeV2. At HERA,
electroproduction events with Q2;0 GeV2 are called
photoproduction events. In QCD the production of
large transverse momentum jets in photoproduction is
very similar to jet production in hadron-hadron interac-
tions, which are sensitive to the parton distributions in
the hadrons. Thus in lepton-hadron interactions the
study of the structure of matter can be extended to in-
clude the structure of the photon.

H. Space-time picture of ep scattering at HERA

In discussing the quark-parton model picture of DIS
we have presented arguments to explain why a virtual

FIG. 10. Diagrams for boson-gluon fusion (BGF) and for
QCD Compton (QCDC) processes in DIS.
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photon was able to resolve substructures inside the
nucleon and why the interaction could be viewed as an
incoherent sum of elastic eq→eq scattering. For the lat-
ter we argued in the Breit frame where it is easy to
depict DIS scattering. We could go one step further and
ask what the hadronic final state would look like in such
an approach. In the Breit frame the quark that absorbed
the virtual boson moves in the opposite direction to the
remnant of the target nucleon. The two states are each
colored and we expect radiation, which eventually turns
into hadrons, to fill up the rapidity space between them.
Thus in the HERA frame of ep interactions we expect
the hadronic final state to consist of a jet of hadrons
originating from the fragmentation of the scattered
quark, which balances the transverse momentum of the
electron, a jet of particles around the original direction
of the proton, and some hadronic activity between the
two. This is schematically depicted in Fig. 11.

It is also of interest to consider ep scattering in the
rest frame of the target. We will be mainly interested in
the fate of the photon in this frame and the coordinate
system will be rotated such that the virtual photon
moves along the z axis. The four-momentum vector of
the photon in this frame is

q5~n ,0,0,An21Q2!. (2.31)

According to quantum mechanics, we can think of the
photon as fluctuating with some probability into states
of qq̄ , e1e2, m1m2, etc. The lifetime of such a quantum
mechanical fluctuation is given by the Heisenberg uncer-
tainty principle

t.
1

Ef2n
, (2.32)

where Ef is the energy of the state of mass Mf in which
the photon happened to fluctuate. Here we will concen-
trate on the hadronic fluctuation of the photon. For
large n the expression can be approximated by

t.
2n

Mf
21Q2 , (2.33)

where Mf depends on the initial configuration of the qq̄
system (for a derivation see for example Wüsthoff,
1997a),

FIG. 11. Schematic representation of the expected energy flow
in deep inelastic scattering. The need for color flow between
the struck quark and proton remnant generates particles dis-
tributed in rapidity (or pseudorapidity h) between these.
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Mf
25

mq
21kT

2

z~12z !
, (2.34)

where mq is the mass of the quarks, kT their transverse
momentum relative to the photon, and z the fraction of
the photon momentum carried by one of the quarks.

The first observation we can make based on expres-
sion (2.33) is that the lifetime of a hadronic fluctuation
of the photon increases as its energy increases and de-
creases as Q2 increases. If the hadronic fluctuation lives
long enough to overlap with the size of the target the
interaction of the photon will proceed through its had-
ronic component. In the early days it was natural to as-
sume that the photon would turn into a vector meson,
preferably the r0 meson as the one with the lowest mass.
This was the essence of the vector-dominance model
(Sakurai, 1969), which explained why real photons be-
haved as hadrons. The fact that with increasing Q2 the
lifetime of a hadronic fluctuation would decrease made
it natural to view the virtual photon as a pointlike probe.
However, it was also realized (Bjorken, 1971) that at
sufficiently large n a virtual photon could acquire had-
ronic properties.

When QCD is turned on, the whole picture acquires
even more substance. As a consequence of the renor-
malizability of QCD, fluctuations with Mf

2@Q2 can be
neglected and Mf

2 may be approximated by Q2 (Ioffe
et al., 1984; Abramowicz et al., 1997), in which case ex-
pression (2.33) can be reduced to the form

t.
1

2mpx
. (2.35)

To quantify this relation, at x50.1 the longitudinal di-
mension of the hadronic fluctuation is of the order of 1
fm, the typical size of a hadronic target. Thus it becomes
clear that at small x, independently of Q2, the hadronic
fluctuations of the photon have to be resurrected with
important consequences for the physics of small-x DIS
interactions.

Until now we have tacitly assumed that any fluctua-
tion into a qq̄ pair will lead the photon to look like a
hadron. This turns out not to be the case in QCD. For
the sake of simplicity we consider two extreme cases of
the qq̄ initial configuration, one in which the initial kT is
small and one in which it is large. If the kT is small the
qq̄ form a large-size object [for fixed Mf , small kT im-
plies very different z and (12z) values such that the q
and q̄ are moving at very different speeds]. The color
dipole moment is large and given enough time the space
will be filled by gluon radiation. This fluctuation is likely
to acquire hadronlike properties and interact with the
target as in hadron-hadron interactions. The slower
quark is expected to interact with the target while the
faster one continues in the original direction of the pho-
ton and fragments into hadrons.

If kT is large, then z and (12z) have similar values
and the q and the q̄ are spatially close to each other. The
effective charge of such a dipole is very small and thus
their interaction cross section is expected to be small.
Such a small-size wave packet can resolve the partonic
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structure of the target hadron. This is the essence of
what is called the color transparency phenomenon. It
has been shown that the interaction cross section of a
small-size colorless configuration is proportional to the
gluon distribution in the target (Blättel, Baym, Frank-
furt, and Strikman, 1993),

sT
qq̄5

p2

3
asb

2xGT~x ,9/b2!, (2.36)

where b is the transverse separation between the qq̄ sys-
tem and GT stands for the gluon distribution in the tar-
get. Thus effectively the contribution of small-size con-
figurations to the cross section may be large when the
density of gluons is large.

In summary, for Q2;0 GeV2 the photon acquires a
hadronic structure. We thus expect features very similar
to the ones observed in hadron-hadron interactions, in-
cluding hard scattering between the parton content of
the hadronic fluctuation of the photon and the hadron
target. These hard processes are called resolved photon
processes. An additional component is due to interac-
tions of a photon that fluctuated into a small-size con-
figuration, which gives rise to the anomalous component
of the photon structure.

The picture emerging in DIS is very similar to that
derived from the quark-parton model in the Breit frame.
Because of the dominance of small kT configurations to
the cross section, corresponding to asymmetric parton
configurations in the photon fluctuation, the final state
consists of a current jet and proton remnant. However,
the hadronic nature of the interaction implies that we
should expect the same type of contributions as in
hadron-hadron interactions. In particular, the presence
of diffractive states with large rapidity gaps separating
the photon and the proton fragmentation regions are
very natural, while they are hard to predict in the QCD
improved parton model, where the presence of large ra-
pidity gaps is strongly suppressed.

QCD corrections to the simple quark-parton model
picture arise naturally when small-size qq̄ configurations
are allowed. In fact they give rise to a special new class
of perturbative interactions such as the diffractive pro-
duction of jets or the exclusive production of vector me-
sons by longitudinally polarized photons, mediated by
two-gluon exchange.

In this approach, it also becomes clear that DIS scat-
tering, in particular at small x, is a result of an interplay
of soft and hard interactions.

III. EXPERIMENTAL ASPECTS

A. The HERA accelerator

The HERA (Hadron-Electron Ring Anlage) machine
is the world’s first lepton-nucleon collider (HERA, A
Proposal for a Large Electron-Proton Colliding Beam
Facility at DESY, 1981; Voss, 1988; Kumpfert and
Leenen, 1989; Wiik, 1991). It is located in Hamburg,
Germany, and has been providing luminosity to the col-
liding beam experiments H1 and ZEUS since the sum-
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FIG. 12. The layout of HERA is shown on the right, along with the location of the different detector halls. The preaccelerators are
shown in the blowup on the left.
mer of 1992. It is schematically shown in Fig. 12, along
with the pre-HERA accelerator elements. The basic
HERA operational parameters are given in Table I.
HERA was approved in 1984 and was built on schedule.
The electron machine was first commissioned in 1989,
while the proton ring was first operated in March 1991.
First electron-proton collisions were achieved in Octo-
ber 1991. Following this commissioning of HERA, the
two colliding beam detectors ZEUS and H1 moved into
position to record data.

The HERA electron ring operates at ambient tem-
peratures, while the proton ring is superconducting. The
two beampipes merge into one at two areas along the
circumference. The beams are made to collide at zero
crossing angle to provide ep interactions for the experi-
ments H1 and ZEUS. These detectors will be described
in more detail in further sections. The electrons (posi-
trons) and protons are bunched, with bunches within
one bunch train separated by 96 ns. Some number of
bunches are left unpaired (i.e., the corresponding bunch
in the other beam is empty) for background studies. The

TABLE I. The main HERA parameters as of the end of the
1997 running period.

Parameter Achieved

Ep (GeV) 820

Ee (GeV) 27.5

Ie (mA) 40

Ip (mA) 100
# bunches 189

Time between crossings 96 ns
sx at IP (mm) 179

sy at IP (mm) 48

sz
proton at IP (mm) 200

Linst(cm22 s21) 1.431031
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electron (positron) beam is polarized up to 70% in the
transverse direction via the Sokholov-Ternov effect
(Sokholov and Ternov, 1964). A third experiment,
HERMES (HERMES Collaboration, 1990), makes use
of this polarized beam by colliding it with a polarized
proton gas jet to study the spin structure of the proton.
A fourth experiment, HERA-B (HERA-B Collabora-
tion, 1992), is currently being assembled. It uses wire
targets in the proton beam to study B hadron production
and decay with large statistics in an effort to find CP
violation in the B hadron sector.

The integrated luminosities per year are shown in Fig.
13 as a function of the day of the run. These luminosity
profiles are comparable to those achieved at other suc-
cessful accelerator facilities such as LEP (CERN,
Geneva) or the Tevatron (FNAL, USA). Note that
HERA initially began as an electron-proton collider, but
switched to positron-proton collisions in 1994 once it
was determined that the electron lifetime was severely
limited at high currents. It is thought that this is the
result of electrons interacting with positively charged
‘‘macro’’ particles in the beampipe. New pumps were
installed in the electron ring in the 1997–1998 shutdown
to cure this problem. In its 1997 configuration, HERA
accelerated protons to 820 GeV and positrons to 27.5
GeV. The proton beam energy was increased to 920
GeV as of August 1998. The maximum instantaneous
luminosity achieved so far is L51.431031 cm22 s21 with
174 colliding bunches of electrons and protons, to be
compared with a design goal of L51.531031 cm22 s21

with 210 colliding bunches. There is a significant lumi-
nosity upgrade program planned for the HERA accel-
erator that should result in luminosities of L57.531031

cm22 s21. This upgrade is currently planned for the
1999–2000 break. Another planned upgrade is the intro-
duction of spin rotators to provide longitudinal polariza-
tion to the colliding beam experiments. These upgrades
are described in more detail in Sec. IX.
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B. The detectors H1 and ZEUS

In this section, we briefly review the properties of the
two colliding beam detectors H1 and ZEUS, run by the
eponymous collaborations. Both are general-purpose
magnetic detectors with nearly hermetic calorimetric
coverage. They are differentiated principally by the
choices made for the calorimetry. The H1 collaboration
has stressed electron identification and energy resolu-
tion, while the ZEUS collaboration has put its emphasis
on optimizing the calorimetry for hadronic measure-
ments. The detector designs reflect these different em-
phases. The H1 detector has a large-diameter magnet
encompassing the main liquid argon calorimeter, while
the ZEUS detector has chosen a uranium-scintillator
sampling calorimeter with equal response to electrons
and hadrons. The detectors are undergoing continuous
changes, with upgrades being implemented and some
detector components being removed or simply not used.

We review here the capabilities of the two different
detectors for tracking charged particles, energy mea-
surements, and particle identification. For detailed infor-
mation on the detectors, the reader should refer to the
technical proposals and status reports: H1 (H1 Collabo-
ration, 1986, 1997b) and ZEUS (ZEUS Collaboration,
1986, 1993).

A cross-sectional view of the ZEUS detector is pre-
sented in Fig. 14. The H1 detector is shown in Fig. 15.
The ZEUS detector consists of tracking chambers inside
a superconducting solenoidal magnet, surrounded by
calorimeters and muon chambers. The H1 detector has
several different tracking detectors inside the calorim-
eter. The superconducting solenoid is placed outside the
calorimeter to minimize the amount of inactive material
in the path of electrons. Not shown in the figures are

FIG. 13. The integrated luminosity delivered by HERA vs the
date for the years since the start of HERA operation.
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luminosity detectors and electron detectors downstream
in the direction of the electron beam, and a proton spec-
trometer and neutron calorimeter in the direction of the
proton beam. The principal central detector parameters
are given in Tables II and III.

1. The tracking detectors

The ZEUS tracking detectors consist of a vertex de-
tector, a central tracking detector, and forward and rear
tracking detectors.

The vertex detector is a jet chamber with small-layer
spacing (3 mm), which allows the measurement of 12
coordinates within the range 10.0,R,15.6 cm, and the
slow drift gas (dimethyl ether) gives a resolution 30 mm
at the center of the cell. The vertex detector, in conjunc-
tion with the central tracking detector, has an impact
parameter resolution of 40 mm for high-momentum
tracks. The vertex detector has been in operation since
the beginning of data taking, but was removed at the
end of the 1995 running period.

The central tracking detector is a drift chamber com-
posed of nine ‘‘super’’ layers, each consisting of eight
wire layers. Of these, five are axial (along the z axis1)
superlayers and four are stereo, allowing both an R2f
and a z coordinate measurement. The central tracking
detector has cells oriented at a 45° angle to the radial
direction to produce drift lines approximately tangential
to the chamber azimuth in the strong axial magnetic
field (1.43 T) provided by the superconducting solenoid.
This cell orientation also guarantees that at least one
layer per superlayer will have a drift time shorter than
the bunch crossing interval of 96 ns. The central tracking
detector has a design momentum resolution in a 1.7 T
magnetic field of

s/p50.002p~GeV! % 0.003 (3.1)

at u590°, and a z coordinate resolution of 1 mm from
the stereo wires. In addition to its primary function of
measuring the momentum of charged particles, the cen-
tral tracking detector also provides particle identifica-
tion information via dE/dx . A resolution of

s~dE/dx !

~dE/dx !
50.06 (3.2)

is expected.
The forward tracking detector consists of three planar

drift chambers and extends the tracking region in the
forward region to 7.5°,u,28°, where high particle den-
sities are expected due to the Lorentz boost in the pro-
ton beam direction. The transition radiation detector, a
tool for identifying electrons in the forward direction, is
placed between the forward tracking detector chambers.
The rear tracking detector consists of one plane of drift

1The detector coordinate systems are chosen such that the
proton beam points along the z axis, the y axis points vertically
upward, and the x axis points toward the center of the ring.
The nominal ep interaction point is at z50.
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FIG. 14. Cross-sectional views
of the ZEUS detector.
chambers covering the angular range 160°,u,170°.
Each of the forward and rear tracking detector drift
chambers consists internally of three layers of drift cells,
with the second and third wire layers rotated by 160°,
260° with respect to the first layer. The design resolu-
tion is 1202130 mm, and the two-track resolution is 2.4
mm.

The H1 tracking detectors consist of central jet cham-
bers (CJC1, CJC2), central trackers for measuring the z
coordinate (CIZ, COZ), forward tracking detectors, rear
tracking detectors, and central and rear silicon microver-
tex detectors.

The central jet chambers (CJC1, CJC2) are two large,
concentric drift chambers. The inner chamber, CJC1,
has 24 layers of sense wires arranged in 30 phi cells,
while CJC2 has 32 layers of sense wires in 60 phi cells.
The cells are at a 30° angle to the radial direction. The
point resolution is 170 mm in the R2f direction. The z
coordinate is measured by charge division and has an
accuracy of 22 mm. Test beam results indicate a momen-
tum resolution for the central jet chamber of

s/p50.003p(GeV). (3.3)

The dE/dx resolution is expected to be 6%, as for the
ZEUS central tracking detector.

The CIZ and COZ are thin drift chambers with sense
wires perpendicular to the beam axis, and therefore
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complement the accurate R2f measurement provided
by the central jet chamber by providing accurate z coor-
dinates. The CIZ is located inside the CJC1, while the
COZ is located between CJC1 and CJC2. These two
chambers deliver track elements with typically 300 mm
resolution in z.

The forward tracking detectors are integrated assem-
blies of three supermodules, each including, in order of
increasing z: three different orientations of planar wire
drift chambers (each rotated by 60° to each other in
azimuth), a multiwire proportional chamber for fast trig-
gering, a transition radiation detector, and a radial wire
drift chamber. The forward tracking detector is designed
to give a momentum resolution of

s/p50.003p(GeV) (3.4)

and track angular separation su ,f,1 mrad.
A backward proportional chamber located just in

front on the rear calorimeter provided an angular mea-
surement of the electron, together with the vertex given
by the main tracking detectors. This detector was re-
placed in the 1994–1995 shutdown by an eight-layer drift
chamber with a polar angle acceptance between 155.1
,u,177.5° (H1 Collaboration, 1993).
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FIG. 15. Schematic drawing of
the H1 detector.
2. Calorimetry

The ZEUS tracking detectors are surrounded by a
238U-scintillator sampling calorimeter, covering the an-
gular range 2.2°,u,176.5°.2 This calorimeter design
was chosen to give the best possible energy resolution
for hadrons. The calorimeter consists of a forward part
(FCAL), a barrel part (BCAL), and a rear part
(RCAL), with maximum depths of 7.1l, 5.3l, and 4.0l,
respectively. The FCAL and BCAL are segmented lon-
gitudinally into an electromagnetic section (EMC) and
two hadronic sections (HAC1, 2). The RCAL has one
EMC and one HAC1 section. The cell structure is
formed by scintillator tiles; cell sizes range from 5
320 cm2 (FEMC) to 24.4335.2 cm2 at the front face of a
BCAL HAC2 cell. The light generated in the scintillator
is collected on both sides of the module by wavelength
shifter bars, allowing a coordinate measurement based
on knowledge of the attenuation length in the scintilla-
tor. The light is converted into an electronic signal by
photomultiplier tubes (PMT’s).

2The range was extended in 1995 by placing the rear calorim-
eter closer to the beam, resulting in the coverage 2.2°,u
,178.4°.
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The performance of the calorimeter has been mea-
sured in detail in test beams, and some results are sum-
marized in Table III. The signal from the 238U radioac-
tivity has proven to be an extremely valuable calibration
and monitoring tool. The uranium activity signal is re-
producible to better than 0.2%. Test beam studies have
shown that the intercalibration between cells of a mod-
ule, and from module to module, is known at the 1%
level by setting the PMT gains in such a way as to equal-
ize the uranium signal. Despite the presence of the ura-
nium activity, the calorimeter has very low noise (typi-
cally 10 MeV for an EMC PMT and 20 MeV for a HAC
PMT).

The angular coverage in the electron beam direction
was extended in the 1994–1995 shutdown with the addi-
tion of a small Tungsten-scintillator calorimeter (BPC)
located behind the RCAL at z5294 cm, and within 4.4
cm of the beam. This calorimeter (Breitweg, 1997a)
measures electrons in the angular range 15–34 mrad.

Particle identification in the uranium calorimeter is
enhanced by the addition of a silicon pad array near
shower maximum in the RCAL and FCAL. All RCAL
modules have been instrumented with these 333.3 cm2

pads, while the FCAL was to be completed in the 1997–
1998 shutdown. This detector is expected to improve
electron recognition in jets by a factor of 10 to 20.
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TABLE II. The principal H1 central detector parameter (1997 status).

Component Parameter Value Comment

LAr angular coverage 4°<u<154° ref. (Andrieu, 1993a)
Calorimeter s/E(EM showers) 0.12/AE(GeV) % 0.01 test beam (Andrieu, 1994)

(Andrieu, 1993b)
EM E scale uncertainty 1–3% ref. (Adloff, 1997a)
s/E(Hadronic showers) 0.50/AE(GeV) % 0.02 test beam (Andrieu, 1994)

(Andrieu, 1993b)
had E scale uncertainty 4% ref. (Adloff, 1997a)
angular resolution 2 mrad u,30°
angular resolution ,5 mrad u.30°

SPACAL angular coverage 153°<u<177.8° ref. (Andrieu, 1993a)
s/E(EM showers) 0.075/AE(GeV) % 0.025 in situ (Adloff, 1997f)
EM E scale uncertainty 1–3% ref. (Adloff, 1997f)
had E scale uncertainty 7% ref. (Adloff, 1997f)
spatial resolution 4 mm ref. (Adloff, 1997f)
time resolution ,1 ns ref. (Adloff, 1997f)

Central B-field (Tesla) 1.15
Tracking angular coverage 15°,u,165°

s/pT 0.01•pT(GeV) full length tracks (Adloff, 1997f)

Luminosity normalization uncertainty 1.5% ref. (Aid, 1996a)
The high-resolution calorimeter is surrounded by the
backing calorimeter. The backing calorimeter is formed
by instrumenting the yoke used to guide the solenoidal
field return flux, and consists of 40 000 proportional
tubes and 1700 pad towers, allowing an energy resolu-
tion of s/E51.1/AE . The backing calorimeter allows for
the correction or rejection of showers leaking from the
uranium calorimeter. It is also useful for identifying
muons.

The H1 detector places emphasis on electron recogni-
tion and energy measurement. This led to placing the
calorimeter inside the coil providing the axial field for
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the tracking detectors. Liquid argon was chosen because
of its good stability, ease of calibration, fine granularity,
and homogeneity of response. The liquid argon calorim-
eter covers the polar angle range between 4°,u
,154°. The segmentation along the beam axis into
‘‘wheels’’ is eightfold, with each wheel segmented into
octants in f. The hadronic stacks are made of stainless
steel absorber plates with independent readout cells in-
serted between the plates. The orientation of the plates
varies with z such that particles always impact with
angles greater than 45°. The structure of the electromag-
netic stack consists of a pile of G10-Pb-G10 sandwiches
TABLE III. The principal ZEUS central detector parameters (1997 status).

Component Parameter Value Comment

Calorimeter angular coverage 2.6,u,176.2° extended to 178.4° in 1995
s/E(EM ahowers) 0.18/AE(GeV) % 0.02 test beam (Andresen et al., 1991)

(Bernstein, 1993)
EM E scale uncertainty 1–3% ref. (Breitweg, 1997b)
s/E(Hadronic showers) 0.35/AE(GeV) % 0.03 test beam (Andresen et al., 1991)

(Bernstein, 1993)
had E scale uncertainty 3% ref. (Breitweg, 1997b)
position resolution ;1 cm EM showers, ref. (Derrick, 1996a)
time resolution ,1 ns for E.4.5 GeV

Central B-field (Tesla) 1.43
Tracking angular coverage 11°,u,168°

s/pT 0.005•pT(GeV) % 0.016 full length tracks (Breitweg, 1997b)
z vertex resolution 0.4 cm full length tracks, pT.5 GeV
R2f vertex resolution 0.1 cm full length tracks, pT.5 GeV

Luminosity normalizaton uncertainty 1.5% ref. (Breitweg, 1997b)
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separated by spacers defining the liquid argon gaps. The
granularity ranges from 10→100 cm2 in the EMC sec-
tion, to 50→2000 cm2 in the HAC section. Longitudinal
segmentation is three- to fourfold in the EMC over
20–30 radiation lengths and four- to sixfold in the HAC
over 5–8 interaction lengths. The liquid argon calorim-
eter has a total of 45 000 readout cells. The noise per cell
ranges from 15→30 MeV. The resolution measured in
the test beam is given in Table II. The calorimeter is
noncompensating, with the response to hadrons about
30% lower than the response to electrons of the same
energy. An offline weighting technique is used to equal-
ize the response and provide the optimal energy resolu-
tion.

The polar angle region 151°,u,176° of the H1 de-
tector contains the backward electromagnetic calorim-
eter (BEMC). This is a conventional lead-scintillator
sandwich calorimeter used to measure the scattered
electron for Q2<100 GeV2. The calorimeter has a depth
of 21.7X0 , or approximately one hadronic interaction
length, which on average contains 45% of the energy for
a hadronic shower. The detector is composed of 8
38 cm2 stacks read out by wavelength shifter and pho-
todiodes. It has a twofold segmentation in depth. The
energy resolution is found to be

s/E510%/AE(GeV)% 1.7%. (3.5)

The position resolution is 7 mm for high-energy elec-
trons. The average noise per stack was measured to be
130 MeV. The stack-to-stack calibration was performed
using so-called kinematic peak events, for which the
electron has a well-defined energy, and is better than
1%.

The BEMC was replaced in the 1994–1995 shutdown
with a lead-scintillating fiber calorimeter [SPACAL (H1
Collaboration, 1993)]. The new calorimeter has both
electromagnetic and hadronic sections. The angular re-
gion covered is extended compared to the BEMC, and
the calorimeter has very high granularity (1192 cells)
yielding a spatial resolution of about 4 mm. Other pa-
rameters as measured with data are given in Table II.

The liquid argon and BEMC calorimeters are sur-
rounded by a tail catcher to measure hadronic energy
leakage. The tail catcher is formed by instrumenting the
iron yoke used to guide the solenoidal field with limited
streamer tubes read out by pads. The tail catcher allows
for the correction or rejection of showers leaking from
the inner calorimeters. It is also useful for identifying
muons.

3. Muon detectors

Recognition of muons is very important in the study
of heavy quarks, heavy vector mesons, W production
and in the search for exotic physics. The ZEUS detector
is surrounded by chambers to identify and measure the
momentum of these muons. The iron yoke making up
the backing calorimeter is magnetized with a toroidal
field of about 1.5 T, and a momentum measurement is
performed by measuring the angular deflection of the
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
particle traversing the yoke. In the barrel region and
rear regions, limited streamer tubes are placed interior
to, and exterior to, the iron yoke. A resolution of 20% is
expected for 10-GeV muons. In the forward direction,
where high muon momenta are expected, drift chambers
and limited streamer tubes are used for tracking. The
momentum measurement, with a design goal of 20% ac-
curacy up to 100 GeV, is enhanced with the aid of tor-
oidal magnets residing outside the yoke.

The H1 detector measures muons in the central re-
gion by searching for particles penetrating the calorim-
eter and coil and leaving signals in the tail catcher. The
tail catcher is instrumented with 16 layers of limited
streamer tubes. Three are located before the first iron
plate, and three after the last iron plate. There is a
double layer after four iron plates, and eight single lay-
ers in the remaining gaps between the iron sheets. A
minimum muon energy of 1.2 GeV is needed to reach
the first limited streamer tube, while 2-GeV muons just
penetrate the iron.

In the very forward direction, a spectrometer com-
posed of drift chambers surrounding a toroidal magnet
with a field of 1.6 T is used to measure muons. This
spectrometer measures muons in the momentum range
5→200 GeV.

4. Forward detectors

Both ZEUS and H1 have spectrometers downstream
of the main detectors in the proton beam direction to
measure high-energy protons, as well as calorimeters at
zero degrees to measure high-energy neutrons. These
are used in the study of diffractive scattering as well as
in the study of leading particle production.

The ZEUS leading proton spectrometer is composed
of six Roman pots containing silicon microstrip detec-
tors placed within a few millimeters of the beam. The
pots are located at distances from 24–90 m from the
interaction point. The track deflections induced by the
proton beam magnets allow a momentum analysis of the
scattered proton. The fractional momentum resolution is
0.4% for protons near the beam energy and 5 MeV in
the transverse direction. The effective transverse mo-
mentum resolution is dominated by the beam diver-
gence at the interaction point, which is about 40 MeV in
the horizontal plane and 90 MeV in the vertical plane. In
1995, H1 installed a forward proton spectrometer con-
sisting of scintillating fibers to detect leading protons in
the momentum range 500,p,760 GeV and scattering
angles below 1 mrad.

The ZEUS forward neutron calorimeter is an iron-
scintillator sandwich calorimeter located 106 m down-
stream of the interaction point (Bhadra, 1997). The calo-
rimeter has a total depth of ten interaction lengths and
has a cross-sectional area of 40330 cm2. The forward
neutron calorimeter was calibrated using beam-gas data
with proton beams of different energies. The H1 for-
ward neutron calorimeter is located 107 m downstream
of the interaction point (H1 Collaboration, 1997c). The
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calorimeter consists of interleaved layers of lead and
scintillating fibers. The calorimeter has a total depth of
9.5 interaction lengths.

5. Luminosity detectors and taggers

The luminosity is measured at HERA via the brems-
strahlung reaction

ep→epg . (3.6)

Both ZEUS and H1 have constructed two detectors to
measure this process: one to measure the electron and
the second to measure the photon. The ZEUS collabo-
ration has opted to use only the photon detector to mea-
sure luminosity, while the H1 Collaboration uses a coin-
cidence of photons and electrons. The luminosity is
determined from the corrected rate of g or electron-g
coincidence events, where the correction is found by
measuring the rate induced from the unpaired electron
bunches as follows:

Rep5R tot2Runp•
I tot

Iunp
, (3.7)

where R tot is the total rate within an energy window,
Runp is the rate measured in unpaired bunches, I tot is the
total current, and Iunp is the current in the unpaired
electron bunches.

The ZEUS detectors consist of a g detector posi-
tioned 107 m downstream from the interaction point and
an electron calorimeter 35 m from the interaction point.
The g detector consists of a carbon filter to absorb syn-
chrotron radiation, an air-filled Čerenkov counter to
veto charged particles, and a lead-scintillator sampling
calorimeter. The g detector has a geometrical accep-
tance of 98% independent of the photon energy for
bremsstrahlung events. It also serves to measure the po-
sition and angular dispersion of the electron beam. The
electron detector is a lead-scintillator sampling calorim-
eter placed close to the beamline and measures elec-
trons scattered at angles ue8,6 mrad, with an efficiency
of greater than 70% for 0.35Ee,Ee8,0.65Ee GeV. This
detector is also used to tag photoproduction events.

The H1 detectors are a g detector positioned 103 m
downstream from the interaction point, and an electron
calorimeter 33 m from the interaction point. The g de-
tector consists of a lead filter to absorb synchrotron ra-
diation (2X0), a water-filled Čerenkov counter (1X0),
and a hodoscope of KRS-15 crystal Čerenkov counters
with photomultiplier readout. The g detector has a geo-
metrical acceptance of 98% independent of the photon
energy. The electron detector has a similar construction
but without the lead and water absorbers, and it mea-
sures electrons in the energy range 0.2Ee,Ee8
,0.8Ee GeV with an average efficiency of 48%. This de-
tector is also used to tag photoproduction events.

In addition to the electron calorimeters of the lumi-
nosity systems, both ZEUS and H1 have small calorim-
eters located close to the beampipe at roughly 8 and 44
m. These measure scattered electrons in different energy
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ranges, and thereby extend the kinematic range of
tagged photoproduction events.

6. Readout and triggering

The high bunch crossing frequency and large back-
ground rates pose severe difficulties for the readout and
triggering.

The ZEUS trigger has three levels. The first-level trig-
ger must reach a decision within 3 ms and reduce the
rate to less than 1 kHz. Including various cable delays,
the decision to keep an event must reach the front-end
electronics within 5 ms of the occurrence of the signal.
The first-level trigger uses information from many detec-
tors and requires a global decision based on trigger in-
formation derived in parallel from the separate detec-
tors. Given the high background rates, some detectors
have a significant chance for pileup to occur during this
interval, particularly in the regions near the beampipe.
This requires a pipelining of the data for these detectors
during the trigger decision time. Some pipelines are ana-
log (e.g., in the calorimeter), where a dynamic range of
17 bits is required, while others are digital, where a
lower dynamic range is required. The pipelines are run
synchronously with the HERA 10.4-MHz clock. The
minimum pipeline length is therefore about 55 cells.

Once a first-level trigger is generated, data are read
out from the component pipelines into the second level
of processing, where a second-level trigger decision
based on more global event information reduces the rate
by a factor of 10. As with the first-level trigger, the sec-
ond level consists of parallel processing in component
systems, followed by a global decision in centralized pro-
cessors. The second-level trigger must be able to accept
data at 1 kHz and come to a decision within 10 ms. This
requires substantial data buffering (typically 16 events)
in the component readout systems. The remaining
events are then assembled and presented to an array of
processors. At this point, a full event reconstruction is
performed and events are selected based on algorithms
similar to those used for the off-line analysis. The third-
level trigger typically reduces the rate by an additional
factor of 10, such that data is written to off-line storage
at typically 10 Hz.

The precise timing available from the 238U-scintillator
calorimeter has been a particularly important tool for
rejecting beam-induced backgrounds occurring up-
stream of the interaction point, as well as other events
that are asynchronous with the bunch crossing time
(such as cosmic rays and noise). Figure 16 shows the
tRCAL versus tFCAL2tRCAL distribution, in which events
occurring upstream of the RCAL (giving tFCAL'0 ns,
tRCAL'210.5 ns) are clearly displaced from the events
occurring at the interaction point (with tFCAL , tRCAL
'0 ns).

The H1 trigger has four levels. The first-level trigger
has a decision delay of 2.5 ms, which determines the
minimum pipeline length needed to store the full detec-
tor information. As with the ZEUS trigger, correlations
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between the information from different detectors are
used to make the trigger decision. H1 uses four different
types of pipelines:

(1) Fast RAM (e.g., for drift chambers);
(2) Digital shift registers (e.g., for systems readout

with threshold discriminators);
(3) Analog delay lines (in the BEMC);
(4) Signal pulse shaping (in the liquid argon and the

tail catcher, the pulse shaping is adjusted in such a way
that the maximum occurs at the time of the level-one
decision).

The second- and third-level triggers operate during
the primary dead time of the readout. They work on the
same data as the first-level trigger and must reach a de-
cision within 20 and 800 ms, respectively. The first three
levels of triggering should not exceed 1 kHz, 200 Hz,
and 50 Hz, respectively. (The second- and third-level
trigger systems were not in use in the first years of data
taking, such that the first-level trigger had to be limited
to a rate of about 50 Hz.)

The fourth level of triggering is based on full event
reconstruction in processor boards. Algorithms similar
to the ones used for off-line analysis are used to select
valid events. The fourth-level filter rejects about 70% of
the events, leading to a tape writing rate of about 15 Hz.

C. Kinematics specific to HERA

HERA collides 27.5-GeV electrons or positrons3 on
820-GeV protons. This leads to a center-of-mass energy
squared

s5~k1P !2, (3.8)

'4EeEp , (3.9)

'~300 GeV!2, (3.10)

where k and P are the four-vectors of the incoming elec-
tron and proton, respectively. To get an equivalent
center-of-mass energy in a fixed-target experiment
would require a lepton beam of energy Elepton
5s/2mp , or Elepton547 TeV, which is about two orders
of magnitude beyond what can be achieved today. It is
therefore clear that HERA probes a very different kine-
matic regime than that seen by the fixed-target experi-
ments. For deeply inelastic scattering, the Q2 range is
extended to higher values by two orders of magnitude,
while the range in the Bjorken-x variable is increased by
two orders of magnitude to smaller values for a fixed
Q2. This allows measurements of the proton structure at
much smaller transverse and longitudinal distance
scales.

The HERA experiments H1 and ZEUS have almost
hermetic detectors. In the case of neutral-current scat-
tering, the kinematic variables can therefore be recon-
structed from the scattered electron, from the hadronic
final state, or from a combination of the information

3In what follows, we will use the term ‘‘electron’’ to represent
electrons or positrons, unless explicitly stated otherwise.
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from the electron and the hadrons. The different tech-
niques used to date are described in Sec. III.D.

In neutral-current DIS, the interaction can be thought
of as electron-quark elastic scattering. The kinematics
for DIS events are summarized in Fig. 17, where the
contours of constant electron energy and angle, and
scattered quark energy and angle, are drawn on the ki-
nematic plane. Most interactions involve small momen-
tum transfers, and the electron is scattered at small
angles. In small-x events the hadronic final state is gen-
erally boosted in the electron direction, while for large-x
events the hadronic final state is in the proton direction.
There is an extended region around x5Ee /Ep(50.03)
in which the scattered electron has an energy close to
the electron beam energy. This region results in a ‘‘ki-
nematic peak’’ in the electron energy spectrum, which is
very useful for energy calibrations of the detectors.

Photoproduction is defined as the class of events in
which the square of the four-momentum transferred
from the electron to the proton is very small (typically
less than 1022 GeV2). In this case, the electron is scat-
tered at very small angles and is not seen in the main
detectors. It is in some cases tagged by special-purpose
electron taggers (see Sec. III.B). The exchanged gauge
boson is then a quasireal photon. The kinematical vari-
ables most relevant for photoproduction are the center-
of-mass energy of the photon-proton system W and the
transverse energy of the final state ET .

D. Kinematic variable reconstruction

1. Reconstruction of DIS variables

The relevant kinematics of DIS events are specified
with two variables, as described in Sec. II.A. There are

FIG. 16. The time measured in the rear part of the ZEUS
calorimeter (RCAL) versus the difference in the times mea-
sured in the forward calorimeter (FCAL) and RCAL after the
first-level trigger. A clear separation can be seen between ep
interactions, which are centered on (0, 0), and beam-gas inter-
actions.
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several possible choices for these two variables. Com-
mon choices are any two of (x ,y ,Q2,W). For the
structure-function measurements, the results are quoted
in terms of x and Q2, while the natural variables to use
for the total cross-section measurement are Q2 and W.
The experiments measure the energy Ee8 and polar angle
ue of the scattered electron, and the longitudinal, pz had
and transverse momentum of the hadronic final state,
pt had . There are many possible ways to combine these
measurements and reconstruct the kinematical vari-
ables. We review some of these here.

Electron method:

Q252EeEe8~11cos ue!, (3.11)

y512
Ee8

2Ee
~12cos ue!, (3.12)

x5
Q2

sy
. (3.13)

This is the method that has historically been used in
fixed-target experiments. It is in many ways the easiest
method, since it requires only the measurement of one
particle. Its shortcomings are a seriously degraded x
resolution at small y and large radiative corrections. The
resolution is, however, very good at large y.
Hadron method:

dhad5 (
i51

No . of hadrons

Ei~12cos u i! (3.14)

5Ehad2pz had , (3.15)

y5
dhad

2Ee
, (3.16)

FIG. 17. Contour lines of fixed electron energy and angle, and
fixed jet energy and angle in the (x ,Q2) plane. The labels
FCAL, BCAL, and RCAL refer to the different sections of the
ZEUS calorimeter.
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Q25
pt had

2

12y
, (3.17)

x5
Q2

sy
. (3.18)

This method relies entirely on the hadronic system, and
also goes under the name Jacquet-Blondel method (Jac-
quet and Blondel, 1979). The sum indicated for the mea-
surement of dhad runs over all final-state hadrons. In
practice, the final-state hadrons are represented by
tracks or calorimeter energy deposits. This method is
stable against energy losses down the forward beampipe
since they contribute very little to y or pT

2 . However, it is
sensitive to calorimeter noise at very small y, and is sen-
sitive to energy losses in the rear direction at higher
values of y. It also requires a good understanding of
energy scales and energy losses in inactive material. On
the other hand, it is rather insensitive to radiative cor-
rections.
Double angle method:

cos g5
pt had

2 2dhad
2

pt had
2 1dhad

2 , (3.19)

Q254Ee
2 sin g~11cos ue!

sin g1sin ue2sin~ue1g!
, (3.20)

x5
Ee

Ep

sin g1sin ue1sin ~ue1g!

sin g1sin ue2sin~ue1g!
. (3.21)

This method relies on the electron polar angle and the
angle g that characterizes the hadronic final state
(Bentvelsen, Engelen, and Kooijman, 1991). In a simple
eq→eq picture with massless quarks, the angle g is the
polar angle of the scattered quark. The advantage of this
reconstruction method is that it does not require precise
knowledge of energy scales (variations in scale with po-
lar angle will, however, distort the g measurement). It
also results in small radiative corrections. However, the
resolution is poor if y is very small.
S method:

y5
dhad

d
, (3.22)

Q25
Ee8

2 sin2 ue

12y
, (3.23)

x5
Q2

sy
. (3.24)

This method (Aid, 1996a) makes use of the longitudinal
momentum conservation relation E2Pz52Ee . The es-
timates of E2Pz carried by the hadrons and electron,
respectively, are dhad and de , and d5de1dhad . At small
y, d'de and is rather well measured, whereas at large y
both dhad and de are important. dhad suffers from signifi-
cant energy losses (at the 15–20 % level) and a wide
distribution. The S method corrects in part for this loss.
The H1 collaboration has employed the S method for
y,0.15 in the measurement of F2 from the 1994 data.
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For higher y, they have used the electron method. The S
method is rather insensitive to radiative corrections as it
depends primarily on the hadronic variables.
PT method:

Q254Ee
2 sin gPT~11cos ue!

sin gPT1sin ue2sin~ue1gPT!
, (3.25)

x5
Ee

Ep

sin gPT1sin ue1sin~ue1gPT!

sin gPT1sin ue2sin~ue1gPT!
. (3.26)

The PT method (Derrick et al., 1996a) was developed by
ZEUS in the analysis of the 1994 data. The double-angle
equations are used to calculate the kinematic variables,
but with an improved estimate of the hadronic angle g.
This estimate makes use of the pT balance in neutral
current (NC) DIS events, whence its name. The pT mea-
sured by the electron is used in the calculation of g. It is
also used to improve the measurement of dhad , as is
longitudinal momentum balance in the form of the S
method. The ZEUS Collaboration has employed the PT
method over the full kinematic range for the extraction
of F2 in the 1994 data.

2. Reconstruction of photoproduction variables

The primary variable used in photoproduction is the
hadronic center-of-mass energy W. In tagged photopro-
duction, this is calculated from the energy of the scat-
tered electron:

W2'sy's~12Ee8/Ee!. (3.27)

The resolution is then given by the resolution of the
electron calorimeters, which is typically sE(GeV)
'0.25•AE(GeV). The energy scale is very well known
as it is calibrated using bremsstrahlung events.

In untagged events, the hadronic measurement of y
described above must be used. This has much poorer
resolution and has systematic shifts. It requires good
knowledge of the hadronic energy scale as well as a de-
tailed understanding of the noise.

Jet transverse energies are needed for measurements
in hard photoproduction. These require a precise knowl-
edge of the hadronic energy scale as well as energy
losses resulting from inactive material. Energy smearing
from the jet-finding algorithm are also important. Typi-
cal jet energy resolutions are sE(GeV)'1.0•AE(GeV).
Uncorrected energies are about 20% too low and are
corrected using Monte Carlo methods.

3. Reconstruction of variables for exclusive final states

The standard kinematical variables are often much
better reconstructed in exclusive processes, where in
some cases the final state is known and energy-
momentum conservation can be used effectively. An ex-
ample is vector-meson production (ep→epV), de-
scribed in Sec. VII, in which the vector meson V is
reconstructed with the tracking detectors (e.g., r0

→p1p2). In this case, y can be reconstructed using the
hadronic method described above, using the measured
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energies and momenta, to high accuracy. In DIS, the
electron energy is then constrained if the scattering
angle is known, via

Ee85
2Ee2dhad

12cos ue
. (3.28)

In this case, the kinematic variables are reconstructed to
an accuracy of a few percent. Many other kinematic
variables are needed to fully describe the exclusive pro-
cesses. These include the mass of the final hadronic state
(excluding the proton), the square of the four-
momentum transfer at the proton vertex t and various
decay angles. These will be described in more detail as
they become relevant.

E. Coverage of the phase space

1. Phase-space coverage in DIS

The HERA measurements in DIS cover a vast kine-
matic range, as shown in Fig. 4. For example, the mea-
surements of F2 with the 1995 data sets extend down to
Q2 values of 0.1 GeV2 and up to Q255000 GeV2. For
each Q2, typically two orders of magnitude are covered
in x: from 1025→1023 at the lowest Q2 to 1022→0.3 at
Q25500 GeV2. The region at large y requires very effi-
cient and pure electron-finding algorithms down to the
lowest possible energies, while the small-y, or large-x,
region requires a precise understanding of the hadronic
final state. Both collaborations have invested tremen-
dous efforts in developing analysis tools that could work
in these extreme regions and thus allow measurements
over such a large kinematic range. The measurement of
F2 requires that the cross section be measured in bins of
x and Q2. At the highest values of Q2, the measure-
ments are limited by lack of event statistics. It is possible
to measure a single differential cross section ds/dQ2 up
to Q2 values of 40 000 GeV2, for both neutral- and
charged-current events. This allows a measurement of
the W mass, as well as searches for exotic phenomena.

The main detectors of ZEUS and H1 were optimized
primarily for the large Q2 region of phase space. At the
lower values of Q2, various detector improvement pro-
grams have enhanced the kinematical coverage. The
original calorimeter designs allowed the measurement of
DIS NC events down to Q2'4 GeV2 (with the vertex at
Z̄'0 cm). In order to probe the transition region be-
tween photoproduction and DIS, the calorimeters had
to be modified or enhanced by new devices. These in-
clude a new rear calorimeter for the H1 experiment
(Appuhn et al., 1997), which not only has higher preci-
sion than the BEMC but also begins at a distance of 4
cm from the beam, as opposed to '10 cm. This detector
was installed in the 1994–1995 winter shutdown. The
ZEUS Collaboration added a small-angle electron calo-
rimeter, the beampipe calorimeter, in the shutdown pe-
riod 1994–1995 to access the Q2 range 0.1→1 GeV2. In
addition, the central modules of the uranium-scintillator
calorimeter were moved to within 4 cm of the beam to
reach down to Q2 values of 1 GeV2.
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In addition to the modifications to the detectors, the
kinematic range covered was extended by several tech-
niques.

(1) Using data with a shifted vertex. The angular cov-
erage of the detectors extends to smaller values of the
electron-scattering angle as the vertex is moved away
from the rear calorimeters. The shifted vertex events
were produced via dedicated HERA runs in which the
primary vertex was moved to Z̄'180 cm. These runs
were used by ZEUS and H1 to measure down to Q2

50.4 GeV2 with their main detectors. In addition, H1
used events from the standard running (Z̄'0 cm) in the
1Z tail of the vertex distribution. A significant number
of events are present at Z'80 cm that result from pro-
tons in neighboring time buckets. These events access
the same Q2 range as the shifted vertex runs but have
larger normalization uncertainties.

(2) Using data with hard initial-state radiation. A
large fraction ('30%) of the photons from events with
hard initial-state radiation are measured in the photon
calorimeters of the luminosity system. The resultant ep
collisions therefore occur at lower center-of-mass ener-
gies, and lower Q2 values can be attained. This method
was used by both the ZEUS and H1 experiments.

2. Phase-space coverage in photoproduction

Photoproduction events at HERA are very small Q2

events in which the scattered electron is either measured
by an electron calorimeter near the electron beamline or
antitagged as DIS via the absence of an electron in the
main detectors. These two techniques allow very differ-
ent coverage of the phase space. We consider each in
turn.

a. Tagged photoproduction
In addition to the main calorimeter, the ZEUS detec-

tor currently has electron calorimeters positioned at Z
528, 235, and 244 m. These calorimeters are placed
very close to the beamline and are positioned after mag-
nets of the HERA accelerator. They require that the
electron-scattering angle be very small, and analyze dif-
ferent regions of the electron energy spectrum. For ex-
ample, the 35-m tagger limits Q2,1022 GeV2, and mea-
sures electrons in the energy range 5,E,18 GeV,
corresponding to a W range 180,W,270 GeV. The re-
cently added 8- and 44-m taggers cover higher and lower
W ranges, respectively, as shown in Fig. 18. The H1 ex-
periment currently has taggers at Z533 and 44 m and is
planning a tagger at Z58 m. These cover essentially the
same kinematic range as the ZEUS detectors.

b. Untagged photoproduction
It is also possible to tag photoproduction by requiring

the absence of the scattered electron in the main detec-
tor. This limits Q2,4 GeV2 (Q2,1 GeV2 as of the 1995
data sets). The median Q2 depends on the process stud-
ied, but is typically 1025 GeV2 (Derrick et al., 1995a).
This method allows measurements over a much wider
range of W. However, it requires that W be measured
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from the hadronic system in the main detector, which
has much lower precision than determining it directly
from the scattered electron.

3. Phase-space coverage in the forward direction

Many of the physics results coming from HERA in
the first years of operation deal with diffraction (ep
→epX , viewed as photon diffraction on the proton).
Ideally, this physics would be done solely with events in
which the scattered proton is tagged. Both ZEUS and
H1 have leading proton spectrometers, with high accep-
tance (for the ZEUS leading proton spectrometer) in
the proton elastic peak, xl51, for 0.2,pT,0.6 GeV.
The overall acceptance for elastic photoproduction of r0

mesons is about 6%.
The acceptance of the leading proton spectrometers is

quite small, and it is therefore profitable to also study
diffraction with the other detector components. There
are different techniques for doing this (see Sec. VI). The
most important detector parameter is the rapidity cov-
erage of the forward calorimeters and tagging devices.
Forward rapidity coverage is needed for the reconstruc-
tion of large-mass diffractive final states as well as for
rejecting backgrounds.

The ZEUS uranium-scintillator forward calorimeter
extends to within 10 cm of the beam and begins at Z
52.2 m, which implies a rapidity4 cutoff near h54. Ad-
ditional information is available from the proton rem-
nant tagger, which has scintillator planes located at Z

4Pseudorapidity h52ln tan(u/2) is used as an estimate for
rapidity y5ln(E2Pz /E1Pz).

FIG. 18. The W range tagged by the different electron calo-
rimeters located along the electron beamline of the ZEUS de-
tector. The 8-m tagger tags photons at the large-W range, the
35-m tagger tags the intermediate W range, and the 44-m tag-
ger tags the small-W range. The open histogram shows the W
distribution of all photoproduction events.
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55 m and Z522 m. The proton remnant tagger allows
the tagging of charged particles in the rapidity intervals
4,h,7.

The H1 liquid argon calorimeter extends to h'3.7.
This is complemented by the forward plug calorimeter,
with coverage 3.5,h,5.5. Collimators are placed be-
tween the interaction point and the forward plug calo-
rimeter. This implies a minimum energy cutoff for par-
ticles to reach the forward plug calorimeter. However,
the scattering and showering produced by the collimator
can be used to advantage. The forward muon chamber is
sensitive to charged particles from these processes. The
resulting coverage of the H1 detector is 5.0,h,6.5. The
H1 proton remnant tagger covers the region 6.0,h
,7.5.

F. Radiative corrections

To compare measured cross sections with theoretical
calculations it is necessary to include the effects of QED
radiative processes. This is typically done by correcting
the measured cross sections for these effects, either by
using event simulation packages that include radiative
effects, or from analytical calculations. The differences
between the radiative cross sections and the Born cross
sections are used to apply correction factors.

First-order QED radiative processes from the elec-
tron are shown in Fig. 19. They include initial-state ra-
diation, final-state radiation, and virtual loop correc-
tions. There are also radiative effects for the proton, or
quarks. These are typically not corrected, and the mea-
sured structure functions therefore include QED radia-
tion.

For initial-state radiation, the energy of the incoming
electron is effectively lowered. The apparent x and Q2

calculated with the electron variables are no longer the
same as the propagator x and Q2. QED radiation there-
fore causes shifts in the mean reconstructed kinematic
variables. The shifts depend on the choice of reconstruc-
tion method. Methods relying more on the hadronic sys-
tem typically suffer smaller shifts. Note that the bulk of
the radiated photons are collinear with the incoming
electron. They can therefore be measured by the photon
calorimeters of the luminosity systems from ZEUS and
H1. Measuring this spectrum is a very good check that
initial-state radiation is simulated correctly. Final-state
radiation is also typically collinear, with the outgoing
photon at small angles to the scattered electron. These

FIG. 19. Diagrams showing the different leading-order QED
corrections to the Born diagram.
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are usually not distinguished as separate clusters by the
calorimeters, and therefore do not result in shifts in the
reconstructed kinematic variables. However, there is a
tail to larger opening angles, which will produce shifts in
the kinematic variables if not correctly simulated. These
effects are best studied with Monte Carlo event simula-
tions that take QED radiation into account. In the
Monte Carlo program HERACLES (Kwiatkowski, Spies-
berger, and Möhring, 1991a, 1991b), the four-
momentum of the radiative photon is sampled according
to the fivefold differential cross section for radiative
photon emission ds/dxdydEgdugdfg from the elec-
tron and is saved together with the other stable particles.
These are then traced through the detector.

The shift of the apparent variables from the true de-
pends strongly on the reconstruction method chosen for
the kinematic variables. The shift can be effectively lim-
ited by appropriate event selection cuts. For example,
requiring d.0.7(2Ee) limits the maximum initial-state
radiation photon energy to Eg,0.3Ee , which in turn
limits the amount of shift possible in the reconstruction
of the kinematic variables. Note that the correction to
the measured cross section is typically highest at large y,
as this corresponds to small scattered electron energy.

In addition to producing measured kinematic vari-
ables that are shifted from the propagator values, QED
radiation also changes the cross section for a given x and
Q2. The cross section must therefore also be corrected
to the Born level (no QED radiation). These corrections
are typically small, since the QED coupling constant ap-
pears, and can usually be treated as a multiplicative cor-
rection. For example, the differential cross section for
NC DIS can be approximated as

d2sNC

dxdQ2 5
d2sBorn

dxdQ2 @11dr~x ,Q2!# . (3.29)

G. Event modeling and unfolding of detector effects

Detailed Monte Carlo simulations are indispensable
for the extraction of physical quantities from the mea-
surements. The use of Monte Carlo event simulators was
mentioned in the previous section for the study of QED
radiative effects. Monte Carlo simulations are also used
to correct for limited geometrical acceptance of the de-
tectors and to understand the effects of the measure-
ment resolution on kinematical variables.

Monte Carlo simulations can also be used to study the
relationship between measured quantities and the physi-
cally fundamental quantities. An example of this is the
relation between the jets measured at the detector level
and the partons that originally produced the jets.

Monte Carlo event simulations are used extensively in
developing the data selection cuts. The Monte Carlo
programs can help determine which variables are par-
ticularly useful for separating signal from background.
They also indicate where certain variables are measured
accurately and where they are not well measured. In
developing the cuts and determining the acceptance cor-
rections, it is necessary that the Monte Carlo simulations
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accurately describe the data. In practice, this means that
many different Monte Carlo programs must be used,
each tuned for a specific class of processes. It also means
that detailed simulations of the detector apparatus must
be performed, including inactive as well as active mate-
rials.

We describe briefly a few of the more commonly used
event generators for DIS and photoproduction. The
many special-purpose generators, e.g., for diffractive
processes or exotic processes, are beyond the scope of
this report. We finish this section with a brief description
of the detector simulation packages.

1. Generators for DIS

Several generators are used together to describe DIS
events at HERA. The program HERACLES (Kwiat-
kowski et al., 1991a, 1991b) is used to simulate the ef-
fects of electroweak radiation from the electron and
quark. HERACLES is interfaced with either ARIADNE
(Lönnblad, 1992, 1995), HERWIG (Webber, 1991), or
LEPTO (Ingleman, 1991) for the simulation of the hard
scattering and the simulation of the initial and final
QCD radiation from the partons. ARIADNE is based on
the color dipole model (Andersson, Gustafson, and Lön-
nblad, 1990), in which the struck quark-diquark system
acts as a radiating color antenna. In the program HER-
WIG, coherent parton showers are produced that form
color-neutral clusters, while the LEPTO package pro-
duces parton showers according to the DGLAP evolu-
tion equation. Perturbative QCD corrections are imple-
mented by taking into account the full O(as) or O(as

2)
matrix elements. In the case of ARIADNE and LEPTO, the
program package JETSET (Sjöstrand and Bengtsonn,
1987) is then used for the fragmentation of the resulting
partons into hadrons, and for their decay. JETSET is
based on the Lund string model of fragmentation
(Andersson, Gustafson, Ingelman, and Sjöstrand, 1983).
These programs are under constant revision as new data
become available, and different versions are used for
different analyses.

2. Generators for photoproduction

The two principal generators used to simulate photo-
production reactions are the PYTHIA program (Sjös-
trand, 1994) and the HERWIG program (Webber, 1991).
PYTHIA is a Lund-type Monte Carlo program. It allows
for both resolved and direct photon reactions. The pro-
gram allows for both initial and final-state QCD radia-
tion and uses the JETSET package for hadronization. The
hard scattering cross sections are simulated in leading
order. The H1 collaboration has also made extensive use
of the PHOJET generator (Engel, 1995; Engel and
Ranft, 1996).

3. Detector simulation

The output of the event generation step is fed into the
detector simulation programs. These are based on the
GEANT (Brun et al., 1987) package, which is in common
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use in high-energy physics experiments. Detailed simu-
lations of the geometry and materials of the detector are
performed, and the output of the programs is compared
with measurements from test beams as well as from ep
interaction data. The individual programs used by the
ZEUS and H1 experiments represent enormous efforts.
They are constantly being refined to give the best pos-
sible reproduction of the response of the detector.

IV. INCLUSIVE CROSS-SECTION MEASUREMENTS

Inclusive cross-section measurements are of funda-
mental importance. Considerable debate on the behav-
ior of the ep cross section at high center-of-mass ener-
gies was fueled in the late 1980s and early 1990s by the
approaching turn-on of HERA. In e1e2 scattering, the
total cross section as a function of the center-of-mass
energy is calculable in electroweak theory, and the mea-
surements are in excellent agreement with the predic-
tions. The behavior of the hadron-hadron scattering
cross sections as a function of the center-of-mass energy
are not calculable since they depend on the structure of
the hadrons. However, cross sections have been mea-
sured for many different combinations of hadrons
(proton-proton, proton-antiproton, proton-pion, etc.). It
was found experimentally that these cross sections all
have a similar energy dependence at high energies
(Donnachie and Landshoff, 1992), given by

s;s0.08, (4.1)

where s is the hadron-hadron center-of-mass energy.
What would the data show in the case of ep scattering?

Generally, two regimes are differentiated:
(1) The small-Q2 regime, in which electron-proton

scattering proceeds via photon exchange. When Q2→0,
the photon is almost real, and we can consider the scat-
tering as photon-proton scattering. The transverse dis-
tance scale defined by Q2 is much larger than the size of
the proton, so that the details of the proton structure are
not expected to be important for the total cross section.
It has been known for some time that photoproduction
can be viewed as hadron-hadron scattering in which the
photon has fluctuated into a vector meson. It was there-
fore expected that the cross section at Q2'0 would
have a similar behavior to the hadron-hadron scattering
cross sections.

(2) The deep inelastic scattering regime (DIS), in
which electron-proton scattering proceeds via g, Z, or W
exchange (photon exchange dominates until
Q2'MZ ,W

2 ). In this case, the transverse distances
probed in the interaction are a fraction of the proton
radius, and the cross section will depend on the details
of the proton structure. No experimental data existed
pre-HERA for center-of-mass energies of the ex-
changed boson-proton system larger than about 25 GeV.
Many different predictions existed for the behavior of
the cross section, ranging from a small energy depen-
dence similar to that seen in hadron-hadron scattering
(Donnachie and Landshoff, 1994) to a very steep energy
dependence (Lipatov, 1976; Kuraev et al., 1977; Balitskii
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FIG. 20. The total cross section measured in hadronic scattering as a function of the center-of-mass energy for (a) pp, pp̄ , and (b)
p1p , p2p scattering. The cross sections show a universal rise at high energies of the form s;s0.08 (Donnachie and Landshoff,
1992).
and Lipatov, 1978). The measurement of this cross sec-
tion (or equivalently F2) is one of the most interesting
results to come from HERA.

In the following sections, we first describe the mea-
surements of the gp and g* p cross sections at HERA.
We then describe the structure-function measurements
and discuss the results.

A. Total photoproduction cross section

As mentioned above, the total hadronic cross sections
rise with center-of-mass energy in a universal way. The
energy dependence for p̄p , pp, p2p , and p1p scatter-
ing is shown in Fig. 20. The solid lines shown in the
figure are fits that include a component dying rapidly
with s, the center-of-mass energy, and a second compo-
nent that persists at high energies (Donnachie and
Landshoff, 1992). The second component was found to
be universal, with the cross sections rising as s0.08. The
corresponding measurements for gp scattering extended
only to gp center-of-mass energies of about 25 GeV be-
fore the advent of HERA, and the high-energy depen-
dence was therefore not well known. Predictions based
on perturbative QCD varied widely, from a soft energy
dependence to a very steep energy dependence (Drees
and Halzen, 1988; Collins and Ladinsky, 1991; Forshaw
and Storrow, 1991; Gandhi and Sarvecic, 1991; Schuler
and Terron, 1992).

1. From ep scattering to gp scattering

In the standard model, the reaction ep→eX can pro-
ceed via g or Z0 exchange. At small enough Q2, Z0

exchange can be neglected. Furthermore, we can decom-
pose the cross section into a term representing the flux
of photons from the electron and a term representing
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
the photon-proton scattering process. This is depicted
schematically in Fig. 7. The differential cross section can
then be written in the form

d2s~ep !

dWdQ2 5G~sT
gp1esL

gp!, (4.2)

where G represents the flux factor of virtual photons, sT
and sL are the absorption cross sections for transverse
and longitudinally polarized photons, and e is the ratio
of the flux for longitudinal to transverse photons.

If we restrict ourselves to photoproduction, Q2'0,
then the photon is transversely polarized and only the
first term in the cross-section expression will contribute.
Given that the flux factor G is known (see discussion in
Sec. II.D), a measurement of the differential ep cross
section allows the extraction of the total photoproduc-
tion cross section.

2. Measurements at HERA

The measurements at HERA rely on the electron
calorimeters described in Sec. III.E.2. These detectors
measure the scattered electrons in the energy range
10–22 GeV, which corresponds to a W range 150–250
GeV. Observing the electron in these detectors limits
Q2 to a maximum of 0.02 GeV2. Loose requirements
were placed on the energy seen in the main detectors.
Even so, the acceptance depends crucially on the de-
tailed composition of the hadronic final state, so that
acceptance corrections relied heavily on Monte Carlo
programs. The results from ZEUS (Derrick et al., 1994),
s tot514364617 mb , and H1 (Aid et al., 1995a), s tot
516562611 mb , are shown in Fig. 21. The expectations
based on the energy dependence measured in hadronic
interactions are in good agreement with the HERA re-
sults, confirming the hadronic behavior of real photons.
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B. Total DIS cross section

The measurements of the total photoproduction cross
section can be extended to higher Q2, where a virtual
photon (or weak boson) is involved. There are several
important differences to consider once the virtuality in-
creases:

(1) The photon can acquire a longitudinal polariza-
tion, so that both the transverse as well as the longitudi-
nal cross sections are important.

(2) The flux of virtual photons is not uniquely defined
and requires a convention. The Hand convention is nor-
mally chosen [see Eq. (2.22)].

(3) The photon probes smaller transverse distances.
The transverse distance scale probed is given by

d'
0.2

Q~GeV!
fm. (4.3)

For Q2.1 GeV2, transverse distances at the level of a
fraction of the proton radius are probed.

The longitudinal distances over which the photon fluc-
tuations occur depend on 1/x , as described in Sec. II.H.

The total g* p cross sections are extracted from the
measured values of F2 (discussed in the next sections)
using Eq. (2.21). They are given as a function of W2 in
Fig. 22 for Q2 values in the range 1.5,Q2,125 GeV2,
and are compared with the photoproduction results as
well as with results from fixed-target experiments. As
can be seen clearly in this figure, the DIS cross section
has a W2 dependence that is considerably steeper at

FIG. 21. The dependence of the total photoproduction cross
section as a function of the gp center-of-mass energy W. The
HERA results are compatible with an extrapolation of the
low-energy measurements using the energy dependence found
from hadronic scattering, indicating that the photon behaves
similarly to a hadron. The curves are from Donnachie and
Landshoff (1992) with a051.08 and a051.11 and from the
parametrization of Abramowicz, Levin, Levy, and Maor
(1991).
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large W2 than that found in photoproduction. The W2

dependence is also seen to vary strongly with Q2. The
region to the right of the dashed line corresponds to x
,0.1, where the lifetime of hadronic fluctuations of the
photon, in the proton rest frame, is large enough so that
they typically survive for distances larger than the pro-
ton radius.

The rise of the cross section with energy, for a fixed
Q2, is expected to come to an end at some W2, in anal-
ogy with the Froissart bound for hadron-hadron scatter-
ing (Froissart, 1961):

s tot<C ln2
s

s0
. (4.4)

The form of this bound is not known precisely in DIS
(Gotsman, Levin, and Maor, 1997b), but it is expected
that there is some analogous limit. The present HERA
data show no signs of a flattening of the cross section at
large W, indicating that unitarity constraints do not play
a strong role in the kinematic region presently probed.

In a geometrical picture of the interaction, the con-
stituents of the proton are viewed as being resolved into
subconstituents as the transverse and longitudinal dis-
tance scales are reduced. A schematic representation of
this effect is shown in Fig. 5. In this picture, all the struc-
ture is assigned to the proton. The structure can also be
viewed as belonging to the photon, as discussed in Sec.
II.H. In the proton rest frame, the photon has a long
lifetime and can fluctuate into a quark-antiquark pair,
and perhaps develop further hadronic structure, before
scattering from the proton. In this picture, the scattering
cross section is increased because of the increased flux of
partons from the photon scattering off the proton.

FIG. 22. The g* p cross section versus W2 for small Q2 data
from Derrick et al. (1996c). The data are compared to results
from fixed-target experiments as well as to the photoproduc-
tion results shown in the previous figure.
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C. HERA structure functions

We now discuss the measured cross sections from the
perspective of proton structure functions. As we showed
in Sec. II.A, the collider kinematics allow us to reach
much larger values of Q2 and smaller values of x. The
measurements from fixed-target experiments are limited
to x.0.01 for Q2.10 GeV2, and therefore do not probe
the very small values of x in the regime of perturbative
QCD. However, the measurements from the fixed-target
experiments fix the valence quark densities, and con-
strain the form of the sea quark and gluon densities for
x>0.01. The HERA measurements probe similar re-
gions of x, but at much larger Q2, thereby testing the Q2

evolution of the structure functions. They also probe
much smaller values of x for a fixed Q2, thereby allow-
ing precise measurements on the behavior of the parton
densities for very small proton momentum fraction. The
behavior of the parton densities for x,0.01 is of great
theoretical interest, and could lead the way to a better
understanding of perturbative QCD. It is expected that
parton densities become large at small x, while the cou-
pling strength as remains small, representing a new
physical situation for QCD calculations. As we discussed
in Sec. II.C, there are different approaches to the per-
turbative solution of QCD leading to different predic-
tions on the behavior of the structure functions at small
x (next-to-leading-order DGLAP versus leading-order
BFKL).

In the following sections, we first review the definition
of the structure functions and the expectations pre-
HERA. We then describe how the structure-function
measurements are performed at HERA and discuss the
results. Finally the methods used to extract the gluon
density in the proton are described.

A comprehensive review of structure functions has re-
cently been published by Cooper-Sarkar et al. (1998).

1. Structure functions in neutral- and charged-current
scattering

a. Neutral-current cross sections
The differential cross section for e2p neutral-current

(NC) scattering is conventionally written in terms of the
NC structure functions F2 , FL , and F3 as shown in Eq.
(2.4). We rewrite the cross section here and discuss ex-
plicitly the dependence on polarization:

d2se2p

dxdQ2 5
2pa2

xQ4 @Y1F2
L ,R~x ,Q2!2y2FL

L ,R~x ,Q2!

1Y2xF3
L ,R~x ,Q2!# , (4.5)

with x and Q2 defined at the vector boson-quark vertex.
Note that the structure functions are process dependent.
For example, one has to make the replacement F3

L ,R

→2F3
R ,L for e1p scattering, where L,R represent the

polarization of the lepton beam. The parity-violating
xF3 term is important only at large x and Q2 where it
substantially reduces the e1p cross section, while in-
creasing the cross section for e2p scattering. The contri-
bution from FL is important at large y and small x. It is
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expected to be negligible at large x and Q2. The struc-
ture functions depend on the lepton beam polarization
as described below. We assume here that the proton
beam is unpolarized.

The explicit y dependence, which is due to the helicity
dependence of electroweak interactions, is contained in
the functions

Y6~y !516~12y !2, (4.6)

with y related to the electron-scattering angle in the eq
rest frame u* as

y5
12cos u*

2
. (4.7)

The dependence on the quark structure of the proton,
and on the Z0 propagator, is absorbed in the structure
functions. To leading order, these are

S F2
L ,R~x ,Q2!

xF3
L ,R~x ,Q2! D
5x (

q5quarks
S C2

q L ,R~Q2!@q~x ,Q2!1q̄~x ,Q2!#

C3
q L ,R~Q2!@q~x ,Q2!2q̄~x ,Q2!# D ,

(4.8)

written in terms of the quark densities in the proton (q
5u ,d ,c ,s ,t ,b) and the corresponding antiquark densi-
ties q̄ . The structure function FL is discussed in Sec.
IV.C.7.

The Q2 dependent coefficient functions C2
q and C3

q

are given in terms of the vector and axial vector cou-
plings

C2
q L ,R~Q2!5uVq

L ,Ru21uAq
L ,Ru2, (4.9)

C3
q L ,R~Q2!562Vq

L ,RAq
L ,E , (4.10)

which depend on the polarization of the e6 beam
(L51 , R52)

Vq
L ,R5eq1ee~ve6ae!vqxz ,

Aq
L ,R5ee~ve6ae!aqxz . (4.11)

Expanding the expressions for C2 ,C3 yields

C2
q~Q2!5eq

212eeeqvq~ve1Pae!xz

1~vq
21aq

2 !~ve
21ae

212veaeP !xz
2,

C3
q~Q2!52eeeqaq~ae1Pve!xz

1ee
2~2vqaq!~2veae1Pve

21Pae
2!xz

2, (4.12)

where ee is the charge of the electron (21) and eq is the
quark charge in units of the positron charge. Note that
the charge does not change signs for antiparticles (e.g.,
ee521 for positrons, and eū52/3). P is the degree of
left-handed longitudinal polarization,

P5
NL2NR

NL1NR
, (4.13)

where NL and NR are the number of left-handed and
right-handed electrons (or positrons). The vector and
axial vector couplings of the fermion are given by
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v f5~T3
f 22ef sin2 uw!,

af5T3
f , (4.14)

with uw the weak mixing angle, T3
f the third component

of the weak isospin, and ef the electric charge in units of
the positron charge. The factor xz is given by

xz5
1

4 sin2 uw cos2 uw

Q2

Q21Mz
2 , (4.15)

where MZ is the Z0 mass. All relevant electroweak pa-
rameters have been measured to high precision (Bar-
nett, et al., 1996).

For Q2!MZ
2 , the structure functions in leading order

reduce to

S F2~x ,Q2!

xF3~x ,Q2! D5x (
q5quarks

S eq
2@q~x ,Q2!1q̄~x ,Q2!#

0 D .

(4.16)

b. Charged-current cross sections

The differential cross section for e6p charged-current
(CC) scattering can be written in terms of the CC struc-
ture functions F2 , FL , and F3 as

d2se6p

dxdQ2 5
GF

2

4px S MW
2

Q21MW
2 D 2

@Y1F2~x ,Q2!

2y2FL~x ,Q2!7Y2xF3~x ,Q2!# . (4.17)

The Fermi constant GF can be expressed as

GF5
pa

& sin2 uwMW
2 , (4.18)

with MW the mass of the W6.
As in the NC case, the parity-violating xF3 term sub-

stantially reduces the e1p cross section at large Q2,
while increasing the cross section for e2p scattering. The
contribution from FL is expected to be small. In leading-
order pQCD, we can specify the quark flavors that enter
into the scattering. For e2p scattering, and left-handed
electron polarization,

F252x@u~x ,Q2!1c~x ,Q2!1d̄~x ,Q2!1 s̄~x ,Q2!# , (4.19)

xF352x@u~x ,Q2!1c~x ,Q2!2d̄~x ,Q2!2 s̄~x ,Q2!# ,
(4.20)

while F25xF350 for right-handed electron polariza-
tion. For e1p scattering, and right-handed positron po-
larization,

F252x@d~x ,Q2!1s~x ,Q2!1ū~x ,Q2!1 c̄~x ,Q2!# , (4.21)

xF352x@d~x ,Q2!1s~x ,Q2!2ū~x ,Q2!2 c̄~x ,Q2!# ,
(4.22)

while F25xF350 for left-handed positron polarization.

2. Pre-HERA expectations

It is interesting to review the pre-HERA expectations
for the structure functions. These expectations are sum-
marized in the proceedings of the 1991 ‘‘Physics at
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HERA’’ workshop (HERA Workshop: Physics at
HERA, 1991). We focus on the expectations for the
neutral-current structure function F2 . Most of the initial
speculation concerned the behavior of the parton densi-
ties at small x and the consequences of the anticipated
rise of F2 with decreasing x.

a. F2 at small x
It was widely believed that F2 would rise with de-

creasing x in the HERA regime, as this is a consequence
of both the DGLAP and BFKL evolution equations.
However, this view was not universally held. Some au-
thors expected the structure function to remain rather
flat with decreasing x (Donnachie and Landshoff, 1994),
in contrast to BFKL-inspired approaches that predicted
a steep rise of the form x20.5 at small x (as discussed in
Sec. II.F). Parton density parametrizations existed with
a range of possible F2 behaviors within these limits (Lo-
pez and Yndurain, 1980, 1981; Botts, 1993; Martin,
Stirling and Roberts, 1993a, 1993b). One group of au-
thors, Glück, Reya, and Vogt (GRV), predicted a steep
rise of F2 due purely to QCD radiative processes. They
parametrized the parton densities as essentially valence-
like at a very small scale Q0

250.34 GeV2, and predicted
F2 at larger values of Q2 using NLO DGLAP evolution.
That is, they assumed F2 was calculable from pQCD
with valence-like parton densities defined at a much
smaller scale than that used by other authors.

b. Saturation at small x
The question of the validity of the DGLAP evolution

at small x was widely discussed. One issue was whether
the BFKL evolution, which is based on an expansion in
ln(1/x), was more appropriate at small x. A perhaps
more fundamental issue was whether the standard evo-
lution equations based on parton splitting would be
valid at all, or whether parton recombination would play
a role at high parton densities. Gribov et al. (1982) sug-
gested that such effects could be represented by nonlin-
ear terms in the evolution equations. The result would
be a ‘‘saturation’’ of the parton densities at small x. It
was expected that these saturation effects would be seen
at HERA (see, e.g., the article by Bartels and Feltesse,
1991). In this case, neither the DGLAP nor the BFKL
evolution equations would be valid.

c. Hot spots at HERA
The issue of saturation was further discussed in terms

of the possibility of ‘‘hot spots,’’ or localized regions
with high parton densities. These were predicted as a
possible outcome of the BFKL evolution equation. The
presence of hot spots would be signaled by an early on-
set of the saturation of F2 . Other signals for hot spots
formation were discussed by Mueller (Mueller and Na-
velet, 1987; Mueller, 1991a). Here it was proposed to
look at the rate of forward jet production with pT

jet'Q
in small-x events. A high rate for such events would in-
dicate a strong evolution in x at fixed Q2, a feature of
the BFKL evolution equations.
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3. Structure-function measurements at HERA

We now discuss the measurement of the structure
function F2 . We first review the experimental procedure
used to extract F2 , before turning to a discussion of the
results. A discussion of the measurement of FL and F2

cc̄

follows.
The extraction of the structure function F2 relies on

an accurate determination of the inclusive neutral-
current differential cross section. This implies the need
for well-understood event selections and precise kine-
matic reconstruction. Detailed detector simulations are
required to transform the measured data into ep cross
sections. The measured cross sections must then be cor-
rected for electroweak radiative effects before F2 can be
extracted.

As described in Sec. III.E, the kinematic plane is cov-
ered using many different data sets and different detec-
tors. These data sets are summarized in Table IV, in
which the methods used to extract F2 , the integrated
luminosity of the data sets, the kinematic ranges cov-
ered, and the typical systematic errors are listed. There
is a steady trend to increased coverage and smaller er-
rors as the years progress.

a. Event selection
The neutral-current event selection relies primarily on

the observation of the scattered electron. Observing the
electron in the main calorimeters typically limits the
range to Q2.4 GeV2.5 Electron selection algorithms
achieve high efficiency and purity for energies above
about Ee855 GeV. The various analyses of the structure
function used electron energy cuts in the range Ee8.5
212 GeV. A typical observed electron energy spectrum
is shown in Fig. 23. The expectations from the Monte
Carlo simulation are compared with the data, showing
very good agreement. This type of agreement between
simulation and data is necessary for a precise determi-
nation of the structure functions.

Another important requirement is the observation of
approximate longitudinal energy-momentum conserva-
tion. The variable d5(E2pZ)observed is calculated as

d5(
i

Ei~12cos u i!, (4.23)

where the sum runs over clusters measured in the calo-
rimeter and/or track momenta. The measured d should
equal 2Ee for perfect detector resolution and in the ab-
sence of energy leakage in the electron direction, which
can arise from initial-state QED radiation or from final-
state particle losses. A typical requirement is d
.35 GeV. A d spectrum as measured by ZEUS is shown
in Fig. 24.

A minimum hadronic activity is also typically required
in the analysis. This requirement is usually phrased in
terms of the estimator of the inelasticity y calculated

5As of 1995, the kinematic range of the main detectors has
been extended to Q2.1.5 GeV2, as described in Sec. III.E.
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from the hadronic system. This estimator is calculated as
follows (Jacquet and Blondel, 1979):

y5
dhad

2Ee
, (4.24)

where dhad is the contribution to d from the hadronic
part of the event (i.e., excluding the scattered electron).
The requirement on y depends strongly on the type of
kinematic reconstruction used.

Other selection criteria often employed are
(1) A reconstructed event vertex within a defined

range;
(2) Specific cuts to reject cosmic ray-induced events or

events initiated from muons in the proton beam halo;
(3) Timing cuts to reject events coming from upstream

interactions of the proton or electron.

b. Backgrounds
There are several sources of background in the

sample of DIS events chosen by the selection cuts listed
above. These are:

(1) Photoproduction events in which a calorimeter
cluster has been falsely identified as the scattered elec-
tron (the scattered electron escapes down the
beampipe). Photoproduction events are usually easily
removed by requiring the observation of a high-energy
electron and a large d. However, these events can still
pose a problem because of the very large photoproduc-
tion cross section (roughly a factor of 100 larger than the
cross section for DIS with Q2.10 GeV2). While electron
identification is usually reliable, there are certain kine-
matical regions in which it is difficult to distinguish pho-
toproduction events from DIS events. The problem is

FIG. 23. The energy spectrum of the scattered electron from
the 1992 H1 DIS data used in the extraction of F2 . The expec-
tations from a Monte Carlo simulation are also shown, normal-
ized to luminosity. The shaded histogram shows the estimation
of the photoproduction background.
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most serious at large y, where the scattered electron and
the fragmentation products of the scattered quark over-
lap spatially. Algorithms aiming for a high efficiency for
selecting these events invariably find large background
from photoproduction processes. Algorithms aiming for
small backgrounds have low efficiencies in this kine-
matic region. Typical backgrounds range from 10% in
the larger y bins, decreasing rapidly to a negligible level
at y'0.5.

(2) Scattering of beam particles with rest gas in the
beampipe. These types of interactions are both easily
studied, using the unpaired electron and proton
bunches, and also rather easily removed. They produce
background below 1%.

(3) QED Compton events (ep→epg) in which the
final-state electron and photon both end up in the main
detector. They form part of the radiative corrections,
but were not included in the event simulations used for
the extraction of F2 . They must therefore be removed
by algorithms specifically designed to select this final
state.

The only significant background is from photoproduc-
tion. Great care must be taken in evaluating this back-
ground, since it has a strong y dependence and could
easily distort the measured x dependence of the struc-
ture functions at small x. There are, however, several
ways of estimating this background (see for example the
d spectrum in Fig. 24).

c. Cross-section measurement
The cross section is determined in bins of x and Q2

(sometimes y and Q2) that depend on the resolution. At
small Q2, bin sizes are chosen from a Monte Carlo study
such that the fraction of events reconstructed in the
same bin as that determined from the generated vari-
ables is larger than about 30%. This limits the size of the
corrections that arise from unfolding the detector re-
sponse. At larger Q2, the bin sizes are generally set by
requiring a minimum number of expected events in the
bin. The cross section is determined from the number of
events measured in a bin after corrections for back-
ground, inefficiencies, acceptances and resolution smear-
ing, and the measured luminosity. The uncertainties in
the luminosity measurements have steadily improved
and are now at the 1.5% level.

d. Extraction of the structure function
The differential cross section for e2p NC scattering is

given in terms of the of the structure functions F2 , FL ,
and F3 as

d2sNC

dxdQ2 5
2pa2

xQ4 @Y1F2~x ,Q2!2y2FL~x ,Q2!

1Y2xF3~x ,Q2!# . (4.25)

The variables x and Q2 are defined at the vertex of
the Feynman graph where the gauge boson couples with
the quark from the proton. The data are corrected for
acceptance, resolution effects, and radiative corrections
using Monte Carlo methods before the differential cross
sections are extracted.
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The correction for FL is performed using the QCD
prescription for FL given in Eq. (2.19). Target mass and
higher twist effects are expected to be small and are
ignored.

Note that F25F2
EM1F2

weak1F2
int , where F2

EM repre-
sents the contribution from g-exchange, F2

weak the con-
tribution from Z0-exchange, and F2

Int the contribution
from g2Z0 interference (see Sec. IV.C.1). The value of
F2

EM is often quoted separately. The contributions from
F2

weak and F2
int become larger than a few percent above

Q251000 GeV2, as does the contribution to the cross
section from F3 . The effects of W and Z exchange are
subtracted using standard parton density parametriza-
tions. In the largest Q2 bin measured, Q255000 GeV2,
the F3 correction reaches 22% for e1p scattering in the
smallest x bin measured, while the Z0 contribution to
F2 , including interference term, is 8%. It is expected
that each of these contributions will eventually be indi-
vidually measured at HERA.

4. HERA structure-function results

The HERA accelerator started delivering luminosity
in 1992, and the experiments ZEUS and H1 have now
each published several sets of proton structure-function
measurements (see Table IV). The first measurements

FIG. 24. The d5E2PZ distribution measured by the ZEUS
experiment in the analysis of the 1994 DIS data. The solid
points show the data that pass the cuts applied for the mea-
surement of F2 (except the d cut). The open points show the d
distribution for photoproduction background events in which
the scattered electron has been measured in the luminosity
electron detector. The DIS Monte Carlo simulation result is
shown as the solid histogram while the dashed histogram
shows the expectations from the photoproduction Monte
Carlo simulation. The result of a fit to the data is shown as the
dashed-dotted line. The contribution in the fit from photopro-
duction is shown separately as the dotted curve.



1307H. Abramowicz and A. C. Caldwell: HERA collider physics
TABLE IV. Summary of the published data sets that have been used in the extraction of F2 at HERA. The symbols NOM, SVTX,
ISR, SAT, BPC refer to nominal vertex data, shifted vertex data, initial state radiation data, satellite data, and beam pipe
calorimeter data, respectively. The different reconstruction methods used (el - electron, had - hadron, DA - double angle, S) are
described in Sec. III.D.

Data
year

Data
set

L
(pb21)

Kin.
recon.

Q2

range
(GeV2)

x
range

Typical
syst.

errora

(%)

1992 15
(Abt, 1993b) NOM 0.02 el, had 8.5–60 23102420.01
(Derrick, 1993a) NOM 0.02 DA 15–1000 43102420.03
1993 5–15
(Ahmed, 1995c) NOM,SAT 0.27 el, S 4.5–1600 43102420.13
(Derrick, 1995g) NOM 0.54 DA 8.5–5000 43102420.16
1994
(Aid, 1996a) NOM,ISR 2.7 el, S 1.5–5000 33102520.32 3–5

SVTX,SAT 0.07 el, S

(Derrick, 1996c) ISR 2.5 el 1.5–15 3.53102520.0015 10–15
SVTX,ISR 0.06 el

(Derrick, 1996a) NOM 2.5 DA 3.5–5000 63102520.02 3–5
1995
(Adloff, 1997f) SVTX 0.12 el, S 0.35–3.5 6310262431024 15
(Breitweg, 1997a) BPC 1.65 el 0.16–0.57 3310262331025 7–15
(Breitweg, 1998a) SVTX 0.24 el 0.6–17 1.23102521.931023 5–10

a
Note that the SVTX, ISR, and SAT have larger systematic errors, with typical values around 20%.
showed the now well-known rise of F2 with decreasing x
at small x. These results were confirmed with the 1993
and 1994 data. The (x ,Q2) plane covered by the fixed-
target experiments, and by HERA, is shown in Fig. 4.
As can be seen in this figure, the HERA results ex-
tended the Q2 coverage by two orders of magnitude,
and extended the x range at fixed Q2 by two orders of

FIG. 25. Comparison of the fixed-target and HERA data at
Q2515 GeV2. The data span 3.5 orders of magnitude in x and
match in a smooth way.
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magnitude. The current data are of very high quality, as
can be seen in the example shown in Fig. 25. Here the
HERA F2 data are plotted vs x for Q2515 GeV2 and
compared to the results from fixed-target experiments.
The HERA data matches on smoothly to the fixed-
target data. In this Q2 range, the F2 data now span
nearly four orders of magnitude in x. The rise of F2 with

FIG. 26. The F2 data from HERA and from fixed-target ex-
periments are plotted vs x for different values of Q2. The rise
of F2 toward smaller x depends strongly on Q2.
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FIG. 27. F2 is plotted vs x for the 1994 HERA data and compared to results from fixed-target experiments. F2 shows a strong rise
toward smaller x, with the strength of the rise increasing with Q2. The curve represents the result of a NLO QCD fit performed
by the ZEUS Collaboration. It is able to reproduce the data down to Q251.5 GeV2.
decreasing x depends strongly on Q2, as shown in Fig.
26. Increasing Q2 implies that smaller transverse dis-
tance scales are probed. The number of quarks and an-
tiquarks in the proton seen by the probe increases with
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
decreasing momentum fraction x more rapidly as the
distance scale is reduced.

The published HERA structure-function measure-
ments over the full kinematic range covered by the 1994
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FIG. 28. F2 is plotted vs Q2 for fixed x values
for the preliminary 1994–1997 HERA data,
and compared to results from fixed-target ex-
periments. F2 shows strong scaling violations,
particularly at small x.
data are shown in Fig. 27. This figure includes the data
from the different methods used to extract F2 (nominal,
shifted vertex, and initial-state radiation events). In
some cases, several measurements from the same ex-
periment are shown in overlapping kinematical ranges.
The HERA data are in good agreement with each other
and with the fixed-target data. The curves in the plots
represent the results of a fit based on perturbative QCD
(the NLO DGLAP evolution equation, described in Sec.
II.C). It is found to reproduce the data well down to the
smallest values of Q2 in this plot. The success of the
pQCD fit down to small Q2 was quite surprising and has
generated a lot of interest in the small-Q2 region.

The preliminary 1994–1997 F2 results from HERA
are shown versus Q2, for fixed x, in Fig. 28. As can be
seen in the figure, the more recent HERA data allow an
extension of the F2 measurements up to Q2

530 000 GeV2. Strong scaling violations are seen: F2 in-
creases with Q2 at small x, while it decreases with in-
creasing Q2 at large x. This pattern of scaling violations
is expected in QCD from gluon radiation from the
quarks, and gluon splitting into quark-antiquark pairs.
This radiation is made visible when the distance scale is
reduced, and large x quarks are resolved as a composite
of quarks, antiquarks, and gluons. The prediction of
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
scaling violations is a success of QCD. The strong scal-
ing violations at small x point to the presence of a large
gluon density; in fact, the measurement of the scaling
violations leads to a determination of the gluon density
in the proton, as explained in Sec. IV.D.

a. Discussion of HERA structure-function results
The early measurements indicated that F2 indeed

rises quickly at small x, but not as quickly as predicted
by the first BFKL approaches. The prediction of GRV
was remarkably close to the HERA data down to much
smaller Q2 than initially expected. These developments
had several effects:

(1) The need for BFKL evolution could not be dem-
onstrated, and it now seems unlikely that F2 measure-
ments will be able to separate BFKL from DGLAP evo-
lution. Recent BFKL type calculations (Ciafaloni and
Camici, 1998; Fadin and Lipatov, 1998) indicate a less
steep rise of F2 at small x, making it more difficult to
separate from DGLAP evolution.

(2) NLO DGLAP evolution, with appropriate parton
distributions, is able to fit all structure-function data
down to values of Q2'1 GeV2. There is no indication in
F2 of the onset of saturation in the kinematic range mea-
sured. The data are now precise enough that clear de-
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FIG. 29. The rescaled structure functions: top, RFF2 vs r; bottom, log(RF8F2) vs s (see text). Only data with Q2>5 GeV2 and r
.2 are shown in the lower plot.
viations are seen from the GRV prediction, but the ac-
curacy of this prediction gave the first indication that the
standard NLO DGLAP evolution could reproduce the
bulk of the HERA structure-function data.

(3) The success of perturbative QCD down to small
values of Q2 has inspired new research into the predic-
tions of the DGLAP equations. One such prediction
goes by the name of double asymptotic scaling (Ball and
Forte, 1994a, 1994b). The DGLAP evolution equations
are rewritten in terms of the variables

s5AlnS x0

x D lnS as~Q0!

as~Q ! D , (4.26)

r5A ln~x0 /x !

ln@as~Q0!/as~Q !#
, (4.27)

where Q0 and x0 are parameters that must be deter-
mined experimentally. The measured values of F2 are
rescaled by functions RF(s ,r) and RF8 (s ,r) to remove
the part of the leading subasymptotic behavior that can
be calculated in a model-independent way. The results
for the H1 (Aid et al., 1996a) F2 measurements are
shown in Fig. 29. Scaling is found to set in for r>2 and
Q2.5 GeV2. The measurement requires a value of Q0

2

'2.5 GeV2, while a value of x050.1 was found to be a
good choice. Although the physical meaning of these
scaling variables is not clear, the results can be inter-
preted to indicate that the DGLAP formalism is valid
down to small values of Q2.

Deviations from NLO DGLAP evolution are now
searched for at the edges of the available phase space.
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
These include measurements down to Q250.11 GeV2

that probe the transition from nonperturbative to per-
turbative processes, measurements at large y, and mea-
surements at very large Q2. These are all discussed in
the following sections.

Before we turn to these more detailed descriptions of
the HERA data, we first review one outstanding incon-
sistency in the fixed-target data and see what HERA
measurements can contribute to the debate.

5. Discrepancy in small-x fixed-target data

One outstanding discrepancy in the fixed-target data
involves the comparison of the F2 data from the NMC
(Arneodo, 1995), E665 (Adams, 1996), and CCFR (Se-
ligman et al., 1997) experiments at x'0.01. The NMC
and E665 data are for a muon beam on a proton target.
The CCFR experiment used a neutrino beam on an iron
target, where the data were corrected for nuclear effects
as well as for the different propagator (photon versus W,
Z) (Seligman, 1997). At the smallest values of x probed
by these experiments, x'0.01, the CCFR data lie about
15% above the NMC data. This represents a much
larger difference than can be accounted for by the nor-
malization uncertainties quoted. At larger x, the discrep-
ancy vanishes. Many theoretical ideas have been dis-
cussed for the discrepancy, such as effects related to the
strange sea (Barone, Genovese, Nikolaev, Predazzi, and
Zakharov, 1993; Brodsky and Ma, 1996), or charm
threshold effects (Glück, Kretzer, and Reya, 1997). As
can be seen in Fig. 4, the HERA data have some overlap
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FIG. 30. The HERA data compared with that from NMC, CCFR, and E665 for x'0.01. The x value of the different data sets is
given in the plot. Note that the expected change in F2 from the differences in x is much smaller than the NMC/CCFR difference.
The NMC and E665 data are below the CCFR data by about 15% in this x range. The HERA data just begin to overlap the
fixed-target data and are more compatible with the results from CCFR than those from NMC and E665.
with the fixed-target data in this region and can be com-
pared with the NMC, E665, and CCFR data. This is
done in Fig. 30 for two different x values. The HERA
data tend to agree better with the CCFR data, despite
experimental conditions that are more similar to those
of the NMC and E665 experiments. These results need
confirmation with more precise data from future mea-
surements at HERA. Any theoretical explanation of the
NMC, E665, and CCFR difference should also account
for the HERA data.

6. F2 at small Q2

We now turn to a more detailed discussion of the
small-Q2 structure-function data at HERA. In photo-
production, it was found that the total cross section has a
weak energy dependence similar to that found in
hadron-hadron scattering. In contrast, a steep energy (or
x) dependence was found in DIS. It is therefore very
interesting to consider the transition region between
these two different energy behaviors. As mentioned
above, the ability of pQCD fits (in particular the success
of the GRV parametrization, which predated these re-
sults) to reproduce the DIS data down to the lowest
values of Q2 initially available, 1.5 GeV2, inspired the
ZEUS and H1 Collaborations to make measurements at
still smaller Q2.

Several approaches have been used to access smaller
Q2, as described in Sec. III.E. These include using data
sets with the interaction vertex shifted in the proton
beam direction, thereby increasing the angular accep-
tance of the detectors at smaller electron scattering
angles, and the addition of dedicated detectors at small
angles to the electron beam direction such as the ZEUS
beampipe calorimeter. Events in which the effective
electron energy is reduced through tagged initial-state
radiation have also been employed, but these analyses
tend to suffer from higher statistical and systematic un-
certainties.

The F2 data at the smallest Q2 values measured at
HERA are shown in Fig. 31. F2 is relatively flat at the
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
smallest Q2 values and starts to show a rise at small x for
Q2'1 GeV2. The data are compared to different pa-
rametrizations, which we now describe.

(1) The simplest of these parametrizations, from Don-
nachie and Landshoff (1994), is labeled DL. It is an ex-
tension of a Regge-based parametrization that was very
successful in explaining inclusive cross-section measure-
ments in hadron-hadron and photoproduction data, as
well as earlier fixed-target DIS data. It clearly fails to
reproduce the rise of F2 and is systematically below the
data at the smaller values of Q2.

(2) A more complicated Regge-type parametrization
has been put forward by CKMT (Capella, Kaidalov, Me-
rino, and Tran Thanh Van, 1994), which has a Pomeron

FIG. 31. The F2 data at the lowest Q2 values measured at
HERA, compared to fixed-target data from E665. F2 is rela-
tively flat at lower Q2 values and starts to show a rise at small
x around Q2'1 GeV2. The F2 data are compared to different
parametrizations (see text for details).
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intercept changing with Q2. The parametrization follows
the rise of F2 , but lies below the data for Q2.1 GeV2.

(3) The curve BK (Badelek and Kwieciński, 1989,
1992) represents the predictions of a generalized vector-
dominance model, matched to the GRV prediction at
larger Q2. It lies above the data at the smallest Q2 and
below the data for Q2.1 GeV2.

(4) The curve labeled GRV is the prediction of Glück,
Reya, and Vogt. In their approach, the parton densities
are parametrized at a very small Q0

2 as consisting of va-
lence quarks and gluons (Glück, Reya, and Vogt, 1995).
The rise of the parton densities at small x results from
QCD radiative processes, which are calculated with the
NLO DGLAP equation. The GRV parametrization lies
below the data near its starting point of Q0

2

50.34 GeV2, and rises quickly with increasing Q2 such
that it lies above the data for Q2.1.3 GeV2.

The behavior of the GRV curve indicates that the
scaling violations predicted by this pQCD approach are
much too strong at small Q2. The scaling violations can
be studied by plotting the data versus Q2 in bins of fixed
x. For this purpose, we have taken the published HERA
data [ZEUS F2(BPC), F2(1994), and H1 F2(SVTX),
F2(1994)] as of the fall of 1997. The statistical errors
from the measurements were added in quadrature with
the systematic errors, and a fit of the form

F25a1b•ln Q2 (4.28)

was performed in bins of x. The slope b is plotted in Fig.

FIG. 32. The values of dF2 /d ln Q2 for the HERA published
data, compared to the prediction from the GRV parametriza-
tion (Glück, Reya, and Vogt, 1995). The fits to the HERA data
have been performed by binning the data in x and fitting a line
F25a1b ln Q2. The central x value of the bin is given on the
horizontal axis. The central ln Q2 value of the bin is given at
the top of the plot. The data slopes are also compared to the
prediction from a Regge parametrization (see text).
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32 and compared to the prediction from GRV. The
slope in the data increases with decreasing x down to x
'1024, at which point it turns over. The slope from
GRV follows the data at larger Q2, but overshoots the
data for Q2 smaller than about 4 GeV2 and shows no
sign of decreasing at smaller x, Q2. The underlying phys-
ics explanation for the turnover has yet to be deter-
mined. The slope dF2 /d ln Q2 is in leading order directly
related to the gluon momentum density in the proton.
The turnover at (x ,Q2)'(1024,5 GeV2) indicates that
the gluons are starting to decrease in number as (x ,Q2)
decrease. The reasons for this interesting observation
are currently under investigation—one possibility is that
this is a sign of shadowing corrections in DIS (Gotsman,
Levin, and Maor, 1998).

The behavior of Regge-type parametrizations was
studied by fitting a function of the form

F2}
MV

2 Q2

MV
2 1Q2 W2e, (4.29)

where

e5e01e1•ln~Q21Q0
2!, (4.30)

to the ZEUS BPC data. The slope of F2 from this type
of parametrization is compared to the data in Fig. 32.
The parametrization works well up to about Q2

51 GeV2. Beyond this value of Q2, the predicted slope
is much greater than seen in the data.

Note that the turnover of dF2 /d ln Q2 at small (x ,Q2)
is not purely due to a Q2 effect. This can be seen in Fig.
33, where dF2 /d ln Q2 for fixed-target data is plotted in
a similar way to HERA data. Similar values of Q2 are
reached, but at larger x. There is no indication for a
turnover of the slopes.

The dF2 /d ln Q2 measurements can be reproduced by
a general fit using the NLO DGLAP equations (Breit-

FIG. 33. The values of dF2 /d ln Q2 for fixed-target data.
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weg et al., 1998a), albeit with rather curious parton den-
sities. It is found from the fit that the gluon density van-
ishes at small x near Q251 GeV2. This is discussed in
more detail in Sec. IV.D.1.

In Figs. 27 and 31, the slope of F2 with decreasing x is
seen to increase with Q2 in a smooth way. This behavior
is quantified in Fig. 34, where the power l, from a fit of
the type F2;x2l, is shown to decrease smoothly with
Q2. It reaches values near the photoproduction result
(0.16) near Q251 GeV2. If we associate the steep rise of
the structure function with the presence of perturbative
QCD processes, then this result also indicates that
pQCD processes become important around Q2

51 GeV2. Note that two types of error bars appear on
each data point in Fig. 34. The vertical line delimited by
the thin horizontal line indicates the size of the statistical
uncertainty. The combined statistical and systematic un-
certainty is denoted by the full length of the vertical
lines. This method of presentation is used in many fig-
ures.

These results lead to the conclusion that nonperturba-
tive effects dominate for Q2,1 GeV2, whereas pQCD
processes dominate the cross section above Q2

'5 GeV2. The HERA data span this transition and may
therefore yield insight into nonperturbative QCD pro-
cesses.

7. FL

The measurement of FL is very important to test the
reliability of pQCD calculations, since its value is pre-
dicted from the gluon density and F2 [see Eq. (2.19)]. In
addition, the uncertainty in FL limits the accuracy with
which F2 can be determined. As can be seen in Eq. (4.5),
the contribution to the differential cross section from FL
is suppressed by y2/Y1 relative to F2 . Given the bound
FL<F2 , the FL contribution will be small at small y.
However, the particularly interesting small-x region cor-

FIG. 34. Variation of the exponent l from fits to the H1 data
(Aid et al., 1996a) of the form F2;x2l at fixed Q2 values and
x,0.1.
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responds to large y, where the FL contribution cannot
be ignored. The usual procedure adopted experimen-
tally for the extraction of F2 is to use, in the region of
moderate x, the parametrization for the ratio R
'FL /(F22FL) based on the dedicated SLAC measure-
ments (Whitlow, Riordan, Dasu, Rock, and Bodek,
1992) and, at small x, the QCD expectations based on
existing parton distributions.

The experimental determination of FL requires the
measurement of the differential cross section at different
center-of-mass energies. This allows a different value of
y for the same (x ,Q2), and therefore a separation of F2
and FL . This is unfortunately a very difficult measure-
ment, as it requires the difference of cross sections. The
measurement at HERA would require the reduction of
the proton and/or electron beam energy and will likely
be performed before HERA running is completed.

The H1 Collaboration (Adloff et al., 1997b) has esti-
mated FL by assuming that the DGLAP evolution equa-
tions are capable of describing the evolution of F2 . In
this method, the cross section and F2 are initially ex-
tracted at small y where the contribution from FL is
small. The NLO DGLAP equations are then used to
extrapolate F2 to large y, where the cross-section contri-
bution from F2 is compared with the measured cross
section. The difference in cross sections is attributed to
FL . The results of this procedure are shown in Fig. 35.
Within errors, there is good agreement between the ex-
tracted value of FL and the expected value from pQCD.
The expectations for FL obtained from a QCD fit and
assuming that FL5F2 are also shown. This value of FL
is clearly ruled out.

8. F2
cc̄

The measurement of F2 is based on the inclusive cross
section for ep scattering. It is also possible to define the
contributions to F2 that result in particular final states.
This is useful in cases in which the relevant cross section

FIG. 35. FL as a function of x (and Q2) as determined by
Adloff et al. (1997b). The shaded band corresponds to NLO-
QCD expectations using the parton densities extracted by H1.
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can be calculated theoretically. One such example is for
charm production in DIS. The reaction ep→ecX , where
c represents a charm quark or antiquark, is expected
theoretically to proceed primarily via photon-gluon fu-
sion, gg→cc̄ . This process is shown in Fig. 36 for the
leading-order diagram. Calculations for this process ex-
ist theoretically to next-to-leading order (Laenen, Riem-
ersma, Smith, and van Neerven, 1992, 1993; Riemersma,
Smith, and van Neerven, 1995). The cross section de-
pends directly on the gluon density in the proton. The
gluon density from the inclusive analysis can be used in
the calculation and the results compared to the mea-
sured charm cross sections. This gives a powerful cross-
check on the pQCD calculations.

There are other processes besides photon-gluon fu-
sion that can produce charm in DIS: diffractive heavy
flavor production (Bruni, Ingelman, and Solano, 1991),
scattering off charmed sea quarks (Ingelman, Jönsson,
and Nyberg, 1993), charmed hadron production from
bottom quarks (Ali and Wyler, 1991), charm production
in fragmentation (Mangano and Nason, 1992; Seymour,
1994, 1995), and intrinsic charm in the proton (Brodsky,
Hoyer, Mueller, and Tang, 1992). These processes have
either been measured to have small cross sections rela-
tive to the photon-gluon fusion mechanism, or are not
expected to contribute in the relevant kinematic regions.

Results on charm production in DIS have been pre-
sented by H1 (Adloff et al., 1996) and ZEUS (Derrick
et al., 1995b; Breitweg et al., 1997c). Charm production
is tagged by reconstructing the D0 (H1) or the D* (H1
and ZEUS) mesons and their charge conjugates. The
signal for D0→Kp as seen in the H1 detector is pre-
sented in Fig. 37. The D* decays are identified by the
decay chain D* →D0p→Kpp , taking advantage of the
tight kinematic constraint imposed by the small mass
difference DM5mD* 2mD05145.560.15 MeV. As an
example the signal observed in the DM distribution by
ZEUS is shown in Fig. 38.

As described above, the dominant mechanism for
charm production in DIS at HERA energies is expected
to be the photon-gluon fusion process. Indeed, the
AROMA (Ingelman, Rathsman, and Schuler, 1997)
Monte Carlo simulation program based on this process
is found to reproduce properly the shapes of the trans-

FIG. 36. The leading-order diagram for charm production via
photon-gluon fusion.
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verse momentum and pseudorapidity spectra for the D
mesons, as well as the overall W and Q2 dependences.
An upper limit of 5% on a possible contribution of the
charm sea has been estimated by H1.

The charm production cross section has been mea-
sured by the H1 collaboration in the kinematic range
10<Q2<100 GeV2 and 0.01,y,0.7. The measurements
are performed within experimentally accessible regions
(various cuts are applied on the tracks from the charmed
hadrons, leading to pT and h restrictions) and are then
extrapolated to the full phase space using the AROMA
Monte Carlo simulation. The result is found to be some-
what larger than predicted. This is true for all gluon-
density parametrizations used, including the gluon den-

FIG. 37. The two-particle invariant mass spectrum obtained
when assigning the K6 mass to one of the particles and the p6

mass to the other, as measured by Adloff et al. (1996).

FIG. 38. ZEUS results on D* photoproduction. (a) The DM
5M(Kpps)2M(Kp) distribution for M(Kp) in the D0 sig-
nal region, where ps denotes the softest pion. (b) The M(Kp)
distribution for events in the DM signal region. The results are
from Breitweg et al. (1997c).
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sity measured by H1 from the scaling violations of F2 .
The latter gluon density gives the best agreement with
the measurement. For mc51.5 GeV, the prediction us-
ing the H1 gluon density is 13.6 nb, while the measured
cross section is 17.162.3 nb.

The ZEUS experiment finds, for the same kinematic
region, a measured cross section of 12.563.9 nb, in rea-
sonable agreement with the H1 measurement. They find
for the NLO prediction, with mc51.5 GeV and the
GRV NLO gluon density (Glück, Reya, and Vogt,
1995), a value of 11.1 nb, and conclude that this is in
good agreement with the data. The NLO predictions are
also able to reproduce the shapes of the pT , W, and Q2

distributions, and are consistent with the h distribution
measured in the data. ZEUS then extrapolates into the
unmeasured region using NLO calculations (Harris and
Smith, 1995a, 1995b).

F2
cc̄ is calculated from the measured charm cross sec-

tion as follows:
(1) The cross section for cc̄ production is calculated

from the D* cross section (extrapolated to the full phase
space), using

s~ep→ecc̄X !5
1
2

s~ep→eD* X !

P~c→D* !
, (4.31)

where P(c→D* ) is the probability that a charm quark
will produce a D* meson (about 25%).

(2) The measurements are made at small Q2, such
that F3 can be neglected. Also, the possible contribution
from FL has been estimated to be small and is ignored.
F2

cc̄ is then extracted using

d2s~ep→ecc̄X !

dxdQ2 5
2pa2

xQ4 @Y1F2
cc̄~x ,Q2!# . (4.32)

The first results on F2
cc̄ as measured by the H1 Col-

laboration are shown in Fig. 39, and compared with the
EMC (Aubert et al., 1983) measurements. The data re-

FIG. 39. F2
cc̄ as measured by the H1 experiment (Adloff et al.,

1996) for the Q2 values given in the figures. The curves corre-
spond to different parton parametrizations: GRV-H0 (full
line), MRSH (dashed line), and MRSD0 (dashed-dotted line).
The shaded area is the expectation based on the H1 NLO
QCD fit. The EMC data are also shown as open boxes (Aubert
et al., 1983).
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veal a steep rise of F2
cc̄ as x decreases from x50.1 to x

51023. Averaged over the kinematical range of H1, a
ratio ^F2

cc̄/F2&50.23760.02120.039
10.043 is obtained, one order

of magnitude larger than at large x.
The latest preliminary results from HERA (ZEUS

Collaboration, 1998g; H1 Collaboration, 1998b) on F2
cc̄ ,

based on data up to 1997, are shown in Fig. 40. The
measurements are seen to be in good agreement. They
are compared to the predictions from NLO calculations
(Harris and Smith, 1995a, 1995b) using as input the
gluon-density parametrization from GRV.

The data available so far agree well with expectations
from NLO pQCD calculations. However, the statistical
errors are still quite large, and the data span a rather
limited kinematic range. A large increase in statistics is
forthcoming, and it is expected that the F2

cc̄ measure-
ments will eventually reach a precision level similar to
that for the inclusive F2 measurements presented in this
review. The evolution of F2

cc̄(x ,Q2) is a matter of some
theoretical debate. Some authors (Lai and Tung, 1997;
Martin, Roberts, Ryskin, and Stirling, 1998) start with
zero charm content in the proton below some scale Q0

2

;mc
2, and then evolve charm as a massless quark above

this threshold. A second approach is to generate charm

FIG. 40. F2
cc̄ as measured by the ZEUS experiment from the

1995–1997 data sets (Breitweg et al., 1997c). The Q2 values in
the figure are in GeV2. The shaded area is the expectation
using the GRV94(HO) parton density set, allowing for a range
of charm quark masses between 1.2,mc,1.6 GeV.
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exclusively via photon-gluon fusion taking into account
the charm quark mass (Glück, Reya, and Vogt, 1992a).
A third approach consists of having a variable flavor
number scheme (Aivazis, Collins, Olness, and Tung,
1994). More precise data will allow much more stringent
tests of the pQCD calculations, and should allow us to
discriminate between these, and possibly other, ap-
proaches to calculating the charm content of the proton.

D. The gluon density in the proton

The behavior of many of the cross sections measur-
able at HERA is driven by the gluon density in the pro-
ton. This results from the fact that, due to experimental
cuts, most cross sections are measured in the large-W, or
small-x, domain. Small-x quarks are therefore involved
in the reaction. The distribution of the small-x quarks is
determined principally by the gluon density in the pro-
ton via g→qq̄ splitting. The cross sections for diverse
reactions such as open charm production, jet production,
vector-meson production, as well as inclusive cross sec-
tions, can be used to measure the gluon density in the
proton. The consistency of the gluon densities extracted
via these different methods provides a measure of how
well the pQCD expansions can be used for calculation
purposes. The measurement of the gluon density there-
fore serves a twofold purpose: it is necessary to know
the gluon density to calculate cross sections for current
as well as future experiments; and, assuming the validity
of QCD, the consistency of different methods of mea-
suring the gluon density is a measure of the accuracy of
the calculations. Discrepancies in the gluon densities be-
yond theoretical and experimental uncertainties would
be a sign that QCD does not provide a complete de-
scription of the strong interactions.

There are very different levels of theoretical sophisti-
cation for the various methods proposed for the extrac-
tion of the gluon density. The extraction based on the
total DIS cross section (fits to F2) has a long experimen-
tal as well as theoretical history, and is the most ad-
vanced. Many next-to-leading-order evolution programs
exist that give consistent results at the fraction of a per-
cent level (Blümlein, Botje, Pascaud, Riemersma, van
Neerven, Vogt, and Zomer, 1996). Most other methods
are based on leading-order QCD calculations, and
therefore suffer from large normalization uncertainties
(factors of two are possible). Generally the x or W de-
pendence of the cross sections are more firmly pre-
dicted, such that the shape of the gluon density is then
constrained. In the following sections, we review in
some detail the extraction of the gluon density from the
inclusive cross-section measurement, and then briefly
describe other proposed methods.

1. Gluon-density extraction from F2

The DGLAP evolution equations relate the change
with Q2 of the quark densities in the proton, q(x ,Q2),
or equivalently the structure function F2(x ,Q2), to the
density of gluons, g(x ,Q2). For example (Buras, 1980),
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x

z
PqgS x

z D zg~z ,Q2!G ,

(4.33)

where the sum runs over quark flavors and eq is the
quark charge. Pqq and Pqg are the splitting functions to
quarks of the quark and gluon, respectively. To leading
order they are given by (see, e.g., Halzen and Martin,
1984; Roberts, 1990; Renton, 1990)

Pqq~z !5CFF11z2

12z G , (4.34)

Pqg~z !5DF@z21~12z !2# , (4.35)

where the multiplicative constants are color factors. As a
result, the Q2 dependence of the parton densities may
be calculated provided their x dependence is known
from data at some lower Q2. A common approach is to
parametrize at fixed Q25Q0

2 the x dependence of the
parton densities by

x•density~x ,Q0
2!5Axd~12x !n

•polynomial~Ax !,
(4.36)

with a distinct set of parameters for each type of parton.
The parton densities are then determined by applying
the evolution equations to perform a global fit of all the
parameters to deep inelastic scattering data. This ap-
proach has been used by the ZEUS (Derrick et al.,
1995c; Breitweg et al., 1998a) and H1 (Aid et al., 1995b,
1996a) Collaborations using their 1993, 1994, and 1995
F2 measurements.

a. H1 DGLAP fits
The H1 Collaboration (Aid et al., 1996a) performed

NLO DGLAP fits to F2 data by defining parton densi-
ties in the MS renormalization scheme. Three light fla-
vors of quarks were taken into account. The charm
quark contribution was generated dynamically using the
photon-gluon fusion prescription given in Glück, Hoff-
mann, and Reya (1982) and Glück, Reya, and Stratmann
(1994), with scale AQ214mc

2. The charm quark mass
was set to mc51.5 GeV. Beauty quark contributions are
expected to be small and were neglected.

The specific functional forms used by H1 were

xg~x ,Q0
2!5Agxdg~12x !hg,

xuv~x ,Q0
2!5Auxdu~12x !hu~11Bux1CuAx !, (4.37)

xdv~x ,Q0
2!5Adxdd~12x !nd~11Bvx1CdAx !,

xS~x ,Q0
2!5ASxds~12x !hS~11BSx1CSAx !,

where the glue, valence u and d, and sea S[ū1d̄ quarks
have distinct parameters. The quark and antiquark com-
ponents of the sea are assumed equal, and ū is set equal
to d̄ . The strange quark density is set to be S/4 (Bazarko
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et al., 1995). The normalizations of the valence quark
densities were fixed by the counting rules

E
0

1
uv~x !dx52, (4.38)

E
0

1
dv~x !dx51.

The normalization of the gluon density Ag was obtained
via the momentum sum rule. The further constraint du
5dd was imposed.

The fits were performed with Q0
255 GeV2 and L4

MS

5263 MeV. In addition to the H1 data, the proton and
deuteron results from BCDMS (Benvenuti et al., 1989)

FIG. 41. Compilation of measurements of F2 as a function of
Q2 for selected values of x as denoted on the figure. The num-
bers in parentheses are the scaling factors by which the values
of F2 have been multiplied in the plot. The overlayed curves
are the result of a NLO QCD fit performed by the H1 experi-
ment to H1, NMC, and BCDMS data.
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and NMC (Arneodo et al., 1995) were used to constrain
the parton densities at large x. Data in the range Q2

.5 GeV2 were fit, except for data with x.0.5 and Q2

,15 GeV2.
The fits to the F2 data are shown in Fig. 41 compared

to HERA and fixed-target data. Data not used in the
fitting procedure are also shown. As can be seen in this
figure, the fits reproduce the data quite well. The values
of the parameters extracted in the fits are given in Table
V. The value of d is negative for both the gluon and sea
quark density, indicating that these densities rise with
decreasing x.

b. ZEUS DGLAP fits
The most recent results from the ZEUS Collaboration

are presented in [Breitweg et al. (1998a)]. The fits were
performed on the ZEUS 1994 F2 data as well as the
1995 shifted vertex data presented in Breitweg et al.
(1998a). The NMC (Arneodo et al., 1997) and BCDMS
(Benvenuti et al., 1989, 1990) results are used to con-
strain the large-x parton densities. ZEUS defined the
parton densities at an input scale Q0

257 GeV2, and fit
data down to Q251 GeV2. The gluon, sea quark S
52(ū1d̄1 s̄), and difference of up and down quarks in
the proton D were parametrized as

xg~x ,Q0
2!5Agxdg~12x !hg~11Bgx !,

xS~x ,Q0
2!5ASxds~12x !hs~11BSx1CSAx !, (4.39)

xDud~x ,Q0
2!5ADxdD~12x !hD.

The input valence distribution xuv5x(u2ū) and
xdv5x(d2d̄) were taken from the parton distribution
set MRS(R2) (Martin, Roberts, and Stirling, 1996). The
strange quark density was assumed to be 20% of the sea
at Q251 GeV2. The gluon-density normalization was
fixed using the momentum sum rule. The input value of
the strong coupling constant was set to as(MZ

2 )50.118.
The parton densities are defined in the MS scheme

and were evolved using the NLO DGLAP equation with
three light flavors. The charm contribution was calcu-
lated in next-to-leading order using the calculations of
Riemersma et al. (1995) with the charm quark mass set
to mc51.5 GeV. The values of the fit parameters are
given in Table V.

As mentioned previously, the ZEUS DGLAP fit is
able to reproduce the turnover in the scaling violations
TABLE V. The values of the parameters for the parton density parametrizations as extracted by H1 (Aid, 1996a) and ZEUS
(Breitweg, 1998a) from NLO DGLAP fits to structure function data. The parameters are given in the H1 case for Q0

255 GeV2,
and in the ZEUS case for Q0

257 GeV2. The forms of the parametrizations are given in the text.

H1 fit result ZEUS fit result

A d h B C A d h B C

xg 2.24 20.20 8.52 1.77 20.225 9.07 3.00
xuv 2.48 0.55 4.19 4.42 21.40
xdv 1.05 0.55 6.44 21.16 3.87

x(ū1d̄) 0.27 20.19 1.66 0.16 21.00

x(u1ū2d2d̄) 6.07 1.27 3.68

2x(ū1d̄1 s̄) 0.52 20.24 8.60 3.27 0.29
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plot. However, this is possible only with a rather nonin-
tuitive result for the parton densities. The gluon density
is seen to dominate at small x for moderate Q2, but
decreases sharply as Q2 approaches 1 GeV2, at which
point it is smaller than the sea quark density, and essen-
tially valence-like. The gluon density found by ZEUS is
compared to the sum of the quark distributions xS in
Fig. 42. It is at this point not clear whether the parton
densities at these small values of Q2 are meaningful (i.e.,
could be used to predict a cross section for a different
process), or result from nonperturbative contributions to
the cross section. It is not possible to determine from the
existing data where the DGLAP fit is no longer valid.
The flexibility in the parton-density parametrizations is
such that the fits find solutions. Other criteria must be
found to determine whether the results are sensible.

c. Discussion
The results for the extracted gluon density for ZEUS

and H1 are compared to those from NMC in Fig. 43.
The NLO gluon density is now known at the 10% level
from these fits. This is currently the most precise deter-
mination of the gluon density in the proton.

There are several points to be made regarding this
method of extracting the gluon density:

(1) The DGLAP fits are performed on the extracted
F2 , which were determined from the measured differen-
tial cross section. In the process of extracting F2 , the
contribution from FL is calculated assuming some gluon
density and subtracted. Different parametrizations for
the gluon density are used to test the sensitivity of F2 to

FIG. 42. The quark singlet momentum distribution xS
(shaded), and the gluon distribution xg (hatched), as functions
of x from the ZEUS NLO QCD fits. The three left-hand plots
show the results including F2 data with Q2.1 GeV2; the three
right-hand plots show the corresponding results for data with
Q2.4 GeV2.
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this choice. The resulting change in the extracted gluon
density was found to be small.

(2) The HERA data alone are not sufficient to con-
strain the gluon density. The normalization Ag and
large-x behavior hg are primarily determined by the
fixed-target data. Relative normalization differences in
different experimental data sets and correlated errors
must be handled carefully.

(3) The extracted gluon density depends on as , which
also evolves with Q2. The value of as is taken from
other experiments.

(4) The validity of the DGLAP evolution equation
across a transition from a flat parton density (at some
small value of Q2) to a steep parton density has been
called into question (Ellis, Kunszt, and Levin, 1994).
This could limit the range in Q2 over which the fits can
be performed to the Q2 region where the parton densi-
ties have been shown to be steep.

Despite these caveats, it should be stressed that the
gluon density is now known rather precisely at small x.
Given the factorization theorem described in Sec. II.C,
this allows precise predictions for cross sections of many
processes at HERA and for other experiments utilizing
protons.

2. Other gluon-density extraction methods

a. Heavy quark production

The production of heavy quarks, in both photopro-
duction and DIS, is sensitive to the gluon density inside
the proton. At HERA, this principally means charm
quark production. We can distinguish between open
charm production, in which hadrons with net charm
quantum numbers are produced, and the production of

FIG. 43. The gluon distribution in the proton as determined
from NLO QCD fits to the F2 data. The results from the 1993
data are compared with those from the 1994 data.
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cc̄ bound states (J/c and excited states.) The latter are
described in Sec. VII, while open charm production in
DIS was described above in Sec. IV.C.8. It is believed
that photoproduction reactions can also be used for this
purpose. In this case, the sizable charm mass as well as
the transverse energy of the charm particles set the scale
at which the gluon density is probed.

Full NLO calculations for charm photoproduction
cross sections are available. They are distinguished in
the method in which the charm mass is handled. In the
so-called ‘‘massive-charm’’ scheme, the mass of the
charm quark acts as a cutoff in the perturbative calcula-
tion (Frixione, Mangano, Nason, and Ridolfi, 1995; Frix-
ione, Nason, and Ridolfi, 1995). In the ‘‘massless charm’’
scheme, the charm is treated as one of the active flavors
in the proton and photon (Binnewies, Kniehl, and
Kramer, 1997; Cacciari and Greco, 1997; Cacciari,
Greco, Rolli, and Tanzini, 1997; Kniehl, Kramer, and
Spira, 1997). A significant difference between the two
schemes is that in the massive scheme the cross section
is dominated by photon-gluon fusion, while in the mass-
less scheme the contribution from resolved photons is of
comparable size.

Recent data (Breitweg et al., 1999a) for
dsep→D* X /dpT , dsep→D* X /dh , and dsep→D* X /dW ,
measured by the ZEUS collaboration, are shown in Figs.
44 and 45 and compared to different theoretical calcula-
tions. Both calculations using standard settings of the
charm mass and renormalization scales are low relative
to the data, although the absolute magnitude of the
cross section calculated in the massless approach agrees
better with the data. The deficit of the calculations ap-
pears to reside primarily at large h. There are indica-

FIG. 44. The differential cross section ds/dp'
D* for D* pho-

toproduction in the kinematic range Q2,1 GeV2, 130,W
,280 GeV, and 21.5,hD* ,1.0 from the ZEUS Collabora-
tion (1998g). The data are compared to various calculations as
described in the text.
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tions that this may be due to an intrinsic charm content
in the photon, which has very weak experimental con-
straints.

It is clear that a better control of the theoretical and
experimental issues must be obtained before this
method can be used to extract the gluon density in the
proton. The corrections with respect to leading order are
substantial, as is the remaining scale uncertainty in the
next-to-leading-order calculations. There is also sensitiv-
ity to the structure of the photon, particularly in the
massless scheme, and theoretical calculations of the
cross section suffer from a number of uncertainties, such
as the appropriate value of the charm mass and the
choice of scale for the process.

b. Vector-meson production
The sensitivity of exclusive vector-meson production

to the gluon density in the proton is described in detail
in Sec. VII. The strength of this method is that the cross
sections depend, in pQCD, on the square of the gluon
density, and are therefore very sensitive to the x depen-
dence of the gluon density. However, full calculations
are not available in next-to-leading order and therefore
normalization uncertainties are large. The scale at which
the gluon density should be evaluated is not clear, at
least at small Q2, and questions have been raised relat-
ing to the correlation function between the gluons in-
volved in the scattering. If these theoretical issues can be
successfully addressed, then elastic vector-meson pro-
duction may indeed become the method of choice for
the gluon-density measurement.

Inelastic J/c production has also been proposed as a
means for extracting the gluon density. In this process,
as with open charm production, the incoming photon
couples to a single gluon via a virtual cc̄ pair (Fig. 46).
Full NLO pQCD calculations exist for this process
(Krämer, Zunft, Steegborn, and Zerwas, 1995; Krämer,
1996) in the framework of the color singlet model
(Berger and Jones, 1981), in which J/c production pro-
ceeds via photon-gluon fusion followed by the emission
of a hard gluon in the final state. The color octet model
(Bodwin, Braaten, and Lepage, 1995) includes, addition-
ally, the production of the J/c in a color octet state,
which then becomes a color singlet via the emission of a
soft gluon. This model, developed to explain hadropro-
duction data (Abe et al., 1992; Sansoni et al., 1996), at-
tempts to include nonperturbative effects and requires
parameter tuning. Other mechanisms for inelastic J/c
production are diffractive production with proton disso-
ciation, and production via resolved photons. The latter
two can be effectively isolated experimentally by cutting
on z, the fraction of the photon energy, evaluated in the
proton rest frame, carried by the J/c . Resolved photon
production is expected to populate the low-z region,
while diffractive production peaks at z51. Color octet
contributions are also expected to populate the large-z
region.

The experimentally measured cross sections (Aid
et al., 1996b; Breitweg et al., 1997d) are shown as a func-
tion of W in Fig. 47, where they are compared to NLO
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FIG. 45. The differential cross section ds/dhD* for D* photoproduction in the kinematic range Q2,1 GeV2, 130,W

,280 GeV, and different minimum p'
D* . The curves represent the NLO calculations under the same conditions as for Fig. 44.
calculations with different gluon-density parametriza-
tions. There is good agreement between the data and
the NLO calculations. It is also clear from the figure that
it will be very difficult to use this process to distinguish
different gluon densities. This results in large part from
the experimental cuts needed to select the sample—the
requirement of a minimum pT of the J/c limits the x
range that can be probed at HERA. The HERA data
are plotted as a function of z in Fig. 48, and clearly show
a preference for a pure color singlet contribution. How-
ever, it should be mentioned that the color octet contri-
butions are nonperturbative and that considerable theo-
retical work is ongoing to refine the predictions.

c. Jet production
The cross section for the production of jets in photo-

production and DIS also depends on the gluon density
via the photon-gluon fusion mechanism. It is important
to separate the contribution to the cross section from
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
photon-gluon fusion from that due to QCD-Compton
scattering. These processes are shown in leading order in
Fig. 10. The fractional momentum carried by the parton
entering in the hard interaction is given by

j5x
Q21 ŝ

Q2 , (4.40)

where x is the usual Bjorken scaling variable and ŝ is the
invariant mass of the two jets. The density of partons
can be extracted from the measured rate of dijet events
and the calculable hard scattering reaction cross section.

The H1 Collaboration has extracted a leading-order
value for the gluon density by studying dijet production
in DIS (Aid et al., 1995c). A NLO extraction of the
gluon density from this method is quite desirable. The
latter has been attempted by the H1 Collaboration
(1998c). The results of this analysis are shown in Fig. 49.
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The data are consistent with a steep rise of the gluon
density found from the analysis of F2 . The NLO extrac-
tion of the gluon distribution is complicated by several
factors:

(1) The simple form for the momentum fraction car-
ried by the parton initiating the hard reaction given
above is not valid in next-to-leading order. The extrac-
tion of the gluon density therefore requires a fit via
Monte Carlo techniques or a sophisticated unfolding of
the data.

(2) The jets measured at the hadron level must be
related to jets at the parton level to allow comparisons
with theoretical calculations. This introduces a large un-
certainty from the hadronization process.

(3) The NLO calculations are not able to reproduce
the measured dijet cross sections. It is therefore ques-

FIG. 46. Inelastic J/c production via photon-gluon fusion.
This is one of several possible diagrams in which a J/c can be
produced in an inelastic reaction.

FIG. 47. Inelastic J/c production cross section as a function of
W from ZEUS (Breitweg et al., 1997d) and H1 (Aid et al.,
1996b). The lines correspond to the NLO pQCD prediction
from Krämer et al. (1995) and Krämer (1996) for the three
different parton density sets shown in the plot.
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tionable whether the extracted gluon densities will be
accurate.

Large increases in data sets may allow for strong cuts
on the data such that more reliable measurements are
possible.

FIG. 48. The differential cross section vs z for inelastic J/c
production at HERA in the kinematic range 50,W
,180 GeV and pT

2 .1 GeV2. The solid line is the prediction
from the color singlet model using as input the GRV parton
densities. The dashed line represents the sum of the color sin-
glet and color octet contributions.

FIG. 49. The gluon momentum density in next to-leading or-
der measured from dijet rates in DIS by the H1 Collaboration
(1998c). The gluon density is probed at an average m2 of 200
GeV2 and is for a value of aS(MZ

2 )50.11960.005. The result is
compared to the gluon density extracted by H1 from a fit to
F2 , and to other parton density parametrizations.
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E. NC and CC cross sections at large Q2

The large-Q2 region accessible at HERA is a com-
pletely new kinematic regime for DIS scattering, and
opens up the possibility for novel effects beyond
standard-model expectations.

The NC double differential cross sections, and F2 ,
have been published by the H1 and ZEUS experiments

FIG. 50. The up- and down-quark and antiquark momentum
densities for x.0.2 at Q2510 000 GeV2 from the CTEQ4D
parametrizations (Lai et al., 1997).

FIG. 51. The reduced neutral current cross section at high x
compared with standard-model predictions using the MRST
parton density parametrization (lightly shaded line) and par-
ton densities resulting from an H1 NLO QCD fit (solid line).
The cross sections have been scaled by the factors given in
parentheses for clarity of presentation.
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up to Q255000 GeV2. The results are shown in Fig. 27.
The statistical errors at large Q2 are large and F2 shows
no deviations from the standard-model expectations.
The larger data sets available in 1996 and 1997 allowed
both ZEUS (ZEUS Collaboration, 1998f, 1998h) and H1
(H1 Collaboration, 1998d) to extend the measurements
to higher Q2 and higher x, and to reduce the statistical
error on the measurements. The cross sections at large x
are primarily determined by the valence quark densities
(up quark for NC scattering and down quark for
e1p CC scattering). The expectations for the parton
densities at high Q2 are shown in Fig. 50.

Recent data on the NC cross sections are shown in
Fig. 51, where the preliminary data from H1 at large x
for the reduced cross section

s̃NC[
xQ4

2pa2

1
Y1

d2s

dxdQ2 (4.41)

are plotted as a function of Q2. The cross sections pre-
sented now extend to x50.65 and Q2530 000 GeV2.

Preliminary double differential cross sections from the
1994–1997 data are now also available for the charged-
current (CC) reactions (H1 Collaboration, 1998d; ZEUS
Collaboration, 1998e). The results from the ZEUS Col-
laboration are shown in Fig. 52. The results are again
shown for the reduced cross section

s̃CC[
2px

GF
2 S MW

2 1Q2

MW
2 D 2 d2s

dxdQ2 . (4.42)

In leading order, the reduced cross section is simply re-
lated to the following quark densities:

FIG. 52. The reduced charged current cross section compared
with standard-model predictions using the CTED4D parton
density parametrization. The contributions of the PDF combi-
nation ū1 c̄ and (12y)2(d1s) evaluated at leading order are
shown by the dotted and dashed lines, respectively.
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s̃CC5~ ū1 c̄ !1~12y !2~d1s !. (4.43)

The separate contributions from the quarks and anti-
quarks are shown in the figure. The quarks dominate at
large x, while the antiquark contribution is dominant at
smaller x.

The single differential cross sections from ZEUS for
both NC and CC scattering for the data through 1993–
1997 are summarized in Fig. 53. As can be seen in this
figure, the e2 and e1 cross sections at small Q2 are very
similar, as expected since photon exchange dominates
this region. At higher Q2, the expectation for the e2p
cross section is higher than that for the e1p cross section
as discussed above. The data are in agreement with the
standard model within the experimental uncertainty.
The CC cross sections for e2p are higher than for e1p ,
as expected, and below the NC cross sections up to Q2

'10 000 GeV2, at which point the cross sections become
of comparable size. This is direct experimental evidence
for electroweak unification. At this scale, the electro-
magnetic and weak interactions are of similar strength.

The two experiments H1 and ZEUS reported an ex-
cess of events above standard-model expectations in
February 1997. This excess occurs at very large Q2

.15 000 GeV2 and will be discussed in Sec. VIII.G. This
recent observation clearly emphasizes the importance of
measurements in this previously unexplored kinematic
regime.

V. JET PRODUCTION

In QCD hadrons are composed of many quarks and
gluons. When two hadrons collide at high energy, two

FIG. 53. The differential cross section vs Q2 for neutral and
charged current scattering as measured by ZEUS in the 1993–
1997 data sets. The results are compared to standard model
expectations separately for e2p and e1p scattering. The cross
sections all become comparable near Q2510 000 GeV2, as ex-
pected from electroweak unification.
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partons can undergo a large angle scattering generating
two or more final-state partons at large momentum
transverse to the initial beam direction. Each of the par-
tons, released as a result of the hard scattering, will ra-
diate more partons and evolve into a ‘‘spray’’ of hadrons
labeled as a jet. The nature of QCD radiation is such
that the radiated partons, and subsequently the formed
hadrons, will remain collimated around the original par-
ton direction. This property is used to reconstruct the
underlying partonic interaction.

The properties of jet production such as cross sec-
tions, transverse momentum distributions, angular distri-
butions, and jet shapes are all sensitive to the properties
of QCD and parton distributions in the interacting par-
ticles. This allows us to study QCD at various levels and
in various interactions.

In ep interactions at HERA, jets can be produced as a
result of a hard scattering between a quasireal photon
and the proton as well as from higher-order QCD pro-
cesses in deep inelastic scattering. While presumably
there is a common denominator to all these processes,
they are usually treated differently within perturbative
QCD (pQCD) in order to improve the quality of the
theoretical predictions. The guideline is set by the fac-
torization theorem, which prescribes which part of the
cross section can be calculated within pQCD and which
part is to be absorbed into the nonperturbative universal
component. The general rule is that the perturbative
process is the one that occurred at the hardest scale in
the interaction.

Following this guideline, we will first discuss jet pro-
duction in photoproduction and then in deep inelastic
scattering. The subject is of great interest and very
broad. Here we will concentrate only on some highlights
typical of ep scattering. For a full account, the interested
reader is referred to two recent reviews (Erdmann, 1997;
Kuhlen, 1997).

A. Defining the jets

Jets of particles, produced around partons emerging
from the hard scattering, are accompanied by extra had-
ronic activity resulting from fragmentation (initial- and
final-state parton radiation) and hadronization (hadron
formation) of the spectator partons (see Fig. 54). This
extra activity, both correlated and uncorrelated with the
hard scattering, is called the underlying event. The un-
derlying event consists primarily of low transverse mo-
mentum particles that overlap with the jets. As a result
there is no unique way of assigning final-state particles
to the original partons. This is true from both the theo-
retical and experimental point of view. For quantitative
measurements jets have to be somehow defined. This is
achieved by constructing jet algorithms that prescribe
how to combine hadrons close in phase space into jets.
The experimental procedure has to match the theoreti-
cal calculations. There exist several jet algorithms and
their use depends on particular applications.

1. Jet search algorithms

The jet search algorithms are all based on the notion
that particles emitted as a result of parton frag-
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mentation and hadronization should be close to each
other in phase space. The more sophisticated ones also
take into account the dynamic features of parton radia-
tion. In addition, since the underlying event is soft and
particles have limited transverse momentum, the pres-
ence of jets will result in high transverse energy deposits.
The variety of jet algorithms reflects the need to mini-
mize hadronization effects, which cannot be taken into
account in the theoretical calculations.

a. Cone algorithm
In the cone algorithm particles are combined in the

pseudorapidity h and azimuthal angle f phase space.
The variable h52ln tan(u/2) is defined through the
angle u relative to the interaction axis and f is the angle
around the interaction axis. All particles within a cone
of radius R,

R5ADh21Df2<R0 , (5.1)

are combined into a jet of transverse energy ET ,

ET5(
i

ETi , (5.2)

where i runs over all particles in the cone and ETi
5Ei sin ui . The value of R0 usually varies between R0
50.7 to R051. If the resulting ET is above a certain
threshold the jet axis is defined by

hJ5
1

ET
(

i
ETih i , (5.3)

fJ5
1

ET
(

i
ETif i . (5.4)

In practice this procedure is applied on pairs of particles
and implies some number of iterations until the quanti-
ties defined in Eqs. (5.2), (5.3), and (5.4) are stable with
the jet cone remaining fixed.

The cone algorithm has an equivalent theoretical defi-
nition. Its advantage is that it can easily be applied to
calorimetric measurements in which energy deposits in
calorimeter cells are treated as single particles. The cone
algorithm was adopted as a standard jet definition,

FIG. 54. A schematic representation of a hard scattering be-
tween two hadrons (from Ellis, 1991). The arrows represent
the expected particle flow after the interaction. Hadrons pro-
duced as a result of fragmentation of one of the outgoing par-
tons are contained within a cone of radius R.
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called Snowmass Accord (Huth et al., 1990), because of
its ease of implementation and reliable results at all or-
ders in perturbation theory.

b. JADE algorithm
In the JADE algorithm (Bethke et al., 1988) one de-

fines for each pair of particles or clusters i and j the
quantity

yij5
2EiEj~12cos u ij!

W2 .
mij

2

W2 , (5.5)

where mij is the invariant mass of the objects i and j and
W is the center-of-mass energy of the interaction. If yij is
smaller than a resolution parameter ycut the objects are
combined. The final set of jets is obtained when no fur-
ther merging is possible. No requirement on the ET of
jets is applied. In the modified version of the algorithm,
particularly suitable for deep inelastic scattering, the ref-
erence scale W2 is replaced by Q2. The number of jets
found in an event depends on the ycut parameter. This
dependence is in principle predicted by the theory. In
hadronic interactions the parent hadrons are included in
the clustering as pseudoparticles. The jet containing the
pseudoparticle is called the remnant jet.

c. kT algorithm
In the kT algorithm (Catani, Dokshitzer, and Webber,

1995) it is the relative transverse momentum of two par-
ticles, rather than their invariant mass, that is used for
clustering particles. Two particles, or at a later stage two
clusters, i and j are merged if the transverse momentum
kT of the least energetic of the two objects is smaller
than a predefined resolution scale kcut

2 ,

kT
2 52 min~Ei

2,Ej
2!~12cos u ij!,kcut

2 . (5.6)

In the original algorithm (Catani et al., 1995), which was
designed for deep inelastic scattering, kcut

2 5Q2. The
treatment of the remnant jet is similar to the JADE al-
gorithm. The kT algorithm is expected to be least af-
fected by hadronization effects (Webber, 1995).

B. Jet production in photoproduction

One of the interests in studying jet production in pho-
toproduction is to probe the hadronic nature of the pho-
ton. The photon is one of the gauge particles of the stan-
dard model and as such has no intrinsic structure.
However, it acquires a structure in its interactions with
matter and in that sense it is a prototype for studying the
formation of a partonic state.

In ep scattering at HERA, cross-section consider-
ations (see Sec. IV.A) favor interactions with exchanged
photon virtuality Q2.0. These interactions can be
treated as due to a convolution of a flux of quasireal
photons from the electron and the photon-proton inter-
actions,

dsep~y ,Q2!

dy
5sgp~y !fg/e~y ,Q2!, (5.7)
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where fg/e denotes the photon flux. The photon flux is
assumed to be given by the Weizsäcker-Williams ap-
proximation (von Weizsäcker, 1934; Williams, 1934).
For a range Qmin

2 ,Q2,Qmax
2 !1 GeV2, the flux is given

by

fg/e5
a

2p F11~12y !2

y
ln

Qmax
2

Qmin
2 22me

2S 1

Qmin
2 2

1

Qmax
2 D G .

(5.8)

1. Theoretical framework

In photon-nucleon interactions at low energies it was
established that the photon behaves as if it fluctuated
into a vector meson before interacting (for a review see
Bauer et al., 1978). When QCD is turned on the variety
of hadronic fluctuations of the photon increases, small
and large partonic configurations can be formed, and
their presence has implications for the interactions of
the photon with hadronic matter.

The momentum distribution of partonic fluctuations
of the photon can be measured directly in the deep in-
elastic scattering of a lepton on a photon target. These
measurements are performed in e1e2 colliders in which
one of the electrons is the source of the probing photon
and the other of the target photon. The notion of the
photon structure function, and subsequently of parton
distributions, can be consistently introduced.

Once the photon is replaced by a flux of partons, the
QCD factorization theorem (Collins et al., 1985) can be
applied to calculate cross sections for jet production in
photon-proton interactions. These processes are called
resolved photon processes. An example is shown in Fig.
55.

Partonic fluctuations of the photon in which the trans-
verse momentum of the qq̄ pair is larger than the virtu-
ality of the probing photon are not included in the usual
structure function formalism. They do, however, con-
tribute to the jet production cross section and induce the
direct photon processes. The name derives from the fact
that these processes look as if the photon were probing
directly the parton structure of the proton. This is de-
picted schematically in Fig. 55.

In summary, QCD predictions for photon-proton in-
teractions are based on two essential ingredients, the
partonic nature of the photon and the underlying QCD

FIG. 55. Examples of diagrams that contribute to jet produc-
tion in photoproduction: direct photon and resolved photon
contributions as denoted in the figure.
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hard subprocesses. We discuss them in more detail be-
low.

a. The photon structure function
The structure functions of the photon are defined in

DIS eg → eX through the interaction cross section,

d2s

dxdQ2 5
2pa2

xQ4 $@11~12y !2#F2
g2y2FL

g %. (5.9)

In the quark-parton model the contribution to this
cross section comes from the so-called box diagram
g* g→qq̄ (see Fig. 56),

F2
g~x ,Q2!53

a

p (
nf

eq
4x@x21~12x !2#ln

Q2

mq
2 , (5.10)

where a is the electromagnetic coupling constant, eq is
the charge of quark q in units of electron charge, and mq
is the mass of the quark. The sum runs over all active
quark flavors nf .

Should this be the only contribution, the structure
function of the photon would be fully calculable in QCD
(Witten, 1977). In QCD, to leading order, the result
(5.10) is preserved with the mq

2 term replaced by the
QCD cutoff parameter LQCD

2 . In the language of pho-
ton fluctuations the box diagram corresponds to rather
symmetric qq̄ fluctuations of the photon with a pointlike
coupling of quarks to the photon. The resulting contri-
bution to the photon structure is called pointlike or
anomalous (as it does not appear for real hadrons). In
reality the photon can fluctuate into more complicated
partonic states and in particular into vector-meson
states. This generates a nonperturbative contribution to
F2

g . Theoretically the two contributions cannot be dis-
entangled. To parametrize F2

g(x ,Q2) it is therefore con-
venient, by analogy to the proton case, to define parton
distributions in the photon and to use the DGLAP evo-
lution equations, appropriately extended to the photon
case (DeWitt, Sullivan, Willen, and Wyld, Jr., 1979a,
1979b). The evolution equation for the quark density
becomes inhomogeneous to account for the splitting of

FIG. 56. Basic box diagram that contributes to the structure
function of the photon in g* g collisions.
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FIG. 57. The structure function
of the photon F2

g/a as a func-
tion of x for various Q2 values
as denoted in the figure taken
from Söldner-Rembold (1997).
The symbols correspond to
measurements in e1e2 interac-
tions. Two selected parton pa-
rametrizations are also shown:
GRV (Glück et al., 1992c, full
line) and SaS (Schuler and Sjös-
trand, 1995, dashed line).
the photon into a qq̄ pair. The latter is responsible for
the fact that F2

g(x ,Q2) is large at large x and increases
with Q2 at any value of x.

Experimentally F2
g is measured in e1e2 interactions,

by requiring that one of the electrons scatters under
small angles and remains undetected (the source of the
target photon) while the second one scatters under a
large angle, providing the probing virtual photon.

The x dependence of F2
g in bins of Q2 is shown in Fig.

57. For the sake of comparison with the proton structure
function, the scale of x was chosen logarithmic. The
measurements are compared to two commonly used sets
of parton distributions in the photon (Glück, Reya, and
Vogt, 1992c; Schuler and Sjöstrand, 1995). At higher x,
where data are available, all the parametrizations de-
scribe F2

g well. The largest differences are seen at low x,
where gluons play an important role. The uncertainty in
the gluon content of the photon is thought to be worse
than for the proton, since no momentum sum rule is
used to constrain the gluon distribution. Such a sum rule
was recently derived (Frankfurt and Gurvich, 1996). The
uncertainty in the gluon distribution can be partly re-
duced by the hard photoproduction data from the
HERA experiments.

It is of interest to consider what happens to the pho-
ton structure function when the virtuality increases. We
will denote by P2 the virtuality of the photon and keep
Q2 to denote the scale at which the virtual photon is
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
probed. It has been shown (Uematsu and Walsh, 1981,
1982) that in the limit LQCD

2 !P2!Q2 the virtual pho-
ton structure function can be calculated in QCD. The
result is similar to the quark-parton model result (5.10)
with the mass of the quark replaced by the virtuality of
the photon,

F2
g* ~x ,Q2,P2!53

a

p (
nf

eq
4x@x21~12x !2#ln

Q2

P2 .

(5.11)

The details of how the nonperturbative part behaves
with P2 cannot be calculated in QCD. One can only
speculate that its contribution disappears faster with in-
creasing P2 than the pointlike part. However, the non-
perturbative contributions to the photon structure may
remain sizeable up to P251 GeV2 (Glück, Reya, and
Stratmann, 1995).

b. Predictions of perturbative QCD
In leading order of perturbative QCD, jet production

in photon-proton interactions is attributed to two hard
processes, called the direct and the resolved photon pro-
cesses. The calculation of the cross sections is based on
the QCD factorization theorem (Collins et al., 1985). It
allows us to decompose (factorize) the calculation into
the cross section for the elementary hard subprocess,
calculable in QCD, and fluxes of partons entering the
hard scattering. The hard scale in the interaction is pro-
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vided by the transverse momenta of the outgoing par-
tons. For the production of two jets with transverse mo-
mentum pT , the gp cross section can be written
symbolically as

sgp~pT
2 ,W !5(

i ,j
(
k ,l

f i/g~xg ,pT
2 !f j/p~xp ,pT

2 !

3ŝ~ i1j→k1l !~pT
2 , ŝ !, (5.12)

where xg and xp denote the fraction of the photon and
proton momentum carried by the interacting partons
and ŝ5xgxpW2 with W the center-of-mass energy of the
gp interaction. An implicit integration over xg and xp is
assumed.

For resolved photon processes the hard scattering is
modeled as taking place between a parton in the photon
and a parton in the proton (see Fig. 55). Many elemen-
tary processes contribute to this cross section. A quark
or a gluon from the photon may interact with a quark or
a gluon in the proton. In the final state we expect two
back-to-back jets, this time accompanied by the rem-
nants of the proton and of the photon.

In direct photon processes it is convenient to view the
hard scattering as occurring between the photon and a
parton from the proton (see Fig. 55). In formula (5.12)
parton i is replaced by a photon and fg/g(xg)5d(1
2xg). The process gq→qg is called QCD Compton
scattering (QCDC), while gg→qq̄ is called boson-gluon
fusion (BGF). In leading order we expect the final state
to consist of two back-to-back jets and the remnant of
the proton.

When higher-order QCD corrections are included, ex-
tra hard parton radiation is present and the division of
photon-induced processes into direct and resolved is no
longer possible. However, it is always possible to en-
hance one of the contributions because the direct pho-
ton contribution is expected to dominate at xg.1 while
the resolved processes are expected at lower xg .

The parton densities in the proton are well con-
strained by other measurements (see Sec. IV.C), so that
photoproduction of jets can be used to constrain the par-
ton content in the photon.

2. Pre-HERA results

Little was known experimentally about hard scatter-
ing in photoproduction before HERA data became
available. The first indication for the presence of hard
scattering, in excess of what would be expected if the
photon were just a meson, was observed by the NA14
experiment at CERN (Auge et al., 1986). A similar ex-
cess was observed later by the WA69 experiment at
CERN (Apsimon et al., 1989) at a center-of-mass energy
Asgp518 GeV. In both cases the excess was assigned to
the direct photon contribution. The presence of the re-
solved photon component could not be established.

The first experimental evidence for the presence of a
hard resolved photon component was reported by the
AMY experiment (Tanaka et al., 1992), based on the
study of the hadronic final states in gg interactions at 4
,Asgg,20 GeV.
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3. Selection of HERA results

The production of events with large transverse energy
in gp interactions has been extensively studied at
HERA. The concept of resolved and direct photon con-
tributions as well as the validity of the QCD approach to
photoproduction have been fully confirmed. First at-
tempts have been made to constrain the parton distribu-
tions in the photon. After discussing the kinematic re-
construction of hard photoproduction events, we
describe these results below.

a. Event kinematics
The experimental signature for photoproduction

events is either the presence of an electron scattered
under a very small angle in the luminosity detector
(tagged photoproduction with Q2,1022 GeV2) or the
lack of the scattered electron in the main HERA detec-
tors (untagged photoproduction, Q2,4 GeV2 and ^Q2&
.1023 GeV2). Hard photoproduction events are se-
lected by requiring that the total transverse energy ET in
the event, measured with respect to the beam axis, be
large (typically ET.10 GeV).

For tagged photoproduction, the center-of-mass en-
ergy of the gp interaction is obtained using the initial Ee
and the scattered electron Ee8 energies,

W25yels5S 12
Ee8

Ee
D s . (5.13)

In the untagged photoproduction W is determined using
the hadronic final state,

W25yJBs5
( i~Ei2pzi!

2Ee
s , (5.14)

where the sum runs over all the objects (particles and/or
clusters) reconstructed in the detector.

To describe the event kinematics we define xg as the
fraction of the photon momentum q and xp as that of
the proton P carried by the partons initiating the hard
scattering. We denote by p1 and p2 the four-momenta of
the scattered partons. For a two-body process we expect

xgq1xpp5p11p2 . (5.15)

By multiplying (scalar product) both sides, once by P
and once by q, and manipulating the two equations, we
obtain

xg5
~p11p2!•P

q•P
, (5.16)

xp5
~p11p2!•q

q•P
, (5.17)

where the approximation q250 and P250 was made.
This approximation holds well for high-energy photo-
production. Another representation, more convenient
for measurements, is through the transverse momentum
pTi

and the pseudorapidity h i of the partons,

xg5
( i51,2 pTie

2h i

2yEe
, (5.18)
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xp5
( i51,2 pTie

h i

2Ep
. (5.19)

Since variables defined at the parton level are not ob-
servables, experimental estimators are introduced, xg

OBS

FIG. 58. Example of a photoproduction event presumably me-
diated by a direct photon as seen in the H1 detector. The
electrons come from the left, the protons from the right. Two
jets are clearly seen. There is no activity to the right of the
detector, the presumed direction of the emitted photon.
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and xp
OBS . In the first step a jet algorithm is applied. For

a cluster of particles to be defined as a jet, its transverse
energy relative to the interaction axis is required to be
typically ET

jet.4 GeV. To determine xg
OBS and xp

OBS at
least two jets are required. If more than two jets are
found in an event, usually the two with the highest trans-
verse energy are used. The variables xg

OBS and xp
OBS are

determined using formulas (5.18) and (5.19), after re-
placing the pT and h of the partons by the corresponding
jet variables, which are ET

jet and h jet as determined from
the jet algorithm (see Sec. V.A.1).

b. The resolved and direct components
Jet production in photoproduction was established for

the first time by the HERA experiments (Derrick et al.,
1992; Ahmed et al., 1992). The jet structure in the events
can be seen by eye. An example of a direct photon event
is shown in Fig. 58. Two jets in the detector are clearly
seen and there is no activity in the rear region, which
corresponds to the photon fragmentation, as if the whole
photon were absorbed in the interaction. In Fig. 59 a
resolved photon event is shown. A third jet with much
less transverse energy is seen in the rear detector; this is
the remnant of the photon.

The xg
OBS distribution measured for a sample of dijet

events with ET
jet.6 GeV and 21.375,h jet,1.875 is

shown in Fig. 60 (Breitweg et al., 1998f). The events
dominated by the direct photon processes cluster at
FIG. 59. Example of a photoproduction event due to a resolved photon, as seen in the ZEUS detector. The electrons come from
the left, the protons from the right. In addition to the proton remnant, there is clear jet structure. Most likely, the jet at smallest
h is the photon remnant.
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large xg
OBS . A clear peak of events with xg

OBS.0.75 is
observed and the distribution is well reproduced by a
MC model of direct photon processes [HERWIG
(Marchesini et al., 1992)]. The majority of events have
xg

OBS,0.75 and are attributed to the resolved photon
processes. MC models that include the simulation of
both processes at leading order of QCD and include in
addition multiple interactions reproduce the overall
shape of the data but fail to describe the small xg

OBS

region.
The properties of the photon remnant have been stud-

ied by the ZEUS experiment (Derrick et al., 1995j). The
kT cluster algorithm was used to decompose the event

FIG. 60. xg
OBS distribution for jets with ET

jet.6 GeV, 21.375
,h jet,1.875, where xg

OBS is calculated using corrected vari-
ables. The data (black dots) are compared to the results of the
HERWIG MC model with multiple interactions (solid line) and
without (dotted line) and the PYTHIA MC model with multiple
interactions (dashed line). The shaded area represents the di-
rect photon contribution expected in the HERWIG MC model.
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into three jets. If two jets had transverse energy ET
jet

.6 GeV and rapidities well into the forward region, the
third cluster on average was found in the photon frag-
mentation region as shown in Fig. 61(a). The two lead-
ing jets were interpreted as due to the hard scattering,
while the third jet was interpreted as originating from
the photon remnant. The third jet was found to be well
collimated, with a relatively large transverse momen-
tum, as can be seem in Fig. 61(b). This is in contrast to
expectations for hadron-hadron interactions in which
the remnants (with spectator partons) remain with low
transverse momenta. However, the anomalous compo-
nent of the photon structure, which is due to small size
configurations, leads to initial partons with relatively
large transverse momenta. The requirement of the pres-
ence of three jetlike structures favors events from the
anomalous photon fluctuation. Note that the average
transverse energy of the third jet remains low compared
to ET

jet of the two leading jets [see Fig. 61(b)].

FIG. 61. Properties of the photon remnant. (a) Pseudorapidity
h3 distribution of the third, lowest transverse momentum jet in
a three-jet event. (b) The transverse momentum distribution of
that jet, pT3 , if h3,21.0. The data are compared to the ex-
pectations of two approaches in the PYTHIA MC model: in one,
the intrinsic transverse momentum of partons in the photon is
negligible (solid line); in the other, a powerlike dependence is
assumed (dotted line).
FIG. 62. The cross section
ds/ducos u* u normalized to one
at center-of-mass scattering
angle u* 590°, for resolved
(black dots) and direct (open
circles) photoproduction. The
data are compared to (a) next-
to-leading-order and leading-
order QCD calculations as well
as (b) expectations of the HER-

WIG and PYTHIA MC models.
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c. Angular distributions
The angular distribution of the jets in their center-of-

mass system reflects the underlying parton dynamics. To
leading order in QCD, the direct photon processes pro-
ceed via either boson-gluon fusion or QCD Compton
scattering. These processes involve a quark propagator
in the s, t, or u channel, with t- and u-channel processes
dominating. In resolved processes the dominant subpro-
cesses, e.g., qg→qg , gg→gg , and qq→qq , have
t-channel gluon exchange diagrams.

The angular dependence of the cross section for re-
solved processes with a spin-1 gluon propagator is ap-
proximately }(12ucos u* u)22 (as in Rutherford scatter-
ing), where u* is the scattering angle of one of the jets in
their center of mass. This cross section rises more
steeply with increasing u cos u* u than that for direct pro-
cesses with a spin2 1

2 quark propagator, where the angu-
lar dependence is approximately }(12ucos u* u)21. After
inclusion of all leading-order diagrams, QCD predicts
that the angular distribution of the outgoing partons in
resolved processes will be enhanced at large ucos u* u with
respect to direct photon processes. This property is ex-
pected to be preserved in next-to-leading-order calcula-
tions (Baer, Ohnemus, and Owens, 1989).

By dividing dijet events into samples with xg
OBS

.0.75 and xg
OBS,0.75 it is possible to obtain samples

enriched in direct and resolved processes, respectively
(Derrick et al., 1996g). The cos u* distributions thus ob-
tained are shown in Fig. 62. The resolved photon pro-
cesses have as expected a steeper angular distribution
than the direct processes. The distribution is well repro-
duced by leading-order and next-to-leading-order QCD
calculations as well as MC models.

d. Structure of the real photon
The measured jet production cross section can be con-

fronted with QCD expectations. These depend on the
momentum distribution of partons in the photon and in
the proton [see Eq. (5.12)]. The procedure for unfolding
the parton distributions is not as simple as in the case of
deep inelastic scattering. The measured cross section is
determined at the hadron level and the information on
the hard scattering process is obscured by higher-order
QCD radiation and hadronization effects. It may be fur-
ther obscured by the presence of other hard scatters oc-
curring in the same event (Aid, 1996k). From a purely
probabilistic approach, parton densities in the HERA
kinematic regime are high enough so that the chance for
more than one scatter in an event becomes significant
(Sjöstrand and van Zijl, 1987).

The additional effects can be modeled within a par-
ticular MC generator and, if a good description of the
data is achieved, within this particular model, the corre-
lation between the partons from the hard scattering and
the jets can be established. One can then deduce what
parton distributions in the photon are needed to success-
fully describe the observed jet rates. This procedure was
carried out by the H1 experiment (Adloff et al., 1998e).
The measured inclusive dijet cross section as a function
of (ET

jet)2 and xg is very well reproduced by the
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PYTHIA MC model (Sjöstrand, 1994) used to unfold
the parton densities, as shown in Fig. 63. It is also in
good agreement with NLO QCD calculations (Klasen
and Kramer, 1997).

The effective parton distributions were unfolded from
the cross section in two bins of xg as a function of the
hard scattering scale, assumed to be pT

2 of the jets. The
result is shown in Fig. 64 and is compared to the expec-
tations of the GRV (Glück et al., 1992c) parametriza-
tion. As predicted for the photon case, parton densities
rise with increasing pT

2 for both medium and large xg .
Since the calculation is carried out at leading order it

is possible to disentangle the various contributions. This
is also shown in the figure. The nonperturbative part of
the photon structure, expected to contribute at small xg ,
constitutes only a small fraction of parton densities for
xg.0.2. The quark component of the photon is not suf-
ficient to explain the observed effective parton densities;
a substantial contribution of gluons is necessary.

e. Structure of the virtual photon
The more the photon is off shell the more likely it

becomes that its coupling to quarks becomes pointlike.

FIG. 63. The inclusive dijet cross section as a function of the
squared jet transverse energy (ET

jets)2 for ranges of the recon-
structed parton fractional energy xg

JETS as denoted in the fig-
ure. The data are compared to NLO QCD calculations for two
parametrizations of parton densities in the photon, GRV
(Glück et al., 1992c) and GS (Gordon and Storrow, 1997).
Also shown is the expectation of the PYTHIA MC model in
which the leading-order GRV parametrization was used. The
cross sections have been scaled by the numbers in parentheses
for clarity of presentation.
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FIG. 64. Leading order effective parton distribution of the photon xg f̄g(xg ,pT
2 )5xg„fq/g(xg ,pT

2 )19/4fq/g(xg ,pT
2 )…, divided by the

fine structure constant a, shown as a function of the squared parton transverse momentum pT
2 for two ranges of the parton

fractional energy xg . The full line represents the equivalent function derived from the leading-order GRV parametrization of the
photon structure function. Also shown are the contribution of the quark component alone (dotted line) and the expectation if the
photon was a meson (dashed line—vector-dominance model).
The structure function of the photon can then be calcu-
lated in the quark-parton model and QCD (Uematsu
and Walsh, 1982; Rossi, 1984). The expectation is that in
hard photoproduction induced by a virtual photon, the
hadronic contribution will decrease and the resolved
photon processes will be suppressed compared with the
direct photon processes (Drees and Godbole, 1994;
Glück, Reya, and Stratmann, 1996; de Florian, Garcia
Canal, and Sassot, 1997).

At large virtuality of the photon, we move into the
deep inelastic scattering regime, Q2 becomes the largest
scale in the interaction, and application of the factoriza-
tion theorem leads to viewing the scattering as due to
direct photon coupling to the quarks in the proton.
However, if, as a result of QCD Compton or BGF pro-
cesses, jets are produced with transverse energy squared
(ET

jet)2.Q2, the largest scale will be in the hard scatter
leading to jets and the photon, once again, will develop a
partonic structure (Frixione, Mangano, Nason, and
Ridolfi, 1993; Glück et al., 1996; Klasen, Kramer, and
Potter, 1998). This apparent contradiction is in fact
simple to understand; the perturbative QCD evolution
formalism applied to the proton structure function does
not include the region ET

2 .Q2. Their contribution to
the total DIS cross section is assumed to be negligible.

The ZEUS experiment has studied dijet production in
virtual photon-proton scattering in three Q2 ranges,
Q2.0 GeV2 (untagged gp), 0.1,Q2,0.7 GeV2 (e
tagged in the BPC), and 1.5,Q2,4.5 GeV2 (e tagged in
the UCAL) (ZEUS Collaboration, 1998b). The jets
were required to have ET

jet.6.5 GeV and 21.125,h jet

,1.875. In each Q2 range the sample was divided into
events with xg

OBS.0.75 (direct) and xg
OBS,0.75 (re-

solved). The ratio of resolved over direct dijet cross sec-
tions was measured as a function of Q2 and is shown in
Fig. 65. As expected, the fraction of events dominated
by resolved photon processes decreases relative to the
direct photon ones as a function of Q2. This trend is not
reproduced by a MC model in which no Q2 dependence
of the parton distributions in the photon is assumed.
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The H1 analysis (Adloff et al., 1997g) covers the range
0,Q2,49 GeV2 and 0.3,y,0.6. The inclusive cross
section for jet production with ET

jet.4GeV was studied
as a function of Q2 and compared with MC models
with and without structure assigned to the virtual
photon. As seen in Fig. 66, models such as
ARIADNE and LEPTO, which describe well the inclusive
features of deep inelastic scattering, fail to reproduce
the cross section when (ET

jet)2.Q2. However, as shown
in Fig. 67, models (Marchesini et al., 1992; Jung, 1995) in

FIG. 65. The ratio of resolved to direct photon cross sections,
sR /sD , as a function of photon virtuality Q2. The results are
for a jet cone radius R51.0.
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FIG. 66. The inclusive g* p jet cross section sg* p(Q2) as a function of Q2, for jets with transverse energy ET* , measured in the
g* p system, as denoted in the figure. The lines correspond to expectations from two MC models for final states in DIS, LEPTO

(solid line), and ARIADNE (dashed line).
which a photon structure, dependent on its virtuality, is
assumed reproduce the data very well. This observation
establishes contributions to the ep scattering cross sec-
tion, which are not taken into account in the perturba-
tive expansion up to next-to-leading order. In fact, for
Q2.10 GeV2, H1 has observed that the production rate
of dijets with (ET

jet)2>Q2 is well reproduced by QCD
calculations in which the jet cross section is evaluated up
to next-to-leading order (Adloff et al., 1998b).

In summary, HERA results have established that
even a virtual photon develops a hadronic structure
when probed at a scale larger than its virtuality.

C. Jet production in deep inelastic scattering

Jet production in deep inelastic scattering is the mani-
festation of QCD beyond leading-order approximation
and therefore a sensitive probe of QCD dynamics. At
HERA, clean jet structures can develop thanks to the
large available phase space. There are many features of
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
jet production in deep inelastic scattering that are im-
portant for understanding perturbative and nonpertur-
bative aspects of QCD. Here we will concentrate on
those aspects that make HERA unique.

1. Theoretical framework

Jets in DIS result from the scattered quark and from
QCD radiation. The rates of jet production can be cal-
culated in QCD and depend on the parton densities in
the proton as well as on the value of the strong coupling
constant as . The pattern of radiation depends on the
details of the evolution dynamics in QCD and can be
exploited in searching for deviations from the DGLAP
evolution. This is particularly important at small x when
many radiation steps have to be integrated.

a. Higher-order QCD processes
Multijet production rates are at present the only fea-

tures of DIS final states that have been fully predicted in
perturbative QCD. In leading order of QCD, jet produc-
tion in DIS is due to QCD Compton scattering (QCDC)
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FIG. 67. The inclusive g* p jet cross section sg* p(Q2) as a function of Q2, for jets with transverse energy ET* , measured in the
g* p system, as denoted in the figure. The lines correspond to expectations from MC models (as shown in the figure) in which the
virtual photon induces direct and resolved processes. Different parametrizations of the virtual photon structure function are
shown. Also shown is the expectation if the structure of the virtual photon were not suppressed with increasing Q2.
and boson-gluon fusion (BGF) (see Fig. 10). The corre-
sponding diagrams are the same as for direct photon
processes (see Fig. 55). The cross section for the produc-
tion of jets has been calculated in QCD up to next-to-
leading order (Brodkorb and Körner, 1992; Graudenz,
1995; Mirkes and Zeppenfeld, 1996; Catani and Sey-
mour, 1997).

The cross section for the production of n jets plus the
remnant, sn11 , can be represented as

sn11~x ,Q2;ycut!5as
n21~Q2!An~x ,Q2;ycut!

1as
n~Q2!Bn~x ,Q2;ycut!1••• ,

(5.20)

where An and Bn are calculable in terms of parton dis-
tribution functions of the proton. Here ycut denotes the
resolution parameter used in the jet algorithm. Measure-
ments of jet rates provide a method to determine the
strong coupling constant.

The QCDC and BGF processes result in the presence
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of two jets in the hadronic final state, in addition to the
proton remnant. At HERA, the rate of two-jet produc-
tion is used to measure as as a function of Q2. QCDC
scattering depends on the quark densities in the proton.
The BGF process is sensitive to the gluon content of the
proton. Schematically,

s2115as~Q2!@AQCDCq~xq/p ,Q2!

1ABGFg~xg/p ,Q2!# , (5.21)

where xq/p and xg/p are the fractional momenta carried
by the incoming quark and gluon, respectively. Since the
quark distributions are well constrained by the measure-
ments of the F2 structure function (see Sec. IV.C) the
two-jet production cross section can be used to unfold
the gluon distribution in the proton.

The main uncertainty in confronting experimental
data with theory stems from hadronization effects that
cannot be calculated perturbatively.
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b. BFKL dynamics
The main difference between the BFKL evolution and

the DGLAP evolution is in the pattern of radiation as-
sumed to be dominant in parton evolution. The process
of parton evolution can be schematically represented by
the diagram of Fig. 9. The distance in rapidity space of
parton i relative to the proton can be expressed as

Dyi5yp2yi5ln
2Ep

mp
2ln

2xiEp

kTi
;ln

1
xi

, (5.22)

where Ep is the energy and mp the mass of the proton.
Here xi denotes the fraction of the proton momentum
carried by the ith parton and kTi is its transverse mo-
mentum relative to the proton.

The evolution equations derived in perturbative QCD
are meant to describe the Q2 dependence of global
quantities such as the DIS cross section. It is, however,
believed that the final states will also remember the ra-
diation pattern that leads to evolution. This is intro-
duced in MC models such as LEPTO (Ingelman, Edin,
and Rathsman, 1997) or HERWIG (Marchesini et al.,
1992).

In the DGLAP evolution, the strong ordering in
transverse momenta (relative to the proton beam) kT1
,kT2,¯,kTn.Q of the subsequent radiation re-
quires that partons with the highest kT be radiated close
to the photon absorption point. The QCDC and BGF
processes are the results of such an evolution. Close to
the proton, the partons are expected to have small kT .
In the BFKL evolution, no ordering in kT is implied and
one expects an enhanced parton activity in the central
and forward region, between the current system and the
proton remnant.

Assuming parton-hadron duality (Azimov et al.,
1985), deviations from the DGLAP evolution would re-
sult in an increase of the transverse energy in the central
rapidity range (Golec-Biernat, Kwieciński, Martin, and
Sutton, 1994; Kwieciński, Martin, Sutton, and Golec-
Biernat, 1994). It should also be possible to observe jets
with kt.Q for large xi (Mueller, 1991b; Bartels, de Ro-
eck, and Loewe, 1992; Tang, 1992), which are not al-
lowed in the DGLAP evolution. In fact the rate of such
jets, if they exist, should be enhanced for small Bjorken
x since in the BFKL approach, at least to leading order,
the cross section is expected to rise very fast @s
;(x/xi)

20.5# (Bartels, Del Duca, De Roeck, Graudenz,
and Wüsthoff, 1996).

To summarize, the footprint of BFKL dynamics
should manifest itself in partons in the final state with
transverse momenta larger than expected from the
DGLAP evolution. Assuming duality between partons
and hadrons, the same effects should be present in the
hadronic final state. Furthermore the rate of jet produc-
tion with a large fraction of the proton momentum
should be enhanced for small-x DIS.

One of the problems encountered in looking for
BFKL symptoms in the final states is the lack of MC
models for hadron production that incorporate fully the
BFKL dynamics. The predictions that exist are calcu-
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lated at the parton level and the effect of hadronization,
which may be strong, precludes direct comparisons with
BFKL-based calculations.

The data are usually compared to three MC models of
hadronic final states in DIS. Leading-log DGLAP par-
ton showers are implemented in the LEPTO (Ingelman,
Edin, and Rathsman, 1997) and HERWIG (Marchesini
et al., 1992) generators. The main difference in the two
generators is in the hadronization stage. The ARIADNE
generator (Lönnblad, 1995) parton showers are gener-
ated as a result of radiation from color dipoles formed
by the color charges after the interaction. The gluons
emitted by the dipoles do not obey strong ordering in
kT . All of these MC generators provide a satisfactory
overall description of current DIS final-state data (Carli,
1997).

2. Selection of HERA results

From the multitude of studies carried out for the had-
ronic final states in DIS (Kuhlen, 1997), we report here
on the study of jet shapes, the determination of as , and
the search for the BFKL dynamics.

a. Jet shapes
The internal structure of jets is expected to depend on

the type of primary parton, quark, or gluon from which
the hadronic jet evolved. The formation of a jet from a
parton is driven mainly by gluon emission. As a conse-
quence of a larger gluon-gluon coupling strength com-
pared to that of quark-gluon coupling, the gluon jets are
expected to be broader than quark jets. This expectation
can be tested by comparing jet shapes in different reac-
tions in which in the final-state jets are predominantly
initiated by quarks or gluons.

At HERA, in deep inelastic neutral- and charged-
current scattering, the dominant jet production mecha-
nism is that of one quark jet. The same is true for e1e2

annihilation. In pp̄ and gp scattering, gluon-initiated
jets are expected to give a substantial contribution.

Most suitable for jet shape studies is the cone algo-
rithm in which relatively little is assumed about the en-
ergy flow within a cone of radius R51 in the pseudo-
rapidity h and azimuthal angle f space.

The integrated jet shape c(r) is defined by

c~r !5
1

N jets
(
jets

ET~r !

ET~R !
, (5.23)

where ET(r) denotes the transverse energy contained in
a cone of radius r around the axis of the jet and N jets is
the total number of jets in the sample. By definition
c(R)51.

The integrated jet shape c(0.5) for jets found in
neutral-current DIS at Q2.100 GeV2, with ET

jet

.14 GeV and 21,h jet,2 (Breitweg et al., 1998i,
1998j), is shown in Fig. 68. The jet shape does not de-
pend on h jet, but the jets become more collimated as
ET

jet increases. For jets with ET
jet.40 GeV, almost 95%

of the transverse energy is contained within a cone of
radius r50.5.
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FIG. 68. Integrated jet shape c at a fixed value of r50.5, as a function of h jet (upper plot) and ET
jet (lower plot) in neutral current

DIS at Q2.100 GeV2. The expectations of different MC models are shown for comparison.
When compared with jets seen in hard photoproduc-
tion (Breitweg et al., 1998j), the NC jets are found to be
more collimated, as shown in Fig. 69. The difference be-
tween jet shapes in processes dominated by direct pho-
ton and resolved photon processes is also apparent in
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
the figure. The latter are dominated by the production
of gluon jets.

In Fig. 69 the jet shapes are compared for various
processes. The jets in NC, CC DIS, and e1e2 (Akers
et al., 1994) interactions, which are predominantly initi-
FIG. 69. Integrated jet shape c as function of the radius of integration r, in neutral current DIS at Q2.100 GeV2 compared to jet
shapes in direct and resolved photoproduction (left plot). Comparison between jet shapes in neutral current, charged current DIS,
and e1e2 and pp̄ interactions (right plot).
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ated by quarks, are less broad than jets with similar ET
jet

measured in pp̄ experiments (Abe et al., 1993; Abachi
et al., 1995b).

These observations confirm the expectation that
gluon-initiated jets are broader than quark-initiated jets.
The similarity in the jet shapes also indicates that the
pattern of QCD radiation close to the primary parton is
to a large extent independent of the hard scattering pro-
cess.

b. Measurements of as
The strong coupling constant as is a fundamental pa-

rameter of the standard model and the measurement of
its value in different reactions, sensitive to different as-
pects of the theory, is of utmost importance. At HERA,
as can be extracted in several ways, as outlined below.

The decrease in the quark densities at large x with
increasing scale Q2 is understood in QCD as due to the
radiation of gluons from the quarks. A measurement of
the scaling violations therefore yields information on
as . Fixed-target DIS experiments have extracted as via
this method and have achieved very precise results
(dexpas50.003). At small x, where HERA structure-
function measurements have been performed, the scal-
ing violations depend not just on as but also on the
gluon density in the proton (the number of quarks in-
crease due to the process g→qq̄). A combined analysis
is quite difficult, and will require much larger data sets
and considerably smaller systematic errors than are cur-
rently available. The extraction of as at large-x values is
statistically limited.

It should be noted that as can be extracted in the
context of different QCD-based models. For instance, in
the double asymptotic scaling approach (Ball and Forte,
1994a, 1994b), as appears as a parameter but the gluon
density does not. A fit to the H1 data (DeRoeck, Klein,
and Naumann, 1996) with this model yields

as~Mz!50.11360.00260.006. (5.24)

This method yields very small errors, but the theoretical
uncertainties must still be worked out.

Dijet production in DIS proceeds in leading order via
QCDC scattering or BGF, as depicted in Fig. 10. The
matrix elements for these processes have been calcu-
lated in next-to-leading order, and the rates for dijet
events can be compared to expectations to extract as . It
is imperative to use calculations at least at next-to-
leading order to reduce uncertainties due to different
scales (factorization, renormalization).

A measurement of the rate of dijet events to single-jet
events as a function of ycut , the resolution parameter in
the jet definition, is sensitive to the value of as [see Eq.
(5.21)]. In next-to-leading order the dijet rate can be
expressed as

R211~Q2,yc!5
s211~Q2,yc!

s tot~Q2!
(5.25)

5a~Q2,yc!as~Q2!1b~Q2,yc!as
2~Q2!,

(5.26)
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where yc5ycut and the coefficients a and b are given by
perturbation theory.

The measurements at HERA have been performed
with the JADE algorithm for finding jets. Jets are found
in the detector and must then be corrected to the parton
level to allow comparisons to NLO calculations. For this
to be possible, different Monte Carlo event simulation
programs are used to evaluate the effect of hadroniza-
tion. In principle, the measurement should be performed
at small Q2 as as decreases with Q2. However, given the
fixed-W range that is accessible to the detectors, small
Q2 corresponds to small x. It is found that the small-x
region must be avoided for the measurement to be reli-
able. There are two principle reasons for this: small-x
events can have considerable QCD radiation in the ini-
tial state, which can lead to unwanted jets at the detector
level, and the parton densities at small x are not well
known, leading to a large uncertainty in the measure-
ment. Given these constraints, the measurements have
been performed at relatively large Q2 and x, where
these uncertainties are small.

The ZEUS-measured rates (Derrick et al., 1995d) of
111, 211, and 311 jet events are displayed in Fig. 70
as a function of the value of yc . The results are com-
pared to NLO calculations. The NLO calculations must
be performed in the same kinematic range and with the
same cuts as used by the experiments, and are done via
the Monte Carlo integration programs DISJET (Brod-
korb and Mirkes, 1994) and PROJET (Graudenz, 1995).
As can be seen in the figure, there is good agreement
between these calculations and the measured jet rates.
The value of as is then determined by varying LMS

(5) (cor-
responding to five active flavors) in the QCD calcula-
tions until the best fit is achieved for the ratio R211 .

The extracted values of as from ZEUS and the most
recent H1 measurements (H1 Collaboration, 1998f) are
displayed in Fig. 71. The values from the two experi-
ments are in good agreement. The values of as extrapo-
lated to Q25MZ

2 are

as
ZEUS~Mz!50.11760.00520.005

10.00460.007, (5.27)

as
H1~Mz!50.11760.00320.013

10.00960.006, (5.28)

where the third error in the ZEUS case corresponds to
the theoretical error, while the third error in the H1 case
represents the error from the recombination scheme
used in the jet finder. The theoretical error has been
included by H1 in the second error term.

These measurements are compared to the world aver-
age value as50.11960.006 (Bethke, 1998) in Fig. 71,
and good agreement is found. The systematic errors are
dominated on the experimental side by the hadronic en-
ergy scales of the calorimeters, and on the theoretical
side by the scale dependence and hadronization model
used. There is certainly some room for improvement in
these areas in the future.

c. Search for BFKL dynamics
Observation of an excess of transverse energy in the

central rapidity region of hadronic final states (H1 Col-
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laboration, 1996), compared to DGLAP-based MC
models, was not conclusive. The perturbative phase
could be compensated by hadronization effects (Edin,
Ingelman, and Rathsman, 1996, 1997). However, studies
of MC generators showed that the production of high
transverse momentum particles from hadronization is
suppressed, while it is sensitive to parton radiation.

The H1 experiment has measured the pT spectra
of charged particles as a function of x and Q2

(Adloff et al., 1997h). The spectra were then com-
pared to the expectations of MC generators. The
results, as a function of x and Q2, for particles
with 0.5,h,1.5 in the center-of-mass system, are
shown in Fig. 72. For x.0.0011 a tail of large-
pT particles is observed that cannot be accommodated
by MC generators based on DGLAP parton showers,
while it is well reproduced by the ARIADNE MC with no
implicit kT-ordered parton radiation. This is an indica-
tion that in part of the phase space, the pattern of parton
radiation does not match that of the DGLAP evolution.

Further evidence that leading-order DGLAP parton
showers are not sufficient to describe the final states was
obtained by studying the cross section for forward jet
production (Adloff et al., 1998d; Breitweg et al., 1997h).
The jets with energy E jet and transverse momentum pT
are required to have pT.3.5(5) GeV in H1 and pT
.5 GeV in ZEUS, x jet5E jet /Ep.0.035 and 0.5
,pT

2 /Q2,2. The cross section as a function of Bjorken x
is then compared to MC generators and numerical cal-
culations (see for example Fig. 73). Among the standard
DIS generators only ARIADNE describes the data ad-
equately. An even better description of the data is ob-
tained with the RAPGAP MC, which includes the re-
solved contribution of the virtual photon. The numerical
calculations based on leading-order BFKL dynamics
overestimate the cross section at small x (Bartels, Del
Duca, de Roeck, Graudenz, and Wüsthoff, 1996), while
next-to-leading-order calculations underestimate it (Cat-
ani and Seymour, 1997; Mirkes and Zeppenfeld, 1996).

The results of these studies cannot be taken as proof
for the BFKL dynamics. They show, however, that
higher-order QCD effects, which are not important in
the total DIS cross-section measurements, may be im-
portant for the description of the hadronic final state.
One possible way of modeling these higher-order effects
is by introducing contributions from virtual resolved
photons (Adloff et al., 1997g). This would lead to en-
hanced parton activity and the production of forward
jets with pT.Q .

D. Summary

Jet production in ep scattering is an important labora-
tory for studying the properties of perturbative QCD in
a multipartonic environment. First indications for the
importance of higher-order QCD effects have been es-
tablished. A full understanding of HERA results still
requires more theoretical and experimental investiga-
tions.
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VI. DIFFRACTIVE HARD SCATTERING

One of the surprises that came along with the first
results from HERA was the observation of DIS events
with a large rapidity gap in the hadronic final state, lo-
cated between the photon and the proton fragmentation
regions (Derrick et al., 1993b; Ahmed et al., 1994a). The
observed fraction of events with large rapidity gaps is of
the order of 10%, fairly independent of W and Q2. In
QCD, the fragmentation process driven by parton radia-
tion leads to an exponential suppression of large rapidity
gaps between hadrons (Dokshitzer, Khoze, Mueller, and
Troyan, 1991). Large rapidity gap formation, with little
dependence on W, is typical of diffractive scattering and
invokes the notion of the Pomeron. The fact that the
diffractive exchange can be probed with large Q2 virtual
photons means that its structure can be studied in much
the same way as the partonic structure of the proton.

In hadron-hadron scattering, one usually identifies
three types of interaction that differ in the characteris-
tics of the final states. In elastic scattering, both hadrons
emerge relatively unscathed and no other particles are
produced. In diffractive scattering, the energy transfer
between the two interacting hadrons remains small, but
one (single dissociation) or both (double dissociation)
hadrons dissociate into multiparticle final states preserv-
ing the quantum numbers of the initial hadrons. The
remaining configurations correspond to so-called inelas-
tic interactions.

Characteristic of high-energy elastic and diffractive
scattering is the exponential behavior of the cross sec-
tion as a function of the square of the momentum trans-
fer t between the two hadrons. As this property is remi-
niscent of the diffraction of light by a circular aperture,
diffractive scattering in strong interactions derives its
name from the optical analogy (Amaldi, Jacob, and
Matthiae, 1976).

Since the slope of the t distribution is a measure of the
radius of interaction, diffractive scattering is inherently
related to the properties of the exchanged fields in
strong interactions. Understandably, the appearance of
diffractive phenomena in the presence of a large scale
has steered a lot of renewed interest in diffraction and
its interpretation in the language of the quark-parton
model and QCD. We will concentrate on single diffrac-
tive dissociation phenomena and, in particular, on the
dissociation of real and virtual photons on a proton tar-
get in the presence of at least one large scale.

A. Diffractive scattering in soft interactions

We will start with a short overview of what is known
about diffractive scattering in soft hadron-hadron inter-
actions and with a review of the Regge phenomenology
that is used in the description of diffractive processes.

1. Properties of diffractive scattering

There is no precise definition of diffraction. In what is
called single diffraction, in which only one of the inter-
acting hadrons dissociates, one expects that the dif-



1338 H. Abramowicz and A. C. Caldwell: HERA collider physics
FIG. 70. Jet production rates
Rj as a function of the jet reso-
lution parameter ycut for Q2 in
the range (a) 120,Q2,240
GeV2, (b) 240,Q2,720 GeV2,
(c) 720,Q2,3600 GeV2, and
(d) 120,Q2,3600 GeV2. Only
statistical errors are shown.
Two NLO QCD calculations,
DISJET and PROJECT, each with
the value of LMS obtained from
the fit at ycut50.02, are also
shown.
fracted state preserves the intrinsic quantum numbers of
the initial hadron. However, this does not have to be the
case for the spin and parity, as the momentum trans-
ferred in the interaction may affect the internal motion
of the hadron while the total angular momentum is pre-
served. An additional constraint is imposed by the fact
that the ‘‘absorbing’’ hadron should preserve its
identity—this leads to the so-called coherence condition,
which limits the invariant mass of the diffracted state.
For a particle of mass m and momentum p to diffract on
a stationary target into a state of mass Mx , the mini-
mum momentum transfer square required is

tmin5S MX
2 2m2

2p D 2

. (6.1)

From the uncertainty principle, the coherence of the ab-
sorbing hadron of radius R will be preserved if

~MX
2 2m2!&

2p

R
. (6.2)

Based on the above considerations, diffractive processes
are expected to have the following key features:

(1) The differential cross section has a pronounced
forward peak (with a distribution ;ebt) with a slope that
is related to the typical size of hadrons (for R51 fm the
slope b.8 GeV22).

(2) The diffracted final state will be well separated in
phase space from the target, because of the large for-
ward peak required by the first condition.

(3) The incoming momentum has to be large enough
to allow coherence over the dimensions of the stationary
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target hadron.
(4) Large-mass diffractive states will be suppressed.

To preserve coherence Mx
2/s&0.15, where s52 mp is the

center-of-mass energy squared.

FIG. 71. Measured values of as(Q) at HERA. The statistical
error corresponds to the inner bar and the outer bar reflects
the statistical and systematic (including theoretical) error
added in quadrature. Note that the systematic errors are
strongly correlated. The curves represent as expectations with
LMS

(5)
5 100 (lower curve), and with 200 and 300 MeV (upper

curve). The triangle at Q5MZ indicates the world average
from 1997 (Bethke, 1998) as(MZ

2 )50.11960.006.
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In addition, the energy dependence of the diffractive
processes is expected to be similar to that of the inelastic
cross section (diffraction is a shadow of inelastic interac-
tions).

Experimentally, the double differential cross section
d2s/dtdMX

2 is studied as a function of the center-of-
mass energy squared s and for different interacting had-
rons. A detailed review of experimental data is beyond
the scope of this paper but can be found in Goulianos
(1983, 1990). The experimentally established properties
of single diffraction are in line with the expectations:

(1) For fixed values of s, the t distribution is well de-
scribed by a functional form ebt for t,0.2 GeV2. The
value of b depends on the interacting hadrons and the
nature of the interaction. Typical values of b for single
diffractive dissociation off a proton target are b
.7 GeV22. In the mass region dominated by resonance
production, b is typically larger and mass dependent.
The value of b is found to increase logarithmically with
s—the forward diffractive peak shrinks with energy.

(2) The mass distribution, above the resonance region
and integrated over t, follows a 1/MX

2 distribution.
(3) The total single diffraction cross section is a slow

function of s.

FIG. 72. The x and Q2 dependence of the transverse momen-
tum pT for charged particles. The measurements are per-
formed in the g* p center-of-mass system in the pseudorapidity
interval 0.5,h,1.5. The combined sample is shown in bin 0.
For comparison, expectations of different MC models are
overlaid.
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(4) The ratio of the diffractive cross section to the
total cross section was found to be fairly independent of
the dissociating hadron for the same target hadron, sug-
gesting factorization properties.

2. Pomeron exchange and triple Regge formalism

As mentioned in the Introduction (see Sec. II.E), the
energy dependence of the cross sections for hadron-
hadron interactions is well described by assuming that
the interaction is due to the exchange of Regge trajec-
tories, of which the Pomeron, with quantum numbers of
vacuum, dominates at high energy (Donnachie and
Landshoff, 1992). Many properties of diffractive scatter-
ing, in particular the observed factorization properties,
find a natural explanation if one assumes that diffraction
is mediated by the exchange of a universal Pomeron tra-
jectory with a coupling strength depending on the inter-
acting hadrons. The universality of the exchanged trajec-
tory was proposed originally by Gribov and
Pomeranchuk (1962) and is usually referred to as Regge
factorization.

Regge theory supplemented by Regge factorization
provides a framework on the basis of which many fea-
tures of high-energy hadronic interactions find a simple
explanation. The total, elastic, and single diffractive
cross sections are expressed in terms of Regge trajecto-
ries, a i(t), and their couplings to hadrons, b(t), called
residue functions. In the so-called Regge limit (for t
!MX

2 !s), the following formulas hold for the interac-
tion of hadrons a and b:

s tot
ab5(

k
bak~0 !bbk~0 !sak~0 !21, (6.3)

dsel
ab

dt
5(

k

bak
2 ~ t !bbk

2 ~ t !

16p
s2@ak~ t !21#, (6.4)

d2sdiff
ab

dtdMX
2 5(

k ,l

bak
2 ~ t !bbl~0 !gkkl~ t !

16p

3
1

MX
2 S s

MX
2 D 2@ak~ t !21#

~MX
2 !a l~0 !21. (6.5)

The last formula (6.5) is based on Mueller’s generaliza-
tion of the optical theorem (Mueller, 1970), which re-
lates the total cross section of two-body scattering with
the imaginary part of the forward elastic amplitude
(ab→ab) to the case of three-body scattering. It can be
extended to any inclusive process of the type a1b→c
1X . The term gkkl is called the triple-Regge coupling.
The diagrams corresponding to the expressions above
are presented in Fig. 74.

Expressions (6.4) and (6.5) have been written in such
a way that they allow for contributions other than the
Pomeron exchange as long as the quantum numbers are
preserved. A source of confusion is the fact that the f
trajectory can also contribute to the elastic and diffrac-
tive scattering. This contribution has a very different s
and MX

2 dependence and is expected to be negligible at
large s and small MX

2 /s . The f trajectory has the form
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FIG. 73. Forward jet production cross section as a function of xBj , for jets with xjet.0.035, 0.5,pT
2 /Q2,2, and pT

jet

.3.5(5) GeV, as measured by the H1 experiment. In (a) and (c) the measured cross sections, corrected to the hadron level, are
compared to expectations of ARIADNE (CDM), LEPTO (MEPS), LDCMC (Kharraziha and Lönnblad, 1998), and RAPGAP (with
resolved g* p) MC models. In (b) and (d) the same cross sections are compared to perturbative QCD calculations (see text for
details).
a f~ t !.0.51t , (6.6)

typical of Reggeon exchange, while the Pomeron trajec-
tory as determined by Donnachie and Landshoff (1984,
1992) is given by

aP~ t !51.08510.25t . (6.7)

However, in principle k5P, f, while l5P,R.
For the sake of simplicity we assume that at high en-

ergy, only the Pomeron exchange contributes and we
will take

aP ~ t !511e1aP8 t . (6.8)

Furthermore, since the t distribution in elastic scattering
is to a good approximation exponential, we assume that

baP ~ t !5baP ~0 !•ebat, (6.9)

where ba is an effective slope of the elastic form factor
of particle a and is related to the average radius squared
of the density distribution. In a region of Pomeron
dominance,

d2sdiff
ab

dtdMX
2 5

baP
2 ~0 !bbP ~0 !gPPP ~ t !

16p

1

MX
2 S s

MX
2 D 2e

3~MX
2 !eebsdt, (6.10)
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where

bsd52ba12aP8 ln
s

MX
2 . (6.11)

It is usually assumed that the t dependence of the triple-
Pomeron coupling gPPP is mild compared to the t depen-
dence of the elastic form factors of hadrons. If we take
e50, we recuperate in formula (6.10) all the properties
assigned to diffraction, i.e., no energy dependence of the
cross section, 1/MX

2 dependence on the dissociated mass,
and an exponential slope in the t distribution, shrinking
with s. Note that for triple-Pomeron exchange the MX

2

dependence is related to the s dependence.
The factorization properties implemented in the

triple-Regge formula allow the diffractive differential
cross section to be decomposed into two terms,

d2sdiff
ab

dtdMX
2 5fP /a~xP ,t !•sbP ~MX

2 !, (6.12)

where xP5MX
2 /s . The first term on the right-hand side

of Eq. (6.12) depends on only xP and t and is called the
Pomeron flux, while the second term can be thought off
as the total cross section for bP interactions. The sepa-
ration into these terms is arbitrary as far as constant
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factors are concerned, as the P is not a real particle. The
Pomeron flux factor is usually defined as

fP/a~xP ,t !5
N

16p
baP

2 ~ t !xP
122aP~ t ! , (6.13)

with N51 (Ingelman and Schlein, 1985) or N52/p
(Donnachie and Landshoff, 1987) (for a discussion see
Collins, Huston, Pumplin, Weerts, and Whitmore, 1995).

It should be noted that, while the triple-Regge ap-
proach is very useful in parametrizing the data and sets
up a framework in which diffraction is being described,
its theoretical standing is not strong. For a supercritical
Pomeron (e.0), the implied energy dependence of
single diffraction is such that already at the Tevatron
energies, the expected cross section is larger by a factor
of 5 to 10 than the measured one (Goulianos, 1995) and
it could become larger than the total cross section at
around 40 TeV (Schuler and Sjöstrand, 1993).

B. Diffraction in the quark-parton model

The requirement of a separation of the diffracted final
state from the target leads, at high energy, to the pres-
ence of a large rapidity gap between the two systems. In
the quark-parton model, there is no mechanism for pro-
ducing large rapidity gaps other than by fluctuations in
the hadronization process. Therefore diffractive disso-
ciation as such has to be introduced by hand.

1. The partonic Pomeron

Ingelman and Schlein (1985) postulated that the
Pomeron has a partonic structure that may be probed in
hard interactions in much the same way as the partonic
structure of hadrons. They suggested that the partonic
structure of the Pomeron would manifest itself in the
production of high transverse momentum jets associated
with single diffractive dissociation, for example in pp
scattering. The trigger for such a reaction would consist
of a quasielastically scattered proton and the presence of
high-pT jets in the final state of the the dissociated had-
ron. The jets would be accompanied by remnants of the
Pomeron and of the diffracted hadron.

For numerical estimates they assumed that in the
presence of a hard scale Regge factorization holds and
the Pomeron flux is the same as in soft hadron interac-
tions (with N51). The Pomeron was assumed to consist
of gluons, and two extreme cases were considered. One
case was inspired by the Low-Nussinov QCD Pomeron
(Low, 1975; Nussinov, 1975) consisting of two gluons
and the other by the gluon distribution in the proton. In
both cases it was assumed that the momentum sum rule
applies to the Pomeron as to a normal hadron.

In such an approach it was also natural to expect dif-
fractive dissociation in deep inelastic scattering.

2. The aligned jet model

The presence of diffractive dissociation in deep inelas-
tic scattering was predicted by Bjorken (Bjorken, 1971)
based on the aligned jet model (Bjorken and Kogut,
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1973). The aligned jet model is a generalization of the
vector-dominance model (Bauer et al., 1978) used to de-
scribe gp interactions to the g* p interactions in the
quark-parton model.

In the aligned jet model, deep inelastic ep scattering is
considered in the rest frame of the target proton. In this
frame the virtual photon emitted by the electron fluctu-
ates into a quark-antiquark (qq̄) pair that then interacts
with the proton. If all configurations of the hadronic
fluctuation were to contribute to the total cross section
in a universal manner, as observed for hadron-hadron
scattering, the cross section for g* p interaction would
be Q2 independent leading to violation of scaling prop-
erties of the structure functions @F2;Q2s(g* p)# .
Bjorken solved this puzzle by assuming that only con-
figurations with a very asymmetric distribution of the
longitudinal momentum of the qq̄ , and thus limited rela-
tive transverse momenta, were allowed while the others
were sterile. In the allowed configurations, the quark
that takes most of the momentum of the initial virtual
photon emerges in the final state as the current jet, while
the slow quark interacts with the target almost as a had-
ron. The latter interaction, being of hadronic origin, can
proceed through diffractive dissociation. This will hap-
pen only if the qq̄ lives long enough to evolve into a
hadronic state—that is, at high energies. Therefore
Bjorken was able to predict that at large g* p energy,
even in the quark-parton model diffraction will reap-
pear.

In the aligned jet model, diffractive scattering remains
a soft phenomenon and thus the Regge phenomenology
applies as for hadron-hadron scattering, corrected for
the presence of a virtual photon.

3. Formalism of diffractive DIS in the quark-parton model

In the Ingelman-Schlein approach, deep inelastic ep
diffractive scattering proceeds in two steps. First a
Pomeron is emitted from the proton and then the virtual
photon is absorbed by a constituent of the Pomeron.
This is depicted schematically in Fig. 75. In order to de-
scribe this process we have to introduce new variables,
in addition to the ones used to describe the inclusive
DIS, such as Q2, W, x, and y. The flux of the Pomeron

FIG. 74. Regge diagrams for (top to bottom) the total, elastic,
and single diffractive scattering in hadron-hadron collisions.
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depends on the fraction of the proton four-momentum
carried by the Pomeron xP and on the square of the
momentum transfer t,

xP5
q•~P2P8!

q•P
, (6.14)

t5~P2P8!2, (6.15)

where P and P8 denote the initial and final proton four-
momenta, respectively. If we note that by definition
MX

2 5(q1P2P8)2 and W25(q1p)2 then it is easy to
show that

xP5
MX

2 1Q22t

W21Q22mp
2 .

MX
2 1Q2

W21Q2 , (6.16)

where mp stands for the mass of the proton and the last
relation on the right-hand side holds for small t and
large W, a good approximation for the kinematic region
of high-energy diffractive scattering.

Since the deep inelastic scattering now takes place on
the Pomeron, we need to introduce a variable equivalent
to the Bjorken x, but relative to the Pomeron momen-
tum. This variable is usually called b,

b5
Q2

2q•~P2P8!
5

x

xP
.

Q2

Q21MX
2 , (6.17)

where again in the last step the contribution from t was
neglected. Note that the definitions of the new variables
are very general and do not rely on the dynamics of
diffraction as assumed in the Ingelman-Schlein model.

In the same spirit one can extend the DIS cross sec-
tion to include the dependence on two additional vari-
ables. It is customary to retain the variables t, xP , x, and
Q2. The fourfold differential cross section for ep scatter-
ing can be written as

d4sD

dxP dtdQ2dx
5

2pa2

xQ4 @11~12y !2#F2
D~4 !~x ,Q2,xP ,t !,

(6.18)

where for the sake of simplicity we have omitted the
contribution from the longitudinal structure function.
The superscript D denotes the diffractive process and
the number in parentheses in the superscript of the F2

D is
a reminder that the units of the structure function have
changed. Keeping in mind the relation between F2 and
the absorption cross section s(g* p), we can postulate
that

F2
D~4 ![

d2F2
D~x ,Q2,xP ,t !

dxP dt

5
N

16p
baP

2 ~ t !xP
122aP ~ t !F2

P ~x ,Q2,xP ,t !. (6.19)

If Regge factorization holds, we expect that

F2
P~x ,Q2,xP ,t !5F2

PS x

xP
,Q2D , (6.20)

and one can think of F2
P as the structure function of the

Pomeron. Because the Pomeron is a self-charge conju-
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gate and an isoscalar, the density of any flavor of q̄ is
expected to be equal to the density of the corresponding
q,

f i/P ~x !5f ī /P ~x !, (6.21)

and the densities of the u and d quarks are also equal,

fu/P ~x !5fd/P ~x !5f ū/P ~x !5f d̄/P ~x !. (6.22)

To first approximation one can assume that there are
only two parton densities in the Pomeron, the quark and
gluon densities. It would be tempting to assume that the
strange quark density is the same as that of the u and d
quarks. However, the Kp total cross section is smaller
than the pp cross section, suggesting a possible suppres-
sion of strange quarks. As for heavier quarks, it may be
assumed that their density can be dynamically generated
by QCD evolution. Obviously the issue of the strange
and heavy quark component of the gluon depends of the
real nature of the Pomeron, a subject that will be dis-
cussed in the next section.

C. Diffraction in QCD

Some properties of diffractive dissociation make it a
very interesting study ground for QCD. Diffractive pro-
cesses lead to the presence of large rapidity gaps in the
final states, while in QCD, in which fragmentation is
driven by parton radiation, large rapidity gaps are expo-
nentially suppressed (Dokshitzer et al., 1991). To under-
stand diffraction in QCD one has to invoke new coher-
ent phenomena.

In QCD the concept of the Pomeron still remains
mysterious. The ideas about the nature of the Pomeron
range from a simple diagram with two-gluon exchange
(Low, 1975; Nussinov, 1975) to a sophisticated gluon ex-
change whose properties depend on the nature of the
interaction (for a review, see Abramowicz, Bartels,
Frankfurt, and Jung, 1996). The BKFL Pomeron (Lipa-
tov, 1976; Kuraev et al., 1977; Balitskii and Lipatov,
1978), sometimes called a hard or perturbative
Pomeron, would consist of a ladder of (Reggeized) glu-
ons with a very special radiation pattern (strong x order-
ing and no kt ordering of the gluons inside the ladder).
From a theoretical point of view it becomes essential to
analyze various processes in terms of which type of

FIG. 75. Diagram representing DIS scattering on a Pomeron.
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Pomeron could be probed. The QCD picture of the
Pomeron points to its nonuniversal nature.6

1. Interplay of soft and hard physics

Together with the high-parton-density physics of the
small-x regime of ep scattering at HERA came the real-
ization that the hard physics studied until that point was
the result of an interplay of hard and soft phenomena. In
the case of deep inelastic scattering the unknown soft
physics is hidden in the initial parton distributions,
which are parametrized at a relatively small scale Q0

2

;1 GeV2. The lack of a dynamic picture of the proton
structure leads to a large uncertainty about the region of
phase space that has not been probed as yet. This uncer-
tainty propagates itself in QCD predictions for high-
energy hard scattering at future colliders.

The ability to separate clearly the regimes dominated
by soft or hard processes is essential for exploring QCD
at both a quantitative and a qualitative level. A typical
example of a process dominated by soft phenomena is
the interaction of two large-size partonic configurations
such as two hadrons. A process that would lend itself to
a fully perturbative calculation, and therefore hard, is
the scattering of two small-size heavy onium states each
consisting of a heavy qq̄ pair (Mueller and Patel, 1994).

In deep inelastic scattering the partonic fluctuations of
the virtual photon can lead to configurations of different
sizes. The size of the configuration will depend on the
relative transverse momentum kT of the qq̄ pair. Small-
size configurations (large kT;Q/2) are favored by
phase-space considerations (the phase-space volume
available is proportional to kT

2 /Q2). In the quark-parton
model, in order to preserve scaling, it was necessary to
suppress their presence by making them sterile. In QCD
there is a simple explanation for this suppression—the
effective color charge of a small-size qq̄ pair is small due
to the screening of one parton by the other and there-
fore the interaction cross section will be small (Blättel
et al., 1993; Frankfurt, Miller, and Strikman, 1993). This
phenomenon is known as color transparency.

At small x the smallness of the cross section is com-
pensated by the large gluon density [see Eq. (2.36)]. The
dominant mechanism for diffractive scattering of a
small-size qq̄ pair is two-gluon exchange and the cross
section can be calculated in perturbative QCD.

For large-size configurations, as noted previously, one
expects to be in the regime of soft interactions, modified
by the typical QCD evolution. Here the Ingelman-
Schlein type model would be applicable.

This qualitative picture based on QCD considerations
leads to a picture of diffraction very different from the

6The nonuniversal nature of the Pomeron exchange has
prompted many theoreticians to abandon calling the mecha-
nism of large rapidity gap production ‘‘Pomeron exchange.’’
This is most probably the correct approach. However, it is still
very much the habit to talk about the Pomeron in the context
of diffractive dissociation—a habit that we will reluctantly per-
petrate in this article.
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one expected from the quark-parton model. The origin
of a large rapidity gap may be either of a perturbative
nature or due to soft processes. The Pomeron exchange
is nonuniversal and exhibits very different energy de-
pendences for different initial photon configurations.
Processes dominated by hard scattering are expected to
have a faster energy dependence than those dominated
by soft processes. The establishment of the validity of
this approach has important consequences for the theo-
retical understanding and possible observation of unita-
rization effects, which is considered one of the main
challenges of strong interactions.

2. Perturbative hard-diffractive scattering

By perturbative hard-diffractive scattering we mean a
process in which the large rapidity gap is of perturbative
origin. The cross sections for these processes are calcu-
lable in perturbative QCD, with the parton distributions
in the proton as input. For this to happen, the photon
has to fluctuate into a large kT , quark-antiquark pair.
Furthermore, for this process to be dominated by a two-
gluon exchange, the invariant mass MX

2 !Q2. By mini-
mizing the amount of energy transferred from the pro-
ton to the virtual photon, extra radiation is suppressed.
The price for forcing MX

2 !Q2 is a suppression of the
cross section by extra powers of Q2.

To differentiate between diffractive processes with a
hard scale but a soft component and those that can be
calculated in perturbative QCD, we will call the latter
perturbative diffractive scattering. Three classes of pro-
cesses have been identified as possible candidates for
perturbative diffractive scattering in ep interactions.
One class is small mass diffractive dissociation of a lon-
gitudinally polarized virtual photon gL* , which fluctuates
preferentially into a small-size qq̄ configuration (Brod-
sky, Frankfurt, Gunion, Mueller, and Strikman, 1994). A
possible trigger for a gL* -induced diffractive interaction
is the production of a longitudinally polarized vector
meson, such as r, v, f, J/c , or Y, or any of their radial
excitations. Exclusive vector-meson production is dis-
cussed in detail in Sec. VII. The second class consists of
diffractive, exclusive dijet production, in which the in-
variant mass of the two jets saturates the invariant mass
of the photon dissociation system (Diehl, 1995, Bartels,
Lotter, and Wüsthoff, 1996), independently of the polar-
ization of the virtual photon. In the same category is the
diffractive production of heavy flavors (Levin, Martin,
Ryskin, and Teubner, 1997; Diehl, 1998). The third pro-
cess is the large-t diffractive production of vector me-
sons (Forshaw and Ryskin, 1995; Bartels, Forshaw, Lot-
ter, and Wüsthoff, 1996), where t is of the order of few
GeV2. The contribution from soft Pomeron exchange
should be highly suppressed due to its steeply falling t
distribution. At large t the proton is expected to dissoci-
ate into a multihadronic final state.

In perturbative diffractive processes, ds/dtu t50
;@xG(x ,Qeff

2 )#2, with the effective hard scale Qeff
2 de-

pending on the process. For vector-meson production
(Frankfurt, Koepf, and Strikman, 1996)
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Qeff
2 5Q2

^bL
2 &

^bV
2 &

!Q2, (6.23)

where ^bL
2 & and ^bV

2 & are the effective sizes of the qq̄
pair for the longitudinal photon and the vector meson,
respectively, while for jets with transverse momentum
pT

Qeff
2 5

pT
2

~12b!
>pT

2 . (6.24)

Therefore the cross section for hard-diffractive pro-
cesses is expected to rise with W with a scale-dependent
power and considerably faster than for soft processes.

In QCD the slope of the Pomeron trajectory aP8 is
related to the average kT of the partons in the exchange
(Gribov, 1961). For hard processes kT is expected to be
large and aP8;1/Q2. Therefore another distinctive fea-
ture of perturbative diffractive processes is that the
slope of the t distribution should be universal and inde-
pendent of energy (Bartels, Forshaw, Lotter, and
Wüsthoff, 1996; Abramowicz et al., 1997).

The interest in studying perturbative diffractive pro-
cesses lies in the fact that at very large energy (small x),
when the density of gluons becomes very large, unitarity
corrections are expected to set in and soft phenomena
will become dominant again. However, because the cou-
pling constant will remain small, it will be possible to
study the approach to the unitarity limit from the per-
turbative regime.

3. QCD-inspired models

Only a special class of hard-diffractive scattering pro-
cesses lends itself to perturbative calculations. These
processes are usually suppressed by extra powers of Q2

compared to the total cross section (they are called
higher twist contributions) and populate the region of
large b. The experimental evidence, on the other hand,
points to the presence of a large fraction of DIS events
with LRG that remains relatively constant as a function
of Q2 and W (Derrick et al., 1993b; Ahmed et al., 1994a)
and populates evenly the b phase space. It is thus of
interest to review the phenomenological approaches
that try to explain such a large fraction of diffractivelike
events within QCD.

Since the first results of HERA were presented, the
scientific community has burgeoned with ideas about the
possible origin of hard diffraction and probable conse-
quences. It is therefore not possible to give a complete
and fair review. Instead we will present a broad classifi-
cation and concentrate on discussing in more detail the
most popular approaches.

a. Regge factorization and QCD
There is a class of models that follow the original idea

of Ingelman and Schlein (1985). The cross section for
diffractive scattering is assumed to factorize into a
Pomeron flux and the Pomeron is assumed to consist of
partons whose number densities have to be determined
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
directly from the data, usually by applying the standard
DGLAP QCD evolution.

The QCD factorization theorem was only recently
proven to hold for the leading twist diffractive structure
function F2

D of the proton measured in DIS (Collins,
1998), giving support to this approach. Prior to that, it
was conjectured that one could introduce the concept of
diffractive parton densities (Trentadue and Veneziano,
1994; Berera and Soper, 1996) (also called differential
fracture functions) and that these new parton densities
would factorize similarly to the DIS parton densities and
satisfy the DGLAP evolution equation (Berera and
Soper, 1996; Kunszt and Stirling, 1996). The Regge fac-
torization of these diffractive parton densities is an ad-
ditional assumption.

A large group of physicists have explored such an ap-
proach (Berger, Collins, Soper, and Sterman, 1987; Don-
nachie and Landshoff, 1987; Capella, Kaidalov, Merino,
and Tran Thanh Van, 1995; Golec-Biernat and Kwieciń-
ski, 1995; Kniehl, Kohrs, and Kramer, 1995; Gehrmann
and Stirling, 1996; Collins, Terron, and Whitmore, 1997;
Vermaseren, Barreiro, Labarga, and Yndurain, 1998).
They differ in the way one of the three major ingredi-
ents are treated: the Pomeron flux, the evolution equa-
tion, and the initial parton distributions. In this
Ingelman-Schlein type of approach it is also natural to
incorporate the exchange of subleading trajectories in
the same way as the Pomeron exchange (Golec-Biernat
and Kwieciński, 1997; Adloff et al., 1997c).

b. Color dipole interactions
Since in small-x interactions it is the qq̄ fluctuation of

the photon that interacts with the target proton, it is
natural to view the interaction as that of a color dipole
with the proton (Nikolaev and Zakharov, 1994, 1997;
Białas and Peschanski, 1996; Wüsthoff, 1997b). Białas
and Peschanski (1996) have extended the dipole ap-
proach assuming that the proton also consists of color
dipoles.

For diffractive scattering the dipole interacts with the
proton through two-gluon exchange. The models differ
in the way the two-gluon exchange is handled in QCD.
Since there is no guarantee that the approach can be
fully perturbative, the uncertainties are absorbed into
effective parametrizations, whose parameters are de-
rived from the inclusive DIS scattering in particular.

In these models the Pomeron is nonuniversal and can-
not be represented by a single flux. Common to this ap-
proach is the prediction of a dominant contribution of
the longitudinal photon to the large-b spectrum. The
small-b spectrum is populated by qq̄g configurations of
the photon, while the qq̄ configuration of the trans-
versely polarized photon populates the mid-b region.

c. Perturbative QCD approach
In this approach diffractive scattering proceeds

through the coupling of two-gluons to the photon
(Ryskin, 1990; Bartels and Wüsthoff, 1996; Gotsman,
Levin, and Maor, 1997a; Bartels, Ellis, Kowalski, and
Wüsthoff, 1998). For low-mass diffraction the final state
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consists of a qq̄ pair, while large-mass diffraction in-
cludes the production of qq̄g final states. The dynamic
content of these models differs in the treatment of QCD
corrections and in the choice of the gluon density. In
many respects the results are similar to the ones ob-
tained with the dipole approach.

This approach is used to calculate high-pT jets (Bar-
tels, Ewerz, Lotter, Wüsthoff, and Diehl, 1996) and
charm production in diffractive scattering (Ryskin, 1990;
Levin et al., 1997; Diehl, 1998). In the perturbative ap-
proach the charm yield is expected to be large. The only
exception is the model (Diehl, 1998) based on the non-
perturbative two-gluon exchange of Landshoff and
Nachtmann (1987).

d. Semiclassical approach and soft color interactions
In the semiclassical approach partonic fluctuations of

the virtual photon are scattered off the proton treated as
a classical color field localized within a sphere of radius
1/L (Buchmüller and Hebecker, 1996). A final-state
color singlet partonic configuration is assumed to lead to
a diffractive event, while a color nonsinglet configura-
tion yields an ordinary nondiffractive event. This simple
physical picture, which is a generalization of the aligned
jet model, leads to a number of predictions (Buchmüller,
McDermott, and Hebecker, 1997a, 1997b) that are inde-
pendent of the details of the proton color field. In this
approach the notion of a Pomeron does not really ap-
pear and large rapidity gaps are generated as a result of
color rearrangement in the final state.

The phenomenology of the semiclassical approach is
qualitatively similar to the Ingelman-Schlein approach,
with a Pomeron that is predominantly gluonic. The
dominant partonic process is boson-gluon fusion (Buch-
müller and Hebecker, 1995), and nonperturbative soft
color interactions (Edin et al., 1996) cause the formation
of a color singlet final state.

4. Summary

To summarize, tremendous theoretical progress has
been achieved since the first appearance of large rapid-
ity gaps in DIS. While the number of models may seem
overwhelming, in fact in many respects they follow the
same pattern and their validity is limited to specific re-
gions. Their variety reflects the problem of the interplay
of soft and hard QCD in diffraction, as well as the inter-
play of leading and nonleading twist effects. The latter
have been pretty much ignored in the region of small x;
however, they may turn out to play an important role
(Bartels and Wüsthoff, 1997; Bertini, Genovese, Ni-
kolaev, Pronyaev, and Zakharov, 1998) and improve our
understanding of small-x physics in general.

Many of the presented models have predictions that
can be tested experimentally, such as Regge factoriza-
tion, the Q2 and W dependence as a function of b, as
well as the t dependence. The characteristics of the final
states provide another probe for the validity of the pre-
sented ideas. The experimental program at HERA has
barely started and the present achievements will be sum-
marized below.
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D. Pre-HERA experimental results

The first evidence for the existence of a hard compo-
nent in diffractive scattering was reported by the UA8
experiment (Bonino et al., 1988; Brandt et al., 1992). It
was based on the presence of large-pT jets in pp̄ inter-
action at As5630 GeV in which a proton (or antiproton,
respectively) was found carrying a large fraction of the
beam momentum, 0.90,xL,0.97. The measurements
were performed at relatively large values of t, utu
. 0.9 GeV2. Based on a sample of two-jet events, the
Pomeron internal structure was found to be hard
(Brandt et al., 1992), with about 30% of the sample con-
sisting of jets carrying away all of the Pomeron momen-
tum.

E. Diffractive dissociation in photoproduction

Before embarking on a more detailed discussion of
hard-diffractive scattering at HERA, it is of interest to
establish whether diffractive dissociation initiated by a
real (or quasireal) photon follows the properties ob-
served in hadron-hadron interactions.

In fixed-target experiments, diffractive dissociation of
the photon was studied in gp interactions at center-of-
mass energies As.14 GeV (Chapin et al., 1985). The
double-differential cross section d2s/dtdMX

2 was mea-
sured for MX

2 /s,0.1 and 0.02,utu,0.2 GeV2. The dif-
ferential cross section was found to be dominated by the
production of the r meson. The large mass distribution
was found to follow an 1/MX

2 dependence consistent
with a large triple-Pomeron presence in the diffractive
amplitude. The t distribution was found to be exponen-
tial with a slope b510.661.0 for r production, while for
MX

2 .4 GeV2 the slope was found to be mass indepen-
dent and roughly half of the value measured for the r. A
comparison with pp interactions with p dissociation
performed under similar conditions showed a good
agreement with Regge factorization.

Both HERA collider experiments, H1 (Adloff et al.,
1997d) and ZEUS (Breitweg et al., 1997e), have studied
photon diffractive dissociation, using very small Q2

(typically Q2,0.0140.02 GeV2) electroproduction, in
which the electron is scattered under a small angle and
the interaction can be thought off as proceeding through
a beam of quasireal photons scattering off a proton tar-
get. The energy range covered by the HERA experi-
ments is an order of magnitude larger than for the fixed-
target experiment. The experimental procedures used to
extract the diffractive samples will be discussed in more
detail in the context of hard diffractive processes. Here
we just report the main findings.

H1 has performed a measurement of single photon
dissociation at two energies, W5187 and 231 GeV.
From the study of both the energy dependence, which
included the results of Chapin et al. (1985), and the MX
dependence, it is concluded that the triple-Regge for-
malism describes well the data. The extracted value of

ap~0 !51.06860.01660.02260.041, (6.25)
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with the last error due to MC model uncertainties,
agrees with the one from hadron-hadron interactions.

The ZEUS experiment studied the MX distribution at
a fixed value of W5200 GeV and obtained a value of

ap~0 !51.1260.0460.08, (6.26)

again in good agreement with expectations. The per-
centage of inelastic photon dissociation (i.e., excluding
the mass region MX,mf) in the total cross section was
found to agree with expectations of Regge factorization.
In addition, the leading proton spectrometer detector of
ZEUS was used to measure the t distribution associated
with photon dissociation (Breitweg et al., 1998k). In the
energy interval 176,W,225 GeV and for masses 4
,MX,32 GeV, the t distribution has an exponential be-
havior with

b56.860.921.1
11.2 GeV22. (6.27)

It can be concluded that photon diffraction dissocia-
tion in photoproduction follows a similar pattern to
single diffractive dissociation in hadron-hadron interac-
tions.

F. Diffractive deep inelastic scattering at HERA

The diagram corresponding to diffractive DIS, ep
→epX , is presented in Fig. 75. The dissociating particle
is the virtual photon emitted by the electron. The final
state consists of the scattered electron and hadrons that
populate the photon fragmentation region. The proton
is scattered in the direction of the initial beam proton
with little change in the momentum and angle.

Two major difficulties arise when studying diffractive
scattering at HERA. The first difficulty is encountered
in the selection of the diffractive sample. At HERA, the
highly sophisticated detectors cover predominantly the
photon fragmentation region, leaving out, for precise
measurements, most of the proton fragmentation region.
The second difficulty arises because not all events that
have properties typical of diffractive dissociation are due
to Pomeron exchange.

In the following we first discuss the kinematic configu-
rations of diffractive events and then the experimental
procedures leading to the selection of diffractive candi-
date events. We then discuss the measurements of the
F2

D(3) structure function (F2
D(4) integrated over t) and

the properties of the associated final states.

1. Kinematics of diffractive final states

We first consider a typical kinematic configuration for
the g* p→Xp reaction with mass MX at center-of-mass
energy W and with MX!W . For simplicity we will start
by describing this configuration in the g* p center-of-
mass system and assume that t50 GeV2. The kinematics
are very much like that of a two-body scattering with
transverse momentum pT50. The proton and the sys-
tem X move in opposite directions with longitudinal mo-
mentum pL.W/2. The respective rapidities of the pro-
ton, yp , and of the system X, yX , are
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where we have used the coordinate system of HERA
with the proton moving in the positive z direction and
have neglected the masses compared to the energies.
The rapidity separation between the proton and system
X is

Dy5yp2yx5ln
W2

mpMx
. (6.30)

For W5200 GeV and MX520 GeV the rapidity separa-
tion Dy.7.7. Obviously the system X will fragment into
hadrons and will typically occupy a region in Dy
;ln MX.3. The proton and the fragments of system X
will be separated by a rapidity gap larger than four units.
From soft hadron-hadron interactions, the typical den-
sity correlation length in rapidity is two units of rapidity.
Therefore typical of diffractive scattering at high energy
is a large rapidity gap between the proton and the re-
maining hadronic system (see Fig. 76).

For moderate Q2 interactions at HERA, the g* p sys-
tem is to a good approximation boosted longitudinally
with respect to the laboratory system. A longitudinal
boost causes all the rapidities to be shifted by the same
amount and thus the basic rapidity gap structure is pre-
served. A proton with momentum pp5820 GeV has ra-
pidity yp

lab.7.5. In our example the MX system will have
yX

lab.0. The coverage of the main calorimeters in rapid-
ity space is typically 23.5,y,4, therefore the MX sys-
tem will be measured in the main detector, while the
proton will escape detection.

Note that in events in which the proton dissociates as
well, it may happen that some of the hadrons from the
dissociation will be visible in the calorimeter. The pres-
ence of such events may destroy the rapidity gap be-
tween the two systems.

For calorimetric measurements of the hadronic en-
ergy flow, the pseudorapidity variable h is used instead
of rapidity. It is defined as

h52ln tan
u

2
, (6.31)

with u the polar angle measured with respect to the pro-
ton direction. The pseudorapidity is a very good ap-
proximation to rapidity for particles with small mass
(E.upu).

2. Experimental selection of diffractive samples

The selection of diffractive events in DIS proceeds in
two steps. The events are first selected based on the
presence of the scattered electron in the detector. The
procedure follows exactly the one described for the F2
measurements in Sec. IV.B. For the diffractive selection
three different methods have been used at HERA:
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(1) A reconstructed proton track was required in the
leading proton spectrometer with a fraction of a initial
proton momentum xL.0.97 (Breitweg et al., 1998b);

(2) The hadronic system X measured in the central
detector was required to be separated by a large rapidity
gap from the rest of the hadronic final state (Derrick
et al., 1995e; Ahmed et al., 1995a; Adloff et al., 1997c);

(3) The diffractive events were identified as the excess
of events populating the small mass MX region, in the
inclusive in MX

2 distribution (Derrick et al., 1996b).
The remaining background is estimated using Monte

Carlo simulation of background processes, tested on
control samples. The acceptance and resolution correc-
tions are calculated using samples of diffractive Monte
Carlo simulated events tuned to reproduce the data. For
the diffractive DIS analysis, the RAPGAP (Jung, 1995)
generator, based on the Ingelman-Schlein model, is
widely used. It is very similar to nondiffractive DIS gen-
erators, in which the proton is replaced by a beam of
Pomerons with a partonic content. Other diffractive
models are used for systematic checks.

a. Selection based on the leading proton spectrometer
As in fixed-target hadron-hadron interactions the

cleanest selection of diffractive events with photon dis-
sociation is based on the presence of a leading proton in
the final state. By leading proton we mean a proton that
carries a large fraction of the initial beam proton mo-
mentum. The spectrum of protons in a sample of DIS
events has been measured in the leading proton spec-
trometer of the ZEUS experiment (Breitweg et al.,
1998b) and is shown in Fig. 77 as a function of xL
5upfu/upiu, where the subscripts f and i denote the final
and initial protons, respectively, and upu stands for the
absolute value of the momentum.

A characteristic peak is observed at xL.1 that corre-
sponds to photon dissociation events. The geometrical
acceptance of the leading proton spectrometer is of the
order of 10%. A clean sample of diffractive events is
obtained by requiring xL.0.97. Studies based on MC
simulation of background processes indicate that the
contamination by processes such as p trajectory ex-
change or proton dissociation remains below 3%. The
measurement of the momentum vector of the scattered
proton allows us to determine the t value and to study
the t distribution in inclusive diffractive dissociation.

b. Selection based on large rapidity gaps
As discussed in the section on kinematic properties of

diffractive photon dissociation, a large rapidity gap is
expected in the hadronic final state. For inelastic DIS
events, the rapidity phase space is populated evenly by
final-state particles.

One way of establishing the presence of events with a
large rapidity gap is shown in Fig. 78. Each event is as-
signed a variable hmax defined as the h of the energy
deposit in the central detector above 400 MeV closest to
the proton direction. The distribution of hmax for DIS
NC events is compared to the expectations of a DIS
Monte Carlo based on the color dipole model [ARIADNE
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(Lönnblad, 1995)] for the production of the inelastic
hadronic final state. A clear excess of events with large
rapidity gaps is observed in the region of hmax,2, which
corresponds to an effective rapidity gap of more than
two units of h in the central calorimeter and possibly
more than five units of h relative to the initial proton. In
the nondiffractive MC the large rapidity gap events are
strongly suppressed in this region.

In the selection based on a rapidity gap starting in the
central detector, events in which the proton has also dis-
sociated may be erroneously assigned to single photon
dissociation. This background is estimated to be &10%
for the H1 detector, for which good tagging efficiency
for the hadronic final states extends into the forward
region up to h.7. Only events in which the proton dis-
sociated into a mass MY&1.6 GeV escape the tagging
devices (Adloff et al., 1997c). In the ZEUS detector,
which relies mainly on the coverage of the uranium calo-
rimeter, masses MY up to about 5.5 GeV remain unde-
tected. The background is therefore larger and esti-
mated to be ;30%.

The requirement that the system X be contained in
the central detector limits the acceptance for large xP
values. For H1 xP,0.05, while for ZEUS it is xP,0.03.
Note that for xP.0.01 color singlet exchanges other
than the Pomeron can also contribute.

c. Selection based on the MX distribution
The MX method to extract the diffractive contribution

is based on the observation that the spectrum of the
invariant mass MX measured in the calorimeter consists
of two components with very different behavior (Der-
rick et al., 1996b). The diffractive contribution is identi-
fied as the excess of events at small MX above the expo-
nential falloff of the nondiffractive contribution with
decreasing ln MX

2 (see Fig. 79). The exponential falloff,
expected in QCD (Dokshitzer et al., 1991), permits the
subtraction of the nondiffractive contribution and there-
fore the extraction of the diffractive contribution with-
out assuming the precise MX dependence of the latter.

The MX distribution is expected to be of the form

dN

d ln Mx
2 5D1c exp~b ln Mx

2!. (6.32)

Here, D denotes the diffractive contribution. Assuming
an MX

22 dependence for photon dissociation, expected
to hold for MX

2 @Q2 (Donnachie and Landshoff, 1987;

FIG. 76. Schematic representation of the particle distribution
in the rapidity (y) space for a single diffractive dissociation
event.
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Nikolaev and Zakharov, 1994), D is a constant. The sec-
ond term on the right-hand side represents the nondif-
fractive contribution. Expression (6.32) is fitted to the
measured ln MX

2 distribution in bins of Q2 and W. The fit
parameters are D, b, and c. The fits are performed to the
data in a limited range of MX

2 , in which the expression
(6.32) is expected to hold to a good approximation.

The parameters of the fit are very well constrained at
large W, where the separation of the diffractive and non-
diffractive events is clearly visible. Monte Carlo studies
have shown that the value of b does not depend on W or
Q2. The same tendency is observed in the data. As a
result a single value of b, as determined at large W and
Q2, is assumed for the fits performed in other regions.

From the results of the fitting procedure performed in
each W, Q2 interval, only the parametrization of the
nondiffractive background is retained. This parametriza-
tion is then extrapolated to the small ln MX

2 region and
subtracted from the experimental distribution giving the
diffractive contribution in the data. The results of the fit
are also presented in Fig. 79.

Given the size of the background this method limits
the measurements to small masses, MX,15 GeV and
xP&0.01, dominated by Pomeron exchange. The back-
ground from events in which the proton also dissociated
remains the same as for the large rapidity gap method.

3. Measurements of F2
D

The measurements of F2
D(3) have been performed by

H1 and ZEUS. The early results (Ahmed et al., 1995a;
Derrick et al., 1995e) were compatible with Regge fac-
torization. However, the values of aP determined from
the xP dependence for fixed values of Q2 and b were
inconclusive as to the nature of the Pomeron probed in

FIG. 77. Observed spectrum of the fraction of the proton
beam momentum carried by the scattered proton xL . Overlaid
(full line) is the result of fitting this distribution with a sum of
contributions from MC generators for double dissociation
(shaded area), for pion exchange (dotted line), and for photon
diffractive dissociation (dashed line).
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DIS. The lack of Q2 dependence established that in dif-
fractive scattering the virtual photon was scattering off a
pointlike particle.

The recent measurements of F2
D(3) by the H1 experi-

ment (Adloff et al., 1997c) are based on a tenfold in-
crease in statistics (integrated luminosity of 1.96 pb21)
and cover the kinematic region, 4.5,Q2,75 GeV2, 2
31024,xP,0.04 and 0.04,b,0.9. The analysis re-
quires the presence, in the event of a large rapidity gap,
of at least four units in rapidity. The hadronic final state
is required to be contained in the main calorimeter,
which provides, together with the tracking detectors, the
measurement of the invariant mass MX . The results of
these measurements are shown in Fig. 80, where the val-
ues of xPF2

D(3)(b ,Q2,xP) are displayed as a function of
xP for different values of b and Q2. The xP dependence
of F2

D(3) is seen to change with b and remains fairly
independent of Q2.

The ZEUS experiment has used a sample of leading
proton spectrometer-tagged DIS events to measure
F2

D(4) in the range 5,Q2,20 GeV2, xL.0.97, 0.015
,b,0.5, and 0.073,utu,0.4 GeV22. The sample corre-
sponds to an integrated luminosity of 900 nb21. The re-
sults of the measurement at Q258 GeV2 and utu
50.17 GeV22 are displayed in Fig. 81. The measure-
ments are confined to relatively large values of xP , es-
pecially at small b. The data are compatible with Regge
factorization, albeit the significance is limited by the
dominant statistical error. The same data sample was
used to determine the t distribution, which was found to
follow an exponential behavior as seen in Fig. 82.

For the 1994 DIS data, corresponding to an integrated
luminosity of 2.61 pb21, the ZEUS experiment has used
the MX method to determine the W and Q2 dependence
of the g* p photon diffractive dissociation cross section
(Breitweg et al., 1999b). The measurements were per-
formed for small masses, MX,15 GeV, and cover the
range 7,Q2,140 GeV2 and 60,W,200 GeV. The re-
sults are displayed in Fig. 83. The differential cross sec-
tion ds/dMX is shown as a function of W in bins of Q2

FIG. 78. Distribution of hmax for DIS events. The solid circles
are the data points, the dashed histogram is the result of the
nondiffractive (ARIADNE) MC simulation, and the full histo-
gram is that of the DIS diffractive MC (POMPYT).
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and MX . The contribution of the photon dissociation
accompanied by small-mass proton dissociation has not
been subtracted. A strong increase with W is observed
for masses MX,7.5 GeV.

The corresponding F2
D(3) shows a reasonable agree-

ment with the H1 measurements (Adloff et al., 1997c)
and the leading proton spectrometer measurements in
the overlap region.

a. The xP and W dependence
In the simple Regge model in which F2

D(3) factorizes
into

F2
D~3 !5fP /p~xP !F2

P~b ,Q2!, (6.33)

the xP dependence is expected to follow a xP
2n depen-

dence, where n52āP21, independently of b and Q2.
Here āP stands for a value of aP(t) averaged over the t
distribution. The value of n can be also obtained from
the W dependence of the g* p cross section for fixed Q2

and MX ,

sD~g* p !;Q2F2
D;Q2xP

2n;Q2S W21Q2

Mx
21Q2D n

;W2n,

(6.34)

where in the last step the approximation Q2!W2 is
made.

A fit to the H1 data (Adloff et al., 1997c) with a single
power n yields a poor x2. The exchange of a single fac-
torizable Regge trajectory in the t channel does not pro-
vide an acceptable description. However, if one assumes
in addition to the Pomeron exchange the contribution of
a subleading reggeon trajectory, the quality of the fit
improves tremendously. In the fit the intercepts of the

FIG. 79. Distribution of ln MX
2 for W and Q2 as denoted in the

figure. The solid line shows the exponential falloff of the non-
diffractive contribution resulting from fitting the data with Eq.
(6.32). The dotted line shows the result of a fit including a
diffractive component.
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Pomeron aP(0) and of the reggeon aR(0) are kept as
free parameters, as well as their relative contribution.
The results are

aP~0 !51.20360.02060.01320.035
10.030 , (6.35)

aR~0 !50.5060.1160.1120.10
10.09 , (6.36)

where the last error depends on the details of how the
two contributions are added. The results of one of the
models, in which a maximal interference between the
Pomeron and reggeon exchange is assumed, is presented
in Fig. 80.

The value of aR(0) agrees with the value of .0.55
obtained in an analysis of total hadronic cross sections
(Donnachie and Landshoff, 1992). The value of aP(0) is
significantly larger than expected for the soft Pomeron
(Donnachie and Landshoff, 1992; Cudell, Kang, and
Kim, 1997).

In the ZEUS data, aP(0) is derived from fits to the W
dependence of the g* p cross section, assumed to have
the form Wa, at each value of Q2 and mass MX (Breit-
weg et al., 1999b). The value of a is related to aP(0)
through the relation

a54~aP~0 !212@0.03# !,

where the term in brackets is a correction due to aver-
aging over the t distribution, assuming aP850.25 GeV22

and b57 GeV22. The fitted curves are displayed in Fig.
83 while the results of the fit for aP are presented in Fig.
84 as a function of Q2 for two ranges of masses. For all
values of Q2 and MX the value of aP lies above the
highest expectations from soft Regge phenomenology
(Cudell et al., 1997). Given the large systematic errors at
large Q2 it is not possible to draw conclusions on any
possible Q2 dependence. The value of aP averaged over
the whole measured kinematic range is

aP~0 !51.1660.0120.01
10.04 , (6.37)

compatible within errors with the value obtained in the
H1 analysis. No correction for contribution of sublead-
ing trajectories was attempted as the measurements cor-
respond to xP&0.01 in which the Pomeron exchange is
dominant. The presence of subleading reggeon contribu-
tions may, however, explain the relative flatness of the
xPF2

D(4) distribution measured with the leading proton
spectrometer tag at larger xP values (see Fig. 81).

The W dependence of the diffractive cross section as
measured in ZEUS had been compared to the W depen-
dence of the total g* p cross section s tot . The latter was
derived from a parametrization of the measured F2 of
the proton. The ratio rD defined as

rD5
1

s tot~g* p !
E

MXbin

dsD~g* p !

dMX
dMX (6.38)

is plotted in Fig. 85 as a function of W. It is interesting to
note that the ratio is within errors constant with W. This
is unlike hadron-hadron interactions for which this ratio
decreases strongly with W (Goulianos, 1995).

b. The Q2 dependence
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FIG. 80. The diffractive structure function F2
D(3) (b ,Q2,xP) multiplied by xP as a function of xP (solid points) for fixed values of

b and Q2 as denoted in the figure. The solid line is the result of a Regge fit in which the Pomeron and the reggeon exchange
contribute with maximum interference. Also shown is the Pomeron contribution alone (dashed line) and including the interference
(dotted line).
The Q2 dependence of xPF2
D(3) has been determined

by H1 for xP50.003 and is shown in Fig. 86 for a range
of b values. Scaling violation is observed for b<0.4
where F2

D(3) increases with Q2. For larger b values the
Q2 dependence is mild with a tendency of F2

D(3) to de-
crease with increasing Q2. The pattern of scaling viola-
tion is different from the one observed for the inclusive
F2 of the proton, especially at larger values of b. The
slow decrease with Q2 interpreted in terms of QCD evo-
lution signals a substantial presence of gluons at large b.
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The radiation of quarks by gluons compensates the mi-
gration of quarks radiated by quarks toward lower val-
ues of b.

The Q2 dependence of rD at low mass is much stron-
ger (see Fig. 85) than at larger masses where it almost
disappears, indicating that the diffractive production of
a fixed low mass is suppressed roughly by an extra
power of Q2 relative to the total cross section. This is
not necessarily in variance with the milder logarithmic
dependence observed in the H1 data as it may reflect
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the large-b dependence of F2
D(3) . For a fixed MX the

increase of Q2 corresponds to an increase in b. The Q2

dependence observed here is not unlike the one ob-
served in exclusive vector-meson production.

FIG. 81. The diffractive structure function F2
D(4)

(b ,Q2,xP ,t) multiplied by xP as a function of xP (solid points)
for fixed values of b as denoted in the figure, Q258 GeV2 and
utu50.17 GeV2. Also shown is the result of the fit assuming an
(1/xP)a dependence, independent of b.

FIG. 82. The differential cross section ds/dt for diffractive
DIS events with a leading proton of xL.0.97, in the range 5
,Q2,20 GeV2, 50,W,270 GeV, and 0.015,b,0.5. The
line is the result of an exponential fit.
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c. The b dependence
The b dependence of xPF2

D(3) as determined by H1
for xP50.003 is shown in Fig. 87 for different Q2 values.
The b dependence is relatively flat at small Q2 and in-
creases toward lower b as Q2 increases. The same effect
is observed by the ZEUS experiment.

d. The t dependence
The t distribution measured by ZEUS (see Fig. 82)

has been fitted with a single exponential function yield-
ing a value of the slope b,

b57.261.120.9
10.7 GeV22. (6.39)

It is interesting to note that the slope of the t distribution
at an average Q258 GeV2 is larger than the slope of the
t distribution measured in this experiment for exclusive
J/c photoproduction (ZEUS Collaboration, 1997a) (b
54.660.6 GeV22). This may be an indication that in the
mass range covered by the leading proton spectrometer
(0.015,b,0.5), soft processes contribute to virtual
photon dissociation.

e. Comparison with models
The ZEUS measurements of F2

D(3) have been com-
pared to the predictions of a selected number of models
representative of the present theoretical ideas behind

FIG. 83. The differential cross section ds/dMX as a function
of the g* p center-of-mass energy W for fixed values of Q2 and
for ranges of MX as denoted in the figure. The solid line is the
result of a fit with the function ds/dMX}Wa in each of the
bins separately. The dashed line is the result of the fit with a
the same for all bins.
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inclusive DIS diffractive scattering:
(1) The model of Nikolaev and Zakharov (1997);
(2) The model of Bartels et al. (1998);
(3) The model of Bial”as, Peschanski, and Royon

(1998).
The predictions are shown in Fig. 88.
In the semiclassical approach to diffractive DIS

(Buchmüller and Hebecker, 1996), for which there are
no numerical predictions as yet, it is expected that the W
dependence of diffractive dissociation will be similar to
that of the inclusive DIS, a feature that is borne out in
the data.

4. Final states in diffractive DIS

The topological structure of the hadronic final states
emerging from the diffractive dissociation of virtual pho-
tons should reflect the underlying production mecha-
nism. It is convenient here to use the language of photon
partonic fluctuations. For diffractive scattering domi-
nated by the aligned jet model configurations, one would
expect the final state in the g* P center-of-mass system
to consist of two jets of particles aligned along the g* P
collision axis. The small size configurations would mate-
rialize as two jets aligned along an axis rotated relative
to the g* P collision axis to reflect the large kT of the
quarks relative to the photon. Here an analogy with the
final states observed in e1e2 annihilation into two
quarks can be drawn. In models in which the Pomeron is
viewed as consisting of quarks and gluons, large-kT jets
in the g* P system would be accompanied by the ‘‘rem-
nant of the Pomeron.’’

Possible configurations of the final state are shown
diagrammatically in Fig. 89. In each configuration some
kT can be assigned to the partons, in particular for the
QCD Compton and boson-gluon fusion diagram. How-
ever, even the initial partons in the Pomeron could have
large kT .

The relatively small invariant mass MX of the disso-
ciative system makes a jet-search analysis of the final
states very inefficient. Topological studies can be carried
out by invoking event shape variables. These variables
were very successful in describing the partonic nature of

FIG. 84. The value of āP as a function of Q2 and for two mass
ranges MX as derived from the fit to the W dependence of the
cross section. Also shown are the results expected for the soft
Pomeron exchange (Cudell et al., 1997) assuming aP8
50.25 GeV22.
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the hadronic final states in e1e2 scattering at center-of-
mass energies that were too low to resolve three-jet
from two-jet events (Berger et al., 1982) and that corre-
spond to the typical values of MX considered here.

Charm production is also believed to be a sensitive
probe for the mechanism underlying diffractive hard
scattering (Buchmüller et al., 1997b). The mass of the
charm quark provides the hard scale for the perturbative
approach to be applicable.

a. Event shape variables
The momentum tensor for a state X, consisting of N

particles with momentum vectors pW i in the rest frame of
system X, is defined as

Zm ,n5(
i51

N

pimpin , (6.40)

where the subscripts m and n denote the three coordi-
nates of vector pW (Bjorken and Brodsky, 1970). The di-
agonalization of Zmn yields three axes nW k and three ei-
genvalues lk5S i51

N (pW i•nW k)2. The normalized
eigenvalues Lk5lk /S i51

N (pW i)
2 can be ordered in such a

way that L1,L2,L3 . The corresponding unit vectors
nW i define a reference frame in which vector nW 3 is the unit
vector along the principal axis, the so-called sphericity
axis, which minimizes the sum of the squared transverse
momenta. The event plane is defined by nW 2 and nW 3 ,

FIG. 85. Ratio of the diffractive cross section sdiff, integrated
over the mass range indicated in the figure, to the total DIS
cross section s tot as a function of W for different values of Q2.
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while nW 1 defines the direction perpendicular to the event
plane. Sphericity S is defined as

S5
3
2

~L11L2!5
3
2

min
nW

( i51
n pTi

2

(
i51

n

pi
2

~nW 5nW 3!. (6.41)

Sphericity indicates the total pT
2 with respect to the

event axis. For isotropic distributions of particles in the
phase space S51. In models with a constant limited
transverse momentum of particles relative to the inter-
action axis, the mean sphericity values are inversely pro-
portional to the center-of-mass energy. For pencil-like
two-jet events S50. For collimated jets, the polar angle
uS of the sphericity axis with respect to the g* P axis is a
measure of the alignment of the jets with respect to the
interaction axis.

Alternatively one can use the thrust variable T
(Brandt, Peyrou, Sosnowski, and Wroblewski, 1964;
Fahri, 1977). The thrust axis, denoted by the unit vector
nW T , is the direction in space that maximizes the longitu-
dinal momentum of particles. Thrust is then defined as

T5max
nW

( i51
n upW i•nW u
( i51

n upW iu
~nW 5nW T!. (6.42)

Isotropic events are characterized by T.0.5, while for
collimated two-jet events T.1. For a symmetric three-
particle configuration T52/3 and the thrust axis is arbi-

FIG. 86. The structure function xPF2
D(3) as a function of Q2 for

xP50.003 and for different values of b as denoted in the figure.
The solid line is the result of the QCD fit, which includes the
evolution of the Pomeron and reggeon contributions. The
dashed line represents the Pomeron contribution only. Figures
(a) and (b) differ in the assumptions about parton distributions
in the Pomeron at Q0

253 GeV2 as described in the figure.
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trary, while for an asymmetric topology the thrust axis is
pointing in the direction of the most energetic particle
and T.2/3.

Once the thrust axis is found, the hadrons can be clus-
tered into two jets, based on the sign of their longitudi-
nal momentum projected onto nW T . By definition the two
jets will have momentum vectors that are equal in size
and opposite in direction. One can then define the thrust
jet transverse momentum PT as the transverse momen-
tum of one of the jets relative to the g* P axis. For large
values of PT the value of T will differentiate between
two partons with large kT and a three-parton configura-
tion.

The values of T and S expected for three selected
configurations of hadrons are summarized in Fig. 90.

b. Event shapes in large rapidity gap events
Both HERA experiments have studied the event

shapes in the DIS photon diffractive dissociation (Breit-
weg et al., 1998h; Adloff et al., 1998g). The studies of the
ZEUS experiment (Breitweg et al., 1998h) in the region
of 5<Q2<185 GeV2 are confined to a sample of events
selected with requirements of hmax<1.8 and 7<MX
<25 GeV. To increase the acceptance of diffractive
events selected with these cuts, the W range is further
restricted to 160<W<250 GeV. The selection of H1 fol-
lows that for the F2

D(3) analysis, in which the system X is
contained within the central calorimeter and a large ra-

FIG. 87. The structure function xPF2
D(3) as a function of b for

xP50.003 and for different values of Q2 as denoted in the
figure. The solid line is the result of the QCD fit, which in-
cludes the evolution of the Pomeron and reggeon contribu-
tions. The dashed line represents the Pomeron contribution
only. Figures (a) and (b) differ in the assumptions about par-
ton distributions in the Pomeron at Q0

253 GeV2 as described
in the figure.



1354 H. Abramowicz and A. C. Caldwell: HERA collider physics
pidity gap of about 4 units in the forward region is re-
quired. The analysis is performed for 10,Q2

,100 GeV2, xP,0.05, and 4,MX,36 GeV.
Both experiments observe that as the mass MX in-

creases the hadronic final state is more and more colli-
mated along the thrust or sphericity axis. This is shown
in Figs. 91(a) and 91(b) for the ZEUS data and in Fig.
92(a) for the H1 data. The sphericity is seen to decrease,
while the thrust is increasing with increasing MX . This is
a sign of jet formation along the respective axes. The
level of collimation is compared with the one measured
in e1e2 experiments, which is representative of a final
state consisting of a qq̄ pair with possible extra gluon
radiation. Both experiments observe that the jets in dif-
fractive events are less collimated than in e1e2 interac-
tions, indicating that qq̄ configurations alone cannot ex-
plain the observed features and higher parton
multiplicity is required. This conclusion is supported by
the comparison of data with the RAPGAP MC model
with final states consisting of only qq̄ pairs, which does
not give a good representation of the data.

The data were also compared to the expectations of
the RAPGAP MC in which both the quark and the
gluon component of the Pomeron, as well as all the dia-
grams of Fig. 89, are included in the generation of final
states [see Figs. 91(a) and 91(b) and 92(b)]. The MC

FIG. 88. The structure function xPF2
D(3) as a function of xP ,

obtained by ZEUS with the MX method (solid points) com-
pared to expectations of QCD-motivated models: BEKW
(Bartels et al., 1998), NZ (Nikolaev and Zakharov, 1994), BPR
(Bial”as et al., 1998). Note that the BPR curve includes the con-
tribution of the reggeon trajectory as determined by the H1
experiment (Adloff et al., 1997c).
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samples used by the two experiments differ in the de-
scription of the partonic content of the Pomeron and in
the fragmentation of the final states. The version used
by the H1 experiment, which was tuned to reproduce
best the cross-section measurements and the character-
istics of the hadronic final states, describes the 1/MX de-
pendence of T very well. However, even in this version
of the RAPGAP model, the tail of the large PT

2 is not
properly reproduced, as can be seen in Fig. 93.

The ZEUS data have been compared to the VBLY
model (Vermaseren et al., 1998), which differs from the
RAPGAP model in that the partons, quarks, and gluons,
which couple to the photon, acquire a substantial kT as
their distribution is obtained assuming a pointlike cou-
pling to a scalar particle. This leads effectively to larger
PT values. In the particular region of phase space se-
lected in the ZEUS experiment, the VBLY model gives
a better description of the ZEUS data than does the
RAPGAP model.

Note that the hmax cut applied to select the diffractive
sample in the ZEUS experiment was not corrected for,
as the correction was found to be strongly model depen-
dent (Breitweg et al., 1998h). For larger masses, this cut
may bias the hadronic configurations toward those that
have been produced with a large transverse momentum
relative to the g* p axis. It may well be that the excess of
events with large PT over the RAPGAP expectations
observed in the H1 sample and the disagreement of the
ZEUS data with RAPGAP have a common origin.

In conclusion, the features observed in the study of
event shape variables cannot be explained by a pure qq̄
configuration, even assuming a large relative kT of the
pair. A substantial contribution of qq̄g or higher par-
tonic multiplicities is required in the final states.

c. Charm production
The experimental signature for charm production is a

particular decay channel of the D* 6 mesons. The D*
mesons are reconstructed from their decay products
through the chain D* →D0ps

1(K2p1)ps
1 (and the

charge conjugate), where the subscript s stands for the
slower pion of the pair. The small mass difference
M(D* )2M(D0)5145.4260.05 MeV yields a promi-
nent signal just above the threshold of the DM
5M(Kpps)2M(Kp) distribution, in which the phase-
space contribution is highly suppressed.

Charm production associated with large rapidity gaps
has been searched for both in deep inelastic scattering
(ZEUS Collaboration, 1998i; H1 Collaboration, 1998e)

FIG. 89. Diagrams representing possible partonic configura-
tions of the photon dissociation in DIS. From left to right, the
Born term, QCD Compton process, and boson-gluon fusion
process.
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and in hard photoproduction (Aid et al., 1996c). The
DM distribution for events with a large rapidity gap is
shown in Fig. 94 for deep inelastic scattering with Q2

.3 GeV2. The charm production cross section, inte-
grated over the phase space of the measurements, is
compatible with expectations based on the RAPGAP
MC model with gluons as obtained from the F2

D(3) mea-
surements. In deep inelastic scattering (ZEUS Collabo-
ration, 1998i), for 3,Q2,150 GeV2, 0.02,y,0.7,
pT(D* ).1.5 GeV, and uhD* u,1.5, the fraction of dif-
fractively produced events with 0.002,xP,0.012 was
found to be 762.2% of the total D* sample.

The available charm production studies suffer from
large statistical errors. However, the present results
point to a substantial charm production in hard diffrac-
tive processes and give strong support to models in
which diffractive production is mediated through gluons.

G. Hard diffraction in photoproduction

In hadron-hadron interactions two processes have
been proposed to study the nature of the Pomeron. Both
involve the production of large-pT jets as a trigger for
the partonic nature of the interaction. One process is the
production of jets embedded in a hadronic final state
well separated in rapidity from the target hadron, origi-
nally proposed by Ingelman and Schlein (1985), and the
other is the production of two large-pT jets separated by
a large rapidity gap proposed by Bjorken (1993). These
two types of diffractive processes may in principle be
very different in nature. In the first process, in which the
hadron identity is to be preserved, the momentum trans-
fer square utu is small, while in the second process, utu is
large and the diffractive exchange takes place between
two partons.

Both processes can be studied at HERA in the inter-
actions of quasireal photons with protons. The photon is
known to display a partonic structure in the presence of
strong interactions (see Sec. V.B.1). Two components
can be identified in the structure of the photon, the
large-size partonic configuration in which the photon be-
haves essentially as a vector-meson state and the small-
size configuration, called the anomalous contribution.
The presence of the latter makes the photon interactions

FIG. 90. Values of thrust and sphericity expected for different
configurations of hadrons in the final state.
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different from those of hadrons and is at the origin of
the so-called direct photon contribution to hard pro-
cesses. In the spirit of QCD color transparency phenom-
ena, in which final-state interactions are suppressed for
the interactions of small-size configurations, the large ra-
pidity gap production could be enhanced in hard photo-
production processes.

1. Diffractive jet production in photoproduction

In the Ingelman-Schlein model of hard diffractive
scattering the Pomeron exchange also contributes to the
production of large-pT jets associated with a photon dis-
sociation system. Examples of diagrams for diffractive
dijet production, one for a direct and one for a resolved
process, are shown in Fig. 95. The quark content of the
Pomeron can be measured in DIS, while jet production
in photoproduction is sensitive to both the quark and
gluon content of the interacting particles.

a. Theoretical background
The cross section for dijet production can be ex-

pressed through universal parton distributions if use is
made of the QCD factorization theorem (see Sec.
V.B.1). For the diffractive dijet production,

ep→ep1jet11jet21X8, (6.43)

where X8 denotes the rest of the final state not associ-
ated with jets, the cross section can be symbolically writ-
ten as

s~y ,xP ,t :pT
2 , ŝ ! (6.44)

5fg/e~y !fP/p~xP ,t !(
i ,j

(
k ,l

f i/g~xg ,pT
2 !f j/P~b ,pT

2 !

3ŝ i1j→k1l~pT
2 , ŝ !, (6.45)

FIG. 91. The mean sphericity ^S&, (a) and one minus mean
thrust, ^12T&, (b) as a function of the mass MX . The ZEUS
data (solid dots) selected with an hmax,1.8 cut cover the kine-
matic range 5<Q2<185 GeV2 and 160<W<250 GeV. Also
shown are data from e1e2 annihilation (Berger et al., 1982;
Braunschweig et al., 1989). The lines represent the expecta-
tions of various MC models in the kinematic range of the
ZEUS data.
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FIG. 92. The mean thrust as a function of the inverse mass 1/MX . (a) DIS events selected with a large rapidity gap in the region
10,Q2,100 GeV2, xP,0.05 (solid point), and e1e2 annihilation data (Berger et al., 1982; Peterson et al., 1988; Braunschweig
et al., 1989, 1990; Li, 1990; Abreu et al., 1997b) (empty squares). In (b), the data are compared with expectations of the RAPGAP
MC model (RG ME1PS) for two samples of DIS events with different thrust transverse momentum PT .
where f denotes the respective fluxes and Regge factor-
ization is assumed for the Pomeron flux. The first sum
runs over all possible types of partons present in the
photon and the Pomeron and the second sum runs over

FIG. 93. Fraction of events with thrust transverse momentum
PT

2 .3 GeV2 as a function of MX (data points), compared to
the predictions of various MC models that differ in the treat-
ment of the origin of the large rapidity gaps (RG—RAPGAP,
factorizable partonic Pomeron; LEPTO— soft color interac-
tions) and in the final state fragmentation. ME1PS stands for
matrix elements with parton showers for higher-order correc-
tions, while AR1CD stands for the ARIADNE color dipole
model.
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all possible types of final-state partons. The cross section
ŝ(pT

2 , ŝ) for two-body collisions, i1j→k1l , depends on
the center-of-mass energy, ŝ5xPbxgW , and the trans-
verse momentum of the outgoing partons pT . For large
values of pT the cross section can be reliably calculated
in perturbative QCD.

The QCD factorization theorem has been proven to
hold for diffractive DIS but fails for hard diffractive pro-
cesses in hadron-hadron collisions (Collins, 1998). This
would imply that expression (6.45) is expected to hold
for direct photon processes [i.e., f i/g(xg ,pT

2 )5d(12xg)]
but not for resolved photon processes.

The interest of studying jet production in diffractive
photoproduction in combination with the DIS measure-
ments allows us to address the issues of the gluon con-
tent of the Pomeron, the validity of QCD factorization,
and the validity of Regge factorization.

b. HERA data
The search for jet production associated with a large

rapidity gap in the proton fragmentation region (Derrick
et al., 1995; Ahmed et al., 1995b) has established the
presence of hard diffractive scattering in photoproduc-
tion. An example of the hmax distribution for the inclu-
sive sample of photoproduction events with a recon-
structed jet with ET.4 GeV is shown in Fig. 96. An
excess of events at small hmax over the expectations for
nondiffractive jet production is observed. The shape of
the hmax distribution can be well reproduced if the non-
diffractive model is supplemented with hard diffractive
processes assuming a Pomeron consisting of hard glu-
ons. The Ingelman-Schlein model is implemented in the
POMPYT MC generator (Bruni and Ingelman, 1993).

To describe the measured inclusive diffractive jet pro-
duction cross section within the Ingelman-Schlein
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model, a substantial hard gluon content of the Pomeron
(30–80 %) is required (Derrick et al., 1995f). The quark
content is constrained by the measurements of F2

D(3)

(Derrick et al., 1995e).
The diffractive dijet cross sections have been mea-

sured both by the ZEUS (Breitweg et al., 1998c) and the
H1 (Adloff et al., 1998c) experiments. The samples were
selected by requiring the presence of a large rapidity
gap. The ZEUS analysis, requiring hmax,1.8, covers the
range 134,W,277 GeV for jets with transverse energy
ET

jet.6 GeV and 21.5,h jet,1. In the case of H1 the
diffractive selection is similar to that of the DIS inclusive
analysis (Adloff et al., 1997c) and covers the range 150
,W,250 GeV and xP,0.05. In addition the jets are re-
quired to have ET

jet.5 GeV and 21,h jet,2. The mea-
sured ET

jet spectra exhibit a typical steep falloff expected
for hard parton-parton scattering.

The fraction of the photon xg and of the Pomeron
momentum b carried by the partons taking part in the
scattering cannot be determined directly from the had-
ronic final state, due to higher-order QCD processes.
Instead the variables xg

OBS and bOBS (zxP

jets for H1) are
introduced. At the parton level xg and b are defined as

xg5
~p11p2!•~P2P8!

q•~P2P8!
, (6.46)

b5
~p11p2!•q

q•~P2P8!
, (6.47)

where p1,2 are the momenta of the two final-state par-
tons, P(P8) denotes the initial (final) proton momen-
tum, and q is the momentum of the photon. The ap-
proximations (P2P8)2.0 and q2.0 have been made.
The corresponding variables at the hadron level are de-
fined as

xg
OBS5

( jetsET
jete2h jet

2yEe
, (6.48)

FIG. 94. Distribution of the mass difference between the D*
and D0 candidates, DM5M(D* )2M(D0), for the diffractive
DIS sample selected with hmax,1.5, xP,0.012, and b,0.8.
The solid dots indicate the signal distribution, while the dashed
histogram represents the background distribution from wrong
charge combinations. The solid line is the result of fitting a
Gaussian distribution and a threshold function of the form
a(DM2mp)b.
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bOBS5
( jetsET

jeteh jet

2xPEp
, (6.49)

where Ee and Ep are the incident electron and proton
energies, respectively, and the sum runs over the two
jets with highest ET

jet in the event. In the case of H1, the
estimator of the Pomeron momentum invested in the
interaction is defined as

zxP

jets5
( jets~Ei1pz ,i!

(X~Ei1pz ,i!
, (6.50)

where the sums run either over the jets or over the full
hadronic system.

The presence of both direct and resolved photon con-
tributions has been established by studying the xg

OBS dis-
tribution shown in Fig. 97. The direct processes populate
the large xg

OBS region, while the resolved processes tend
to populate the lower xg

OBS processes. A clear tail of the
resolved processes is observed.

The bOBS and the zxP

jets distributions are shown in Fig.
98. The comparison between the two figures demon-
strates the restriction imposed by the hmax,1.8 cut,
which limits the invariant mass and the xP of the se-
lected events. For this restricted sample of events the
distribution is seen to peak at large bOBS, indicating that
for these events the whole of the Pomeron momentum is
invested in the interaction.

The ZEUS results are reproduced well by a model
with a soft factorizable Pomeron with parton distribu-
tions obtained as the result of a combined fit to the DIS
and photoproduction cross sections assuming both QCD
and Regge factorization. Within the relatively large sta-
tistical and systematic errors, an acceptable description
of the data is obtained, provided a large fraction of the
Pomeron momentum is carried by gluons.

Among the parton distributions that fit the F2
D(3) mea-

surements of H1, the jet measurements prefer a gluon
distribution that is flat at a scale of about 3 GeV2. How-
ever, even then the measured cross section seems to be
systematically lower than expected. The agreement be-
comes better if one assumes that the survival probability
of a large rapidity gap is about 60% (for discussion see
Sec. VI.G.2). Note that for Q2.7.5 GeV2 (Adloff et al.,
1998c), the dijet cross section as a function of zxP

jets was
found to be well reproduced, both in shape and normal-

FIG. 95. Examples of diagrams contributing to dijet produc-
tion in hard diffractive photoproduction. Left—direct photon
contribution, right—resolved photon contribution.
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ization, with the ‘‘flat’’ gluon distribution.

2. Large rapidity gaps between jets

One of the challenges of experimental physics is the
search for the BFKL dynamics (Lipatov, 1976; Kuraev
et al., 1977; Balitskii and Lipatov, 1978). It is by now
well understood that in the presence of the interplay of
soft and hard QCD phenomena it may be very difficult
to uncover the BFKL dynamics if it exists. However, in
hard reactions in which the Q2 evolution is suppressed,
the BFKL dynamics may be enhanced. An example of
such a reaction is the exchange of a color singlet be-
tween two jets with large transverse momenta. The re-
quirement that pT be both large and approximately
equal to Q guarantees a large scale for perturbative cal-
culations to be applicable and at the same time prevents
Q2 evolution (Mueller and Tang, 1992; Del Duca and
Tang, 1993; Lu, 1995).

a. Theoretical background
In high-energy hadronic collisions, the dominant

mechanism for jet production is described by a hard
scattering between partons from the incoming hadrons
via a quark or gluon propagator. This propagator carries
a color charge. Since color confinement requires that the
final state contain only color singlet objects, the ex-
change of color quantum numbers in the hard process
means that a jet at some later stage generally exchanges
color with another jet or beam remnant widely sepa-
rated from it in rapidity. However, if hard scattering
were mediated by the exchange of a color singlet propa-
gator in the t channel, each jet would be color connected

FIG. 96. Distribution of hmax in tagged gp interactions con-
taining jets with transverse energy ET.5 GeV in the interval
21.5,h jet,2.5 (dots). The solid line shows MC expectations
for a mixture of diffractive and nondiffractive processes. The
dashed line denotes the nondiffractive contribution from the
MC model [PYTHIA (Sjöstrand, 1994)].
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only to the beam remnant closest in rapidity and the
rapidity region between the jets would contain few final-
state particles (Dokshitzer, Khoze, and Troian, 1987).
The color singlet propagator could be an electroweak
gauge boson or a strongly interacting object, and the soft
gluon emission pattern produced in each case is similar
(Chehime and Zeppenfeld, 1993) but the rates could be
very different. In order to determine the rate of color
singlet exchange processes, it has been proposed
(Bjorken, 1993) to study the multiplicity distribution in
pseudorapidity between the two jets.

An example of color singlet exchange in resolved pho-
toproduction, in which a parton in the photon scatters
from a parton in the proton via t-channel exchange of a
color singlet object, is shown in Fig. 99(a). An example
of the more common color nonsinglet exchange mecha-
nism is shown in Fig. 99(b). For high ET

jet dijet produc-
tion, the magnitude of the square of the four-momentum
(utu) transferred by the color singlet object is large. Thus
it is possible to calculate in perturbative QCD the cross
section for the exchange of a strongly interacting color
singlet object (Mueller and Tang, 1992; Bjorken, 1993;
Del Duca and Tang, 1993; Lu, 1995). For instance, the
ratio of the two-gluon color singlet exchange cross sec-
tion to the single gluon exchange cross section has been
estimated to be about 0.1 (Bjorken, 1993).

The event topology for the process of Fig. 99(a) is
illustrated in Fig. 99(c). There are two jets in the final
state, shown as circles in (h, w) space. For the color sin-
glet exchange process, radiation into the region (labeled
‘‘gap’’) between the jet cones is suppressed, giving rise
to the rapidity gap signature. For color nonsinglet ex-
change, the probability of finding no particles in the gap
is expected to fall exponentially with increasing Dh, the
distance in h between the centers of the two jet cones.

b. HERA data
The search for rapidity gaps between jets has been

performed by the ZEUS experiment for a sample of
photoproduction events with at least two jets of ET

jet

.6 GeV in the gp center-of-mass energy range 135
,Wgp,280 GeV. The two highest transverse energy
jets were required to have Dh.2 (i.e., cones not over-
lapping in h), h jet,2.5, and boost u(h11h2)u/25uh̄u
,0.75. These conditions constrain the jets to lie within
the kinematic region where the detector and event simu-
lations are best understood. The events with no particle
of transverse energy ET

particle.300 MeV within the h
space between the edges of the two highest ET

jet jet
cones are called gap events.

The inclusive cross section, ds/dDh , and the cross
section for events with a gap, dsgap /dDh , are presented
in Figs. 100(a) and (b) as a function of Dh. The cross
sections are compared to MC expectations based on the
PYTHIA generator (Sjöstrand, 1994), which does not in-
corporate any color singlet exchange mechanism. The
model gives a good description of the inclusive cross
section at Dh,3.5 but an excess of events in the data is
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observed for larger Dh. The excess becomes more pro-
nounced when the requirement of a gap is applied to the
data and the MC model.

The gap fraction, f(Dh), is defined as the ratio of the
number of dijet events at this Dh that have a rapidity
gap between the jets to the total number of dijet events
at this Dh. The gap fraction is shown in Fig. 100(c) and

FIG. 97. Dijet production cross section in diffractive photopro-
duction in the range 134,W,277 GeV, as a function of xg

OBS ,
for jets in the region 21.5,h jet,1 and the most forward-going
hadron at hmax,1.8 (solid dots). The solid line corresponds to
the Ingelman-Schlein model of the Pomeron with a hard quark
and gluon momentum distributions. Also shown are the result-
ing direct (dashed line) and resolved (dashed-dotted line) pho-
ton contributions. The shaded area represents the systematic
error due to energy scale uncertainty.
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compared to the MC model. The data were fitted with a
sum of an exponential and constant functions and the
gap fraction for color singlet processes was found to be
fgap50.0760.0220.02

10.01 . The result of the fit is shown in
Fig. 100(d).

The excess in the gap fraction over the expectation
from nonsinglet exchange may be interpreted as evi-
dence for the exchange of a color singlet object. The
fraction of gap events in photoproduction is larger than
the values obtained for pp̄ collisions (Abe et al., 1995a;
Abachi et al., 1996), which are ;0.01.

The fraction of events due to color singlet exchange,
f̂(Dh), may be even higher than the measured excess.
Secondary interactions of the photon and proton rem-
nant jets could fill in the gap. A survival probability P
has been defined (Bjorken, 1993) that represents the
probability that a secondary interaction does not occur.
Then f(Dh)5 f̂(Dh)•P. Estimates of the survival prob-
ability for pp̄ collisions at the Tevatron range from
about 5–30% (Bjorken, 1993; Gotsman, Levin, and
Maor, 1993; Fletcher and Stelzer, 1993). The survival
probability at HERA could be higher due to the lower
center-of-mass energy, or the fact that one remnant jet
comes from a photon rather than a proton, or the fact
that the mean fraction of the photon energy participat-
ing in the jet production in these events is high. There-
fore the effect observed in photoproduction and pp̄ jet
production could arise from the same underlying pro-
cess. The percentage of gap events in photoproduction is
compatible with ;0.10 expected for two-gluon exchange
mechanism.

H. Parton distributions in the Pomeron

The QCD factorization theorem has been proven to
be valid for the diffractive structure function F2

D(3) (Col-
FIG. 98. Diffractive jet photoproduction results from H1, ZEUS. Left—jet production cross section in diffractive photoproduction
in the range 150,W,250 GeV and xP,0.05, as a function of zxP

jets . Right—jet production cross section in diffractive photopro-
duction in the range 134,W,277 GeV, as a function of bOBS, for the most forward-going hadron at hmax,1.8 (solid dots). The
lines correspond to the Ingelman-Schlein model of the Pomeron with various momentum distributions of gluons. Left—fit 2
denotes a flat gluon distribution at the starting scale of 3 GeV2, while fit 3 denotes a leading gluon type of distribution. ^S& stands
for survival probability. Right—as denoted in the figure. The shaded area represents the systematic error due to energy scale
uncertainty.
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lins, 1998). The immediate consequence of this theorem
is that the DGLAP evolution equation should describe
the scaling violations observed in F2

D(3) and therefore
the diffractive parton distributions can be derived in a
similar way as is done for the inclusive F2 of the proton.
There are, however, no constraints on the gluon mo-
mentum distribution since the momentum sum rule,
used for the proton structure function, does not formally
apply.

The H1 experiment performed a QCD fit to their
F2

D(3) measurements (Adloff et al., 1997c), assuming in
addition the validity of Regge factorization with flux fac-
tors for the Pomeron and the reggeon as determined
from the data. The reggeon was assumed to have the
parton content of the pion (Glück, Reya, and Vogt,
1992b). The fit excluded the resonance region, MX
,2 GeV and the data points that could be affected by
the presence of a large longitudinal structure function
component that was neglected in the measurements.
The results of the fit were parametrizations of the parton
distributions in the Pomeron at a starting scaling Q0

2

53 GeV2.
The data cannot be described by a parametrization in

which the Pomeron contains only quarks at Q0
2

53 GeV2. Various forms of the gluon distribution at the
starting scale were explored. The best fit is obtained
with a gluon distribution peaking at large b as shown in
Fig. 101. A flatter gluon distribution, albeit with worse
x2, can also describe the data. Note that the latter is
preferred by the measurements of the dijet cross section
(Adloff et al., 1998c). The quality of the fits can be seen
in Figs. 86 and 87, where the measurements of xPF2

D(3)

(xP 5 0.003) as a function of Q2 for fixed b values and
as a function of b for fixed Q2 values are compared to
the expectations derived from the fit. The preferred so-

FIG. 99. Diagrams for resolved photoproduction of jets via (a)
color singlet exchange and (b) color nonsinglet exchange. The
topology of an event with a large rapidity gap between jets is
shown in (c), where black dots represent final-state hadrons
and the boundary illustrates the acceptance of the detector.
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lution is the one with a substantial gluon content in the
Pomeron. The relative fraction of the Pomeron momen-
tum carried by gluons is ;90% at Q254.5 GeV2 and
decreases to ;80% at Q2575 GeV2.

A similar conclusion has been reached by the ZEUS
experiment (Breitweg et al., 1998c) from a QCD fit to
the F2

D(3) measurements and the diffractive dijet cross
sections. The validity of Regge factorization was as-
sumed with the Pomeron flux as determined from soft
interactions, and in addition the QCD factorization
theorem was assumed to be valid for diffractive dijet
photoproduction. The last assumption has no theoretical
foundation, so that this approach can be treated as a test
for factorization breaking.

A good fit to the data is found with a gluon distribu-
tion peaking at large b. Here the gluon distribution is
constrained by the shape of the measured bOBS distri-
bution. The relative fraction of the Pomeron momentum
carried by gluons, determined in next-to-leading order
approximation, is shown in Fig. 102 as a function of Q2

for various assumptions on the shape of the gluon distri-
bution at a starting scale Q0

254 GeV2. The data require
the fraction of the Pomeron momentum carried by par-
tons due to gluons to lie in the range 0.64,cg

NLO

,0.94. The sensitivity of the data is not sufficient to
prove or disprove the validity of the QCD factorization
theorem for diffractive hard photoproduction.

The extrapolation of the ZEUS results to the Q2 val-
ues probed in the measurements of hard diffractive pro-
cesses in pp̄ collisions is also consistent with the esti-
mate of 70620% by the CDF experiment (Abe et al.,
1997a). Note that this does not imply agreement in the
total fraction of the Pomeron momentum carried by par-
tons, which is not constrained by any momentum sum
rule and which has been found to be lower in pp̄ colli-
sions (Abe et al., 1997a).

I. Conclusions and outlook

Hard diffractive interactions, in which the hadronic
final state is separated from the proton by a large rapid-
ity gap, have been observed in deep inelastic scattering
and in high transverse momentum jet production in pho-
toproduction. The interpretation of these data is in
terms of a color singlet exchange, identified as the
Pomeron. The presence of a large scale allows us to
study the nature of this exchange in the language of par-
tons and QCD. The measurements at HERA can be
accounted for by a factorizable Pomeron with a pre-
dominantly gluonic structure. Where available, QCD-
inspired predictions also describe the data well. The final
verdict will have to await more precise measurements.

The quantitative and qualitative difference between
diffraction in the presence of a hard scale and soft dif-
fraction, and between hard diffraction in hadron-hadron
and photon-hadron interactions, may be the first sign
that partons are not distributed uniformly inside the
proton (Kopeliovich, Povh, and Predazzi, 1997; Mueller,
1998). In addition, the sensitivity of hard diffractive pro-
cesses to the transverse momenta of partons opens the
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FIG. 100. The inclusive cross
section as a function of the ra-
pidity distance Dh between jets
(a) and for gap events (b). The
data (black circles) are com-
pared to MC expectations for a
non-color singlet exchange in
the jet production. The fraction
is shown in (c) as a function of
Dh and redisplayed in (d) to-
gether with the results of a fit
(full line) consisting of an expo-
nential function (dotted line)
and a constant (dashed line).
possibility of investigating a three-dimensional color dis-
tribution in hadrons. The processes probed until now in
QCD were sensitive only to the longitudinal dimension.

The diffractive phenomena have triggered a lot of
new theoretical developments in QCD. This has brought
to light the importance of color dynamics of QCD in
understanding the nature of strong interactions. New
phenomena such as color transparency in the interac-
tions of small-size partonic configurations and color
opacity in interactions of large-size configurations are
presently being discussed. They are essential in differen-
tiating between hard processes that can be calculated in
QCD and those in which soft interactions still play an
important role.

VII. VECTOR-MESON PRODUCTION

There is a long experimental and theoretical history to
the study of vector-meson production. This study has
found new vigor with the advent of HERA. On the ex-
perimental side, it is found that the cross sections for
exclusive vector-meson production rise strongly with en-
ergy when compared to fixed-target experiments, if a
hard scale is present in the process. This strong rise oc-
curs although the reactions are very far from threshold.
In the case of J/c production, the strong rise of the cross
section is measured directly in the HERA data. This
steep rise in the cross sections was anticipated by some
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
authors based on QCD-inspired calculations. These cal-
culations indicate that the cross sections depend on the
square of the gluon density in the proton. If higher-
order calculations become available, the measurement
of the energy dependence of the vector-meson cross sec-
tion may be the ideal method for measuring the gluon
density in the proton.

In addition to being a probe of the gluon density,
vector-meson production tests our understanding of
QCD for exclusive reactions in a domain in which soft
and hard physics merge. This is a region of fundamental
importance, since basic physical realities such as the con-
finement of color are not at all understood. Vector-
meson production also offers an opportunity to study
the properties of vacuum exchange in QCD, since no
quantum numbers are exchanged in the scattering pro-
cess. New experimental and theoretical results are be-
coming available at a rapid pace, and the study of
vector-meson production therefore promises to be a
very fruitful one for the development of our understand-
ing of QCD dynamics.

A word on terminology: at HERA, the reaction ep
→epV , where V represents a vector meson
(r ,v ,f ,J/c ,Y), is often referred to as elastic scattering.
This is because the photon is viewed as fluctuating into a
vector meson before the interaction with the proton, fol-
lowed by a Vp→Vp scattering. The vector meson has
the same quantum numbers as the photon, and is in
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some sense the ‘‘same’’ particle. However, at finite Q2

this picture is no longer valid and the scattering is then
no longer elastic. In this case, the process is often called
exclusive vector-meson production.

A comprehensive review of vector-meson production
at HERA has recently been published by Crittenden
(1997).

A. Expectations for soft elastic scattering

1. Vector-meson dominance model

Light vector-meson leptoproduction at small photon
virtuality and small W has been successfully explained as
a three-step process (see Fig. 103):

(I) The incoming electron radiates a photon of small
virtuality (Q2'0),

(II) the photon fluctuates into a light vector meson V
that carries the same quantum numbers as the photon;
i.e., r, v, f, and

(III) the vector meson scatters elastically off the in-
coming proton via Pomeron exchange.

This model (Sakurai, 1960), the so-called vector-
meson dominance model, gives good results when used,
for example, to explain the total photon-proton cross
section sgp in terms of the total vector meson-proton
cross section sVp (see, for example, Bauer et al., 1978),

sgp} (
r ,v ,f

A~fV!sVp , (7.1)

where A(fV) is a known function of the coupling.
The Q2 dependence of the gp→Vp cross section can

also be described by the vector-dominance model,

FIG. 101. Quark and gluon momentum distributions in the
Pomeron as a function of the fraction of the Pomeron momen-
tum z for different fits to the F2

D(3) measurements. The results
are evolved to different Q2 values as denoted in the figure.
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dsgp→Vp

dutu
5

ds0

dutu S MV
2

MV
2 1Q2D 2S 11ej

Q2

MV
2 D e2butu, (7.2)

where s0 is the cross section at Q250, j is the ratio of
the longitudinal to transverse forward cross sections, e is
the ratio of the longitudinal to transverse photon flux of
the virtual photon, and MV is the mass of the vector
meson; the distribution of t, the square of the four-
momentum transfer between the photon and the vector
meson, is experimentally described by a single exponen-
tial dependence, in the range from t50 to t
520.5 GeV2, with a slope parameter, b'7212 GeV22.

The differential cross section dsgp→Vp /dutu can be re-
lated to the total vector meson-proton cross section sVp

by applying the optical theorem,

dsVp→Vp

dutu U
t50

5
11h2

16p
sVp

2 , (7.3)

where h is the ratio of the real to the imaginary part of
the forward Vp scattering amplitude. Within the vector-
dominance model, elastic vector-meson photoproduc-
tion is related to the elastic Vp cross section; in particu-
lar, for t50

dsgp→Vp

dutu U
t50

5
4pa

fV
2

dsVp→Vp

dutu U
t50

, (7.4)

where 4pa/fV
2 is the probability for the g→V transition.

Assuming that the real part of the amplitude is zero,
as expected for purely diffractive scattering,

dsgp→Vp

dutu U
t50

5
4pa

fV
2

1
16p

sVp
2 . (7.5)

A measurement of dsgp→Vp /dutu can therefore be used
to calculate sVp .

As discussed in Sec. IV.A, hadronic cross sections,
and the total photoproduction cross section, have been

FIG. 102. Fraction of the Pomeron momentum carried by glu-
ons cg as a function of Q2, determined from a NLO QCD fit to
the F2

D(3) measurements and the diffractive dijet cross section
in photoproduction.
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measured to have an energy dependence

sgp;spp;W2•0.08. (7.6)

Assuming that the Vp cross section has the typical be-
havior of hadronic cross sections, the vector-dominance
model therefore predicts

dsgp→Vp

dutu U
t50

;sVp
2 ;W0.32. (7.7)

2. Regge theory expectations

In Regge theory we expect the gp→Vp cross section
to have the form

dsgp→Vp

dutu
}e2b0utuS W2

W0
2D 2@a~ t !21#

, (7.8)

where a(t) is the Pomeron trajectory. Phenomenologi-
cal fits (Donnachie and Landshoff, 1992) to fixed-target
and hadron-hadron scattering data have determined that
a(t) can be parametrized by a linear form,

a~ t !5a01a8t , (7.9)

with parameters

a051.08, (7.10)

a850.25 GeV22. (7.11)

The fact that a8 is nonzero means that the slope of the t
distribution will depend on the energy as

b5b012a8 ln
W2

W0
2 , (7.12)

while the W dependence will depend on t. Denoting d as
the power of W(ds/dt}Wd), we have

d54~a01a8t21 !. (7.13)

Integrating over t gives

s5
W4~a021 !

b
, (7.14)

which results in an effective power of the W dependence
of

d'4S a02
a8

b
21 D , (7.15)

where b depends on W as shown above. There is no
prediction on the value of b from Regge theory—the
parameters b0 , W0 , and a8 could all be process depen-
dent, and could also be Q2 dependent for a given pro-
cess. Typically values of b510 GeV22 are found in soft
processes, leading to an expectation of d50.22 for a8
50.25 GeV22. In processes with a hard scale, measured
b values are considerably smaller. For b55 GeV22, the
expectation is d50.12.

In a geometrical picture, the slope of the t dependence
can be interpreted as giving the size of the scattering
objects,

b}Rp
21Rg

2 , (7.16)
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where Rp is the effective proton radius and Rg is the
effective size of the g-induced state scattering on the
proton. For b58 GeV22, ARp

21Rg
2'1 fm.

The t dependence has been studied experimentally as
a function of Q2 and W. It is seen that the slope b de-
creases with Q2, indicating that the photon is becoming
more pointlike as the virtuality increases. The tendency
for b to increase with W has been called ‘‘shrinkage’’
although, in the geometrical picture, a steeper t depen-
dence corresponds to the scattering of larger objects.

B. Expectations in the presence of a hard scale

1. Nonperturbative approach

The nonperturbative methods are essentially attempts
to extend Regge theory to reactions in which a hard
scale is present. Many such models have been con-
structed. Crittenden (1997) gives a review of these. We
will focus in this review on pQCD-inspired models as
they contain more dynamics and generally make more
quantitative predictions. A focus of the HERA vector
meson studies is to determine at which scale, and for
which reactions, the pQCD approach gives a better de-
scription of the data than does the Pomeron model.

2. Outline of pQCD approaches

In the past few years, new calculations of diffractive
vector-meson production, using perturbative QCD, have
been performed by many authors. We give here a de-
scription of the general features of the pQCD models.

In pQCD models, the scattering (gp→Vp) is viewed,
in the proton rest frame, as a sequence of events very
well separated in time (Brodsky et al., 1992). The pro-
cess is depicted in Fig. 104. The steps are: (I) The pho-
ton fluctuates into a qq̄ state, (II) the qq̄ pair scatters on
the proton target, and (III) the scattered qq̄ pair turns
into a vector meson.

The proton target acts as a source of color fields and
the interaction with the quark-antiquark pair is medi-
ated by the exchange of two gluons in a color singlet
state. According to this picture, diffractive production of
vector mesons in the presence of a hard scale probes the
gluonic content of the proton. The scale m at which as
and the gluon density are evaluated can depend on the

FIG. 103. Elastic vector-meson production in the vector domi-
nance model. Here the photon is pictured as fluctuating into a
vector meson, which then scatters elastically from the proton
via the exchange of a Pomeron.
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photon virtuality Q2, on the mass of the vector meson
MV , and on the four-momentum transfer at the proton
vertex t;

m25f~MV
2 ,Q2,t !, (7.17)

with different models using different assumptions. The
formalism can be applied to photoproduction events if
MV is large enough.

a. J/c production in pQCD
Ryskin (1993) has calculated the cross section for dif-

fractive photo- and electroproduction of J/c mesons
within the as ln(1/x) approximation and in a constituent
quark model approximation for the wave function of the
J/c . In this model, the scale of the interaction is given
by

m25
Q21mJ/c

2 1utu
4

. (7.18)

In photoproduction at small t, the scale would therefore
take on the value m252.4 GeV2. Using a gluon density
with an x dependence given by x20.2 at small x would
result in a cross-section dependence sgp→J/cp}W0.8 at
large W, a much steeper dependence than expected from
Regge theory.

The calculation was extended beyond leading log
(Ryskin, Roberts, Martin, and Levin, 1997) and com-
pared to HERA data. It was found that, although large
normalization uncertainties remain, this process is in-
deed very sensitive to the form of the gluon density in
the proton.,

b. Electroproduction of vector mesons
In DIS, the cross section is predicted to be dominated

by longitudinally polarized virtual photons scattering
into longitudinally polarized vector mesons (Brodsky
et al., 1994; Donnachie and Landshoff, 1995; Ginsburg
Ivanov, and Serbo, 1995). The cross section has been
calculated in leading as ln(Q2/L2)ln(1/x) approximation
(Brodsky et al., 1994) for vector mesons built of light
flavors, and reads

dsL

dt U
t50

5
A

Q6 as
2~Q2!US 11

ip

2
d

d ln x D xg~x ,Q2!U2

,

(7.19)
where A is a constant that depends on the VM wave
function. Within this theoretical framework the mea-
surement of ds/dtu t50 for vector-meson electroproduc-
tion provides a probe for the gluon content in the pro-
ton, which is sensitive to the square of the gluon density.
Different types of vector mesons can be used for inde-
pendent measurements that can be compared to the the-
oretical predictions.

We review some of the expectations of the cross sec-
tions:

(1) The cross section contains a 1/Q6 factor. However,
the Q2 dependencies of as and the gluon density also
need to be taken into account. These compensate some
of the falloff at small x. The effective Q2 dependence
using CTEQ3L (Botts et al., 1993) and the leading-order
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form for as is found to be ds/dt}1/Q5, with a weak x
dependence. The calculation presented in Brodsky et al.
(1994) has been redone in leading as ln(Q2 /L2) approxi-
mation (Frankfurt et al., 1996). In this work, among
other improvements, the Fermi motion of the quarks in
the vector meson has been considered. The net effect is
to reduce the steepness of the Q2 dependence and to
delay the onset of the asymptotic regime. Precise mea-
surements could therefore in principle yield information
on the wave function of the vector mesons.

(2) In the pQCD calculations, there is no coupling of
the t and W dependences, such that no shrinkage is ex-
pected. The lack of shrinkage, along with the prediction
of a steep W dependence, are telltale signs that the re-
action is driven predominantly by perturbative pro-
cesses.

(3) The cross section presented above is for longitudi-
nally polarized photons. The authors (Brodsky et al.,
1994) expect that this is the dominant contribution to
the cross section in DIS.

The region of validity of the pQCD calculations has
been investigated by several authors. In Ginzburg and
Ivanov (1996), it is argued that the region of validity of
the pQCD calculations is signaled by the exclusively lon-
gitudinal polarization of the vector meson. The reason
for this (Brodsky et al., 1994) is that longitudinally po-
larized photons will preferentially produce qq̄ pairs that
are symmetric in longitudinal momentum, and therefore
have large kT , while transverse photons will produce
asymmetric pairs in longitudinal momentum, and corre-
spondingly small kT . In the latter case, the scattering is
dominantly soft (see the discussion in Sec. II.H).

A recent pQCD calculation for r0 electroproduction
(Martin, Ryskin, and Teubner, 1997) based on the open
production of light qq̄ pairs and parton-hadron duality
gives an estimate of the transverse photon contribution
to the g* p→Vp cross section. It is found that the trans-
verse cross section does not drop off as fast as would be
predicted from a convolution of the vector-meson wave
function. In fact, the authors claim that a convolution of
the type ^qq̄ur0& is wrong and cannot reproduce the

FIG. 104. Exclusive vector-meson production in QCD-based
models. Here the photon is viewed as fluctuating into a quark-
antiquark pair which couples to the proton via the exchange of
two gluons (with momentum fractions x1 ,x2). The vector me-
son is formed after the scattering has occurred.



1365H. Abramowicz and A. C. Caldwell: HERA collider physics
data. Rather, confinement forces the qq̄ into a r0 long
after the interaction with the proton.

(4) The interaction should be flavor independent at
high enough scales. From the quark charges of the vec-
tor mesons and a flavor-independent production mecha-
nism, the exclusive production cross section is expected
to have relative size 9:1:2:8 for r0:v0:f :J/c . This expec-
tation is badly broken at small Q2, where the heavier
vector mesons are strongly suppressed. The pQCD pre-
dictions change the ratio somewhat due to wave-
function effects, such that the relative contribution from
heavier vector mesons is modified (Frankfurt et al.,
1996) at large Q2.

c. Vector-meson production at large t
In Forshaw and Ryskin (1995), and Bartels, Forshaw,

Lotter, and Wüsthoff (1996), it is pointed out that the
hard scale necessary for the pQCD calculations to be
valid can also be provided by t, and that at large t the
BFKL equation can be used to predict the slope of both
the W and t dependencies. Recent QCD calculations
predict that light vector mesons produced at large t in
proton dissociative production should have zero helicity
(Ivanov, 1996), independent of the initial photon polar-
ization.

C. Pre-HERA experimental results

A comprehensive review of results from the photo-
production of vector mesons prior to 1978 can be found
in Bauer et al. (1978). These measurements show, at en-
ergies up to 20 GeV, a weak dependence of the cross
sections on energy, similar to those found in hadron-
hadron scattering. The t dependence of the data can be
characterized by an exponential at small t, ds/dutu
}exp(2butu), and the Q2 dependence is well described
by vector-dominance model [see Eq. (7.2)]. Also, the
helicity of the vector meson is similar to that of the in-
cident photon, i.e., s-channel helicity is largely con-
served.

At larger Q2, leptoproduction results have been pre-
sented by EMC (Aubert et al., 1985; Ashman et al.,
1988), NMC (Amaudruz et al., 1992; Arneodo et al.,
1994) and E665 (Adams et al., 1997). In these measure-
ments, the Q2 range extends up to 25 GeV2 and W ex-
tends to 28 GeV. The data are generally consistent with
a 1/Q4 behavior, the utu slope is found to be much shal-
lower than in photoproduction [the NMC Collaboration
(Arneodo et al., 1994) has measured b54.660.8 GeV22

for Q2.6 GeV2], the fraction of longitudinally polarized
r0’s increases beyond 50% at the highest Q2 probed,
and no significant W dependence of the cross sections is
found.

1. Comment on vector-meson data

It should be mentioned that the experimental results
on r0 production are not always consistent. For ex-
ample, NMC measurements (Arneodo et al., 1994) dis-
agree with EMC measurements (Aubert et al., 1985;
Ashman et al., 1988) as to the Q2, t, and angular depen-
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dencies of the data. The recent cross-section measure-
ments by E665 are considerably higher than those from
the NMC Collaboration, and the H1 and ZEUS Col-
laborations have widely differing cross sections for r0

electroproduction. The problems likely stem from two
main sources:

(1) The difficulty in defining the r0 signal. The reso-
nance is broad and must be integrated over a fixed
range. The contribution from nonresonant p1p2 pro-
duction or background under the resonance is very dif-
ficult to estimate.

(2) The uncertainty in the contribution from proton
dissociation reactions. This background is difficult to es-
timate since a large fraction of the events with proton
dissociation look in the detector like elastic events, and
there is no good model describing the properties of the
proton dissociation system.

Given these difficulties, comparison of data sets from
different experiments should be performed with care, as
they could lead to erroneous conclusions.

D. HERA results

1. Kinematics of vector-meson production at HERA

In addition to the standard DIS variables, several ex-
tra variables are needed to describe vector-meson pro-
duction in the reaction

ep→eV1Y , (7.20)

where Y represents either a proton or a diffractively dis-
sociated proton remnant of mass MY :

(1) t85ut2tminu, where t is the four-momentum trans-
fer squared, t5(q2v)25(P2P8)2, from the photon to
the r0 (with four-momentum v), tmin is the minimum
kinematically allowed value of t, and P8 is the four-
momentum of the outgoing proton. The squared trans-
verse momentum pT

2 of the r0 with respect to the photon
direction is a good approximation to t8,

(2) the three angles F, fh , and uh , described below.
The production and decay angles are usually defined

in the s-channel helicity frame (Schilling and Wolf,
1973), as shown in Fig. 105. The vector-meson direction
in the g* p frame is taken as the quantization axis, and,
in the case of a two-body decay, the direction of one of
the particles in the rest frame of the vector meson is
used to calculate uh ,fh . In the case of a three-body
decay, the normal to the decay plane is used to define
the decay angles. The angle F between the vector-
meson production plane and the electron-scattering
plane in the g* p rest frame is also used. The full-decay
angular distribution is usually expressed in terms of
(cos uh ,fh ,F). In the case in which the electron beam is
not longitudinally polarized, the electron beam energy is
not varied, and s-channel helicity conservation is as-
sumed to apply, the decay distribution reduces to (for a
decay into two spin-0 particles)
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W~cos uh ,ch!5
3

4p F1
2

~12r00
04!1

1
2

~3r00
0421 !cos2 uh

1er121
1 sin2 uh cos 2ch

22Ae~11e!Re@r10
5 #sin 2uh cos chG ,

(7.21)

where ch5fh2F and r00
04 , r121 , Re@r10

5 # are the non-
zero combinations of the vector-meson spin density ma-
trix elements. The parameter e is the ratio of the longi-
tudinal to transverse photon flux. r00

04 gives the
probability that the vector meson is produced in a helic-
ity zero state and, if s-channel helicity holds, is related to
the ratio of the longitudinal to transverse photon cross
sections as

R5
sL

sT
(7.22)

5
r00

04

e~12r00
04!

. (7.23)

The matrix element r121
1 determines the anisotropy of

the ch distribution, while Re@r10
5 # is related to the inter-

ference between the production amplitudes by longitu-
dinal and transverse photons (Joos et al., 1976). Taking
the one-dimensional projections in cos uh and fh gives

1
N

dN

d cos uh
5

3
4

@12r00
041~3r00

0421 !cos2 uh# , (7.24)

1
N

dN

dch
5

1
2p

~112er121
1 cos 2ch!. (7.25)

If, in addition to s-channel halicity conservation, the ex-
change has so-called natural parity, then the further re-
lationship holds

r121
1 5

1
2

~12r00
04!. (7.26)

2. Experimental analysis

The analysis of vector-meson production is at first
sight quite straightforward. Events are typically
searched for with two or three isolated tracks and no
extra energy deposits in the calorimeter (e.g., ep
→erp , r→p1p2, where the electron is in the detector
in the case of DIS, and escapes down the beampipe in
the case of photoproduction). The momenta from the
tracks are then used to reconstruct an invariant mass,
and events are kept where the reconstructed mass is
near the mass of the particle under study. The kinemat-
ics are generally reconstructed very precisely. In DIS,
the variables (Q2, y, pT

2 , MV , F, fh ,uh) can all be re-
constructed, while in photoproduction, the angle F is
unmeasurable because the scattered electron is typically
not observed. The complication in the analysis comes
from the fact that the acceptance depends, to varying
extents, on all kinematic variables. It is therefore impor-
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tant to have Monte Carlo simulations that are capable of
reproducing the data in order to have confidence in the
results.

It is usually required to see the decay tracks of the
vector meson in the central tracking detectors to per-
form a full reconstruction of the events. This typically
limits the W range of the measurements to 40,W
,140 GeV. The Q2 range up to 50 GeV2 has been mea-
sured, limited by the steep drop of the cross section with
Q2. The t dependence is also steep, and at large utu back-
grounds from proton dissociation are important. This
generally limits analyses to the range utu,0.6 GeV2.
Measurements have also been performed for the proton
dissociation events, in which case larger utu values are
used.

The cross sections of interest are the g* p cross sec-
tions. These are derived from the ep cross sections start-
ing with the differential form of the ep cross section,

dsep→epV

dydQ2 5G~sT1esL!, (7.27)

where

G5
a

2pyQ2 S Y122~12y !
Qmin

2

Q2 D (7.28)

and

e5
2~12y !

Y122~12y !~Qmin
2 /Q2!

. (7.29)

Qmin
2 5me

2@y2/(12y)# is the minimum possible Q2 and
Y1511(12y)2.

• In photoproduction, the behavior of the cross sec-
tion is assumed to follow the vector-dominance model
form, given in Eq. (7.2),

sT~y ,Q2!5S MV
2

Q21MV
2 D 2

sT~y ,Q250 !, (7.30)

FIG. 105. A graphical description of the angles needed to ana-
lyze the helicity states of the vector meson (here denoted as r):
uh is the polar angle in the helicity system, fh the angle be-
tween the r decay and production plane, and Fh the angle
between the lepton scattering and r production planes.
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sL~y ,Q2!5
Q2

MV
2 sT~y ,Q2!. (7.31)

The y dependence is expected to be slow (recall that y
5W2/s). In this case, we can extract sT from

E
ymin

ymax
dyE

Qmin
2

Qmax
2

dQ2
dsep→epV

dydQ2

5sT~ ȳ ,Q250 !E
ymin

ymax
dyE

Qmin
2

Qmax
2

dQ2GS MV
2

Q21MV
2 D 2

3S 11e
Q2

MV
2 D . (7.32)

• In the case of heavy quark production, or vector-
meson production in DIS, we can no longer assume that
the y (or W) dependence will be weak. In this case, we
need a model for the gp cross section, which has to be
tuned to the data, before the cross sections can be ex-
tracted. This procedure is very similar to the extraction
of F2 .

3. Backgrounds

The final state for vector-meson production is very
clean, and the background from non-vector-meson final
states is usually negligible. However, the cross sections
of interest are either the elastic or the proton-
dissociative cross sections. These are very difficult to dis-
entangle, since the proton is often excited to a small
mass state that is not distinguishable from elastic reac-
tions in the detectors. Models are then needed to ex-
trapolate from the high-mass tail, which can be identi-
fied in the detectors, to the full-mass range for the
proton-dissociative system. This correction can be quite
large (of order 25%), and can therefore lead to uncer-
tainties in the overall normalization of the elastic cross
section. The t slopes of the two reactions are also con-
siderably different, such that the extracted t dependence
is also quite sensitive to the estimated contributions.

4. Light vector-meson photoproduction

A large amount of data exists from pre-HERA times
on light vector-meson photoproduction (see, for ex-
ample, Bauer et al., 1978). It is interesting to test how
these results extrapolate to the much higher center-of-
mass energies available in photoproduction at HERA.
Results exist from HERA on the photoproduction of
light vector mesons for r0, v0, and f. The data sets are
summarized in Table VI. In the following sections, we
discuss the mass, W, and t dependencies of the cross
sections, and review the tests of s-channel helicity con-
servation.
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a. Mass spectra
Typical mass distributions are shown in Fig. 106. Clear

peaks are seen in all cases. The f and J/c mass distri-
butions are narrow, and the backgrounds under the peak
are extracted in a straightforward way by fitting the dis-
tributions with Gaussians or Gaussians1Breit-Wigner
functions for the peaks and polynomial functions for the
background. In the case of the r0, the mass spectrum is
quite broad, and care has to be taken in extracting the
resonant contribution.

The mass distribution of the r0 is skewed compared to
a Breit-Wigner distribution, as seen in Fig. 106: there is
an enhancement of the small-mass side and a suppres-
sion of the high-mass side. This distribution can be un-
derstood in terms of the interference between the reso-
nant p1p2 production and a nonresonant background
as discussed by Söding (1966). The resonant production
is described by a relativistic p-wave Breit-Wigner func-
tion

BWr~Mpp!5
MppmrG~Mpp!

~Mpp
2 2mr

2!21mp
2 Gr

2~Mpp!
, (7.33)

with a momentum-dependent width (Jackson, 1964)

Gr~Mpp!5G0S p*

p0*
D 3 mr

Mpp
, (7.34)

where G0 is the width of the r0, p* is the p momentum
in the p1p2 rest frame, and p0* is the value of p* at the
r0 nominal mass mr .

Parametrizations are then used for the background
and interference terms, which are added to the Breit-
Wigner in order to describe the mass spectrum. In this
way, fits can be performed that reproduce the standard
values for the r0 mass and width; viz., mr50.770 GeV
and G05150 MeV (Barnett et al., 1996). An example of
such a fit is given in Fig. 106, where the different terms
are described.

Different assumptions for the functional form of
ds/dMpp are often used. One common form is that pro-
posed by Ross and Stodolsky (1966),

ds

dMpp
5fr•BWr~Mpp!•~mr /Mpp!k1fPS , (7.35)

where the factor (mr /Mpp)k accounts for the skewing
of the shape of the r0 signal. The background term fPS is
usually taken to be constant. The value of k is then a
measure of the skewing. This value is given in Fig. 107 as
a function of utu. It is seen that the skewing is reduced
when utu is increased.

b. t dependence
The t slopes are summarized in Table VI. As can be

seen, values around b510 GeV22 are measured. The de-
velopment of b with W is shown for r0 photoproduction
in Fig. 108. The results from fixed-target experiments
are shown along with the HERA data. A fit of the form
b5b012a8 ln(W2/W0

2) was performed on the ZEUS
data (Breitweg et al., 1998g), resulting in a850.23
60.1520.07

10.10 GeV22. The result is compatible with the
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TABLE VI. Summary of results on cross sections and t slopes from the elastic photoproduction of light vector mesons at small t
at HERA. The different symbols are defined in the text. The gp cross sections quoted are for the t range specified in the table.

Reaction
studied

^W&
(GeV)

sgp→Vp
(mb)

utu range
(GeV2)

b
(GeV22)

Comment

r0→p1p2 70 14.760.462.4 ,0.50 9.961.261.4 (Derrick,1995a)
r0→p1p2 55 9.160.962.5 ,0.50 10.962.461.1 (Aid,1996h)

187 13.660.862.4
r0→p1p2 73 5.860.360.7 0.07320.40 9.860.861.1 (Derrick,1997b)
r0→p1p2 55 10.960.221.3

11.5 ,0.50 10.960.320.5
11.0 fit form

65 10.860.221.1
11.3

ds/dutu5e2butu1ct2

75 11.460.321.2
11.0 (Breitweg,1998g)

90 11.760.321.3
11.1

v0→p1p2p0 80 1.2160.1260.23 ,0.60 10.061.261.3 (Derrick,1996d)

f→K1K2 70 0.9660.1920.18
10.21 ,0.50 (Derrick,1996e)
presence of shrinkage, but the large errors on a8 pre-
clude any definitive statement.

The utu slope has been measured as a function of the
invariant mass of the p1p2, and found to decrease in
accord with results from previous measurements (Bauer
et al., 1978).

c. W dependence
The W dependence of the cross sections is shown in

Fig. 109. Given a typical t slope of b510 GeV22, the
Regge theory expectation for the exponent of W in the
cross section is [see Eq. (7.13)]

d54S 1.082
0.25
10

21 D50.22. (7.36)

If the more recent value of a051.09620.009
10.012 from Cudell

et al. (1997) is taken, then the expected W slope is d
50.2820.04

10.05 . These two expectations are shown in the fig-
ure. They are both in good agreement with the data.

d. Test of s-channel helicity conservation
As described above, the angle F is not measured in

photoproduction. Integrating over this angle, the distri-
bution in the remaining two angles is

W~cos uh ,fh!5
3

4p F1
2

~12r00
04!1

1
2

~3r00
0421 !cos2 uh

2& Re@r10
04#sin 2uh cos fh

2r121
04 sin2 uh cos 2fhG . (7.37)

The element r121
04 is related to the size of the interfer-

ence between the helicity nonflip and double-flip ampli-
tudes, while Re@r10

04# is related to the interference be-
tween the helicity nonflip and single-flip amplitudes. As
mentioned above, r00

04 is the probability to find the r0

with helicity 0. If s-channel helicity conservation holds,
then both r121

04 and Re@r10
04# should be zero. In addition,

r00
04 is expected to be small since the photon is predomi-

nantly transversely polarized. Typical distributions for
cos uh and fh are shown in Fig. 110, along with the result
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of a fit using Eq. (7.37). For this particular result (Breit-
weg et al., 1998g), the fitted matrix elements are

r00
0450.0160.0160.02, (7.38)

r121
04 520.0160.0160.01, (7.39)

Re@r10
04#50.0160.0160.01, (7.40)

in good agreement with expectations from s-channel he-
licity conservation. This conclusion is generally true for
all photoproduction measurements.

e. Proton dissociation results
The ZEUS experiment has also measured the utu de-

pendence for gp→r0N , where N represents a small-
mass baryonic state from proton dissociation. In this
case, the t slope is measured to be about b56 GeV22

(Breitweg et al., 1998g); i.e., about half the value found
for elastic r0 production. A smaller value of b is ex-
pected since the reaction is now inelastic on the proton
side, with a smaller effective radius.

5. J/c and Y photoproduction

The reaction gp→J/cY has been measured at HERA
for several different cases:

(1) The system Y consists of a single proton. This is
the so-called elastic reaction.

(2) The system Y consists of a small-mass system
stemming from the dissociation of the proton.

(3) Inelastic production, generated by photon-gluon
fusion, or resolved photon-parton scattering.

Inelastic J/c production was described in Sec. IV.D.
We focus here on cases 1 and 2. The recent results on Y
photoproduction are discussed at the end of the section.

A summary of the different data sets available on J/c
photoproduction from HERA is given in Table VII.

a. t dependence
The slope of the t dependence for elastic production is

in the range b54.525 GeV22, which is about a factor of
2 smaller than was found in the photoproduction of r0

mesons. This indicates that the photon is indeed point-
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FIG. 106. Typical mass distribution observed in photoproduc-
tion for the r0→p1p2 signal (top), the f→K1K2 signal
(center), and the J/c→m1m2 signal (bottom). In the case of
the r0, the dotted curve represents the resonant Breit-Wigner
contribution and the dot-dashed curve the interference term;
the shaded band represents the size of the uncertainty on the
background term. The continuous curve is the sum of the con-
tributions.
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like in these interactions, such that pQCD calculations
should be applicable. The slope has also been measured
by the H1 Collaboration (Aid et al., 1996i) for the pro-
ton dissociation reaction. In this case, the slope is re-
duced to b51.660.360.1 GeV22.

b. W dependence
The cross section for gp→J/cp has a very steep W

dependence, as can be seen in Fig. 111. In the top plot,
the ZEUS data alone are fitted, giving a value of d
50.9260.1460.10. In the lower plot, the ZEUS and H1
data are compared to results from fixed-target experi-
ments and curves from different models, including the
Ryskin model. The H1 Collaboration (H1 Collabora-
tion, 1997a) recently extended the measurements of J/c
production to higher W and found a value d50.77
60.13 from a fit to the H1 data in the range 30,W
,240 GeV. These results can be compared to the
Pomeron model and pQCD expectations:

FIG. 107. The Ross-Stodolsky parameter k as a function of utu.
The ZEUS data are compared to results from fixed-target ex-
periments (Ballam et al., 1973; Gladding et al., 1973) and show
the same trend.

FIG. 108. The slope b for elastic r0 photoproduction. The line
is the result of a fit of the form b5b012a8 ln(W2 /W0

2). The fit
is performed to the ZEUS data and extrapolated down to the
fixed-target measurements.
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(1) Taking the value b54.7 GeV22 and assuming that
the values a051.08, a850.25 also apply to J/c photo-
production, the prediction of d50.11 is obtained from
the Pomeron model (Donnachie and Landshoff, 1995).
This value is very far from the data. Elastic J/c produc-
tion clearly proceeds via a different mechanism than
that involved in soft interactions.

(2) The expectations from pQCD are for a steep W
dependence driven by the gluon density. For an effective
scale around 2.5 GeV2, the gluon density from the
GRV(HO) (Glück, Reya, and Vogt, 1995) parametriza-
tion has the form xg(x)}x20.18 at small x. The W depen-
dence is therefore expected to be approximately

s}@xg~x ,2.5 GeV2!#2}x20.36}W0.72. (7.41)

This is in much better agreement with the data than the
Pomeron model expectation. Elastic J/c photoproduc-
tion therefore gives evidence for a significant contribu-
tion from perturbative QCD processes in vector-meson
production.

The H1 Collaboration (Aid et al., 1996i) has also mea-
sured the W dependence for proton dissociation events.
The W dependence has been found to be even steeper,
with d51.260.2 being measured. H1 argues that the
steeper slope may be due to increasing phase space for
proton dissociation with increasing W.

c. Test of s-channel helicity conservation
The analysis of the angular distributions of the leptons

from the decay of the J/c has been performed by both
the H1 and ZEUS Collaborations. All fit results are con-

FIG. 109. The elastic vector-meson photoproduction cross sec-
tions as functions of W for r0, v, and f. The solid curve is for
the Pomeron model of Donnachie and Landshoff (1995) while
the dashed curve is based on an updated version by Cudell
et al. (1997). The error band specifies the range of expectations
in the Cudell model.
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sistent with s-channel helicity conservation.

d. Photoproduction of c(2S)
The H1 Collaboration has analyzed the reaction gp

→c(2S)X in the kinematic range 40,W,160 GeV and
z.0.95. Recall that z gives the fraction of the photon
energy transferred to the c(2S) in the proton rest
frame. This large value of z indicates that the process is
quasielastic. The ratio of c(2S) to J/c production for
this kinematic range is found to be 0.15060.02760.022.
This measurement is in good agreement with expecta-
tions from a pQCD calculation (Kopeliovich and Za-
kharov, 1991; Kopeliovich, Nemchick, Nikolaev, and Za-
kharov, 1993).

Recently both ZEUS (Breitweg et al., 1998b) and H1
(H1 Collaboration, 1998g) have reported the observa-
tion of Y photoproduction [the Y(1S),Y(2S),Y(3S)
are not resolved] decaying to m1m2. The ZEUS signal
consists of 17.167.5 events. The gp cross section times
branching ratio into muons is 13.366.022.3

12.7 pb at a mean
photon-proton center-of-mass energy of 120 GeV. The
H1 result is quite similar and is based on 8.363.9 events.
The gp cross section times branching ratio into muons is
16.067.564.0 pb. Using CDF data on cross section
times branching ratio for the different states (Abe et al.,
1995b) and the muonic branching ratio B@Y(1S)
→m1m2#52.4860.007% (Barnett et al., 1996) yields
the cross sections for s@gp→Y(1S)p# shown in Fig.
112. As is seen, the measurements are considerably
larger than the first pQCD calculations for this process
(Frankfurt, Koepf, and Strikman, 1998).

6. Vector-meson photoproduction at large t

Results on vector-meson photoproduction at large t
have been presented for r0, f, and J/c mesons. The

FIG. 110. The differential distributions in cos uh and fh for the
reaction gp→r0p .
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TABLE VII. Summary of results on cross sections and t slopes from the elastic (and proton dissociation) photoproduction of J/c
mesons at HERA. The comments apply to the measurement of b.

Reaction
studied

^W&
(GeV)

sgp→J/cN
(nb)

utu range
(GeV2)

b
(GeV22) Comment

gp→J/cp 56613614 ,0.75 4.761.9 (Ahmed, 1994c)

J/c→l1l2

l5m ,e
gp→J/cp 67 52212

17 610 ,1.0 5.061.4 (Derrick, 1995h)

J/c→l1l2 114 71220
113612

l5m ,e
gp→J/cp 42 36.863.966.6 ,1.0 3.760.360.2 30,W,90 GeV
J/c→l1l2 72 50.664.869.1
l5m ,e 102 70.667.0612.7 4.560.460.3 90,W,150 GeV

132 68.0610.6612.2 (Aid, 1996i)

gp→J/cN 42 23.063.264.0 ,1.0 1.660.360.1 (Aid, 1996i)

J/c→l1l2 72 63.565.8611.4
102 62.767.4611.2
132 128.9619.5623.2

gp→J/cp 49.8 30.463.424.420.
12.913.2 ,1.0 4.660.420.6

10.4 (Breitweg, 1997g)

J/c→l1l2 71.2 42.964.525.620.0
14.114.1

l5m ,e 89.6 57.765.826.920.0
15.315.8

121 66.566.829.620.0
16.416.8

gp→J/cp 120–240 '4 pT
2 ,1 GeV2

J/c→l1l2 (Adloff, 1998f)

l5m ,e

gp→c(2s)N 80 17.962.862.761.4 z,0.95
c(2s)→l1l2, (Adloff, 1998f)

→J/cp1p2
data on r0 and f production (ZEUS Collaboration,
1997b) are at W'100 GeV and for utu values up to 13
GeV2. For utu.0.5 GeV2, it is found that the proton dis-
sociative reaction dominates the cross section. The vec-
tor mesons are found to be produced predominantly in
the helicity 61 state, indicating that the pQCD regime
has not been reached.

The cross section for J/c photoproduction with pro-
ton dissociation has been measured (H1 Collaboration,
1997e) in the kinematic range utu.1 GeV2 and 30,W
,150 GeV. The pT

2 dependence is shown in Fig. 113 and
compared to the pQCD expectations (Bartels, Forshaw,
Lotter, and Wüsthoff, 1996). The model is seen to give a
good representation of the pT spectrum. It is also able to
reproduce the W dependence of the data.

7. Vector-meson production in DIS

The exclusive production of r0, r8, f, and J/c vector
mesons has been measured in DIS at HERA. The data
sets are summarized in Table VIII.

a. Mass spectra
As with photoproduction, the mass distributions show

very clear peaks, and there is little background to the
vector-meson signal.
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The shape of the r0 mass distribution has been stud-
ied as a function of Q2. The skewing of the mass spec-
trum is found to decrease as the scale increases. Figure
114 shows the mass spectrum as measured by ZEUS
(Breitweg et al., 1998d) for different values of Q2, and
the results of a fit with a Söding form. The ratio of the
nonresonant background term to the Breit-Wigner nor-
malization B/A is seen to decrease to zero as Q2

→20 GeV2. Recent H1 results give a similar picture (H1
Collaboration, 1998a).

b. Q2 dependence of cross sections
Published results exist starting from Q250.25 GeV2

and extending to Q2527 GeV2. The cross sections are
clearly much smaller than those from photoproduction.
This is due to the steep Q2 dependence of the cross
section, shown graphically in Fig. 115 for r0 production.
Fits of the form ds/dQ2}Q22n to the higher Q2 data
yield values of n52.122.5, while the lower Q2 data are
well fit by a form of the type 1/(Q21Mr

2)2. This is more
or less in line with expectations from both soft exchange
and perturbative two-gluon exchange.

c. W dependence of cross sections
The cross section at fixed Q2 shows an increase with

W when compared to fixed-target experiments. This is
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shown in Fig. 116 for the r0 meson, in Fig. 117 for the f
meson, and in Fig. 118 for the J/c . The ZEUS Collabo-
ration has measured the W dependence within its own
data (ZEUS Collaboration, 1997a) for r0 electroproduc-
tion, and finds

Q250.47 GeV2 d50.1260.0360.08,

3.5 0.4060.1260.12,

7.0 0.4560.1560.07, (7.42)

13.0 0.4160.1960.10,

27.0 0.7660.5560.60.

These data are suggestive of an increasing steepness
with W, but clearly more precision is needed before any
conclusion can be drawn. Recent preliminary results for
r0 production from H1 (H1 Collaboration, 1998a) and f
production from ZEUS (ZEUS Collaboration, 1998c)
show more conclusively the increasing steepness of the
W dependence with Q2.

The W dependence cannot be measured in the HERA

FIG. 111. The cross section for the reaction gp→J/cp as a
function of W. The upper plot shows the latest ZEUS results,
along with the results of a fit of the form s}Wd, as described
in the text. The value of d50.9260.1460.10 was obtained. The
dashed line shows the results expected for a dependence of the
form W0.22. In the lower plot, the HERA data are compared to
results from fixed-target experiments. The results of a pQCD
calculation (Ryskin et al., 1997) are also plotted, as well as the
results from two other models (Jenkovszky, Martynov, and
Paccanoni, 1996; Haakman, Kaidalov, and Koch, 1995).
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data alone for f production because of limited statistics.
Comparison with the fixed-target data indicates that the
f has a steeper W dependence than the r0. The same
statement applies for the DIS production of J/c mesons,

FIG. 112. Comparison of HERA data for (a) s„gp
→Y(1S)p… with the predictions of Frankfurt et al. (1998) us-
ing the GRV94(HO) and CTEQ4M parton-density parametri-
zations and (b) s„gp→Y(1S)p…/s(gp→J/Cp).

FIG. 113. Distribution of the differential cross section
dsep /dpT

2 for J/c production with proton dissociation. The
solid line represents the combination of the pQCD calculations
for utu.1 GeV2 and a nonperturbative model when utu
,1 GeV2. The dashed line represents the prediction from the
nonperturbative model when the full t range is used.
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TABLE VIII. Summary of published results on cross sections and t slopes from the exclusive elec-
troproduction of vector mesons at HERA.

Reaction
studied

Q2

(GeV2)
^W&

(GeV)
t range
(GeV2)

Luminosity
pb21

r0→p1p2

(Derrick, 1995i)
7–25 40–130 ,0.60 0.55

r0→p1p2

(Aid, 1996j)
8–50 40–140 ,0.60 3.1

r0→p1p2

(Breitweg, 1998d)
0.25–50 20–167 ,0.6 6.0

r0→p1p2

(Adloff, 1997e)
7–35 60–180 ,1.2 2.8

f→K1K2

(Derrick, 1996f)
7–25 42–134 ,0.60 2.6

f→K1K2

(Adloff, 1997e)
6–20 42–134 ,0.6 2.8

J/c→l1l2

(Aid, 1996j)
8–40 30–150 ,1.0 3.1

J/c→l1l2

(Breitweg, 1998d)
2–40 50–150 ,1 6.0
where the slope is similar, within errors, to that mea-
sured in photoproduction of J/c .

d. t slopes versus Q2 and W
The values of b are smaller than those measured in

photoproduction and show a trend to smaller values as
Q2 increases. This is expected since the contribution to b
from the size of the photon should decrease with in-
creasing Q2. The Q2 dependence of b for r0 production
is shown in Fig. 119. The data are currently not accurate
enough to determine whether there is any shrinkage of
the forward peak with energy, as expected in Regge
theory.

e. Tests of s-channel helicity conservation and R
The spin density matrix elements have been deter-

mined for r0 production under the hypothesis of
s-channel helicity conservation. They indicate that the
fraction of r0 mesons produced in the helicity 0 state
increases with Q2. If in addition to the s-channel helicity
conservation hypothesis, natural parity exchange in the t
channel is assumed, then the r121

1 matrix element can be
expressed as

r121
1 50.5~12r00

04!. (7.43)

The values obtained are consistent with this relation-
ship, indicating that the assumptions of s-channel helic-
ity conservation and natural parity exchange are valid.7

The transition from helicity 61 vector mesons to domi-
nantly helicity 0 vector mesons as Q2 increases is clearly

7Recent preliminary results from H1 (H1 Collaboration,
1998a) and ZEUS (ZEUS Collaboration, 1998a) show that
s-channel helicity conservation does not hold for electropro-
duction. The extraction of R is only slightly affected by the
small deviations observed from s-channel helicity con-
servation.
., Vol. 71, No. 5, October 1999
seen in the data. Assuming s-channel helicity conserva-
tion, this translates into a strong dependence of R on
Q2. This dependence is shown in Fig. 120 and compared
to different model predictions.

f. Results with proton dissociation
The proton dissociation reaction ep→er0N , where N

is a small-mass baryonic system, has also been measured
at HERA (Adloff et al., 1997e; ZEUS Collaboration,
1996a). The W, Q2, and helicity angle distributions are
found to be similar in shape to those measured for the
elastic process. However, the t slope is considerably
shallower, with measured b'2 GeV22. These measure-
ments are interesting in their own right, e.g., to test the
factorization of the cross section, but are also important
for the measurement of the elastic cross section, since a
fraction of the proton dissociative cross section is indis-
tinguishable from the elastic events in the H1 and ZEUS
detectors.

8. Vector-meson production ratios

The measured cross section ratio for f relative to r0 is
shown as a function of Q2 in Fig. 121. There is a clear
tendency for this ratio to increase with Q2 to the values
expected from a flavor-independent production mecha-
nism. This trend has also been observed for J/c produc-
tion.

9. Comparison with pQCD models

The comparison with pQCD calculations is performed
for the forward longitudinal cross section, dsL /duti t50 .
The experimental values for R and b must be used to
convert the measured g* p cross sections to
dsL /duti t50 . The resulting cross sections tend to have
large uncertainties, but nevertheless are able to distin-
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FIG. 114. The differential dN/dMpp distributions for the ex-
clusive reaction ep→ep1p2p normalized to unit area for dif-
ferent Q2. The line types show the different contributions
from a Söding-type fit. The lower plot shows the ratio B/A of
the background to the Breit-Wigner normalization as a func-
tion of Q2. The photoproduction result has been included as
an open circle.

FIG. 115. The dependence of the g* p→r0p cross section on
Q2. The shaded band displays the correlated systematic error
on the ZEUS measurement.
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
FIG. 116. The cross section for g* p→r0p as a function of W
for different Q2 values. The solid lines show the W depen-
dence from fits to ZEUS data. The dashed line is the predic-
tion of Donnachie and Landshoff (1992) for photoproduction.
The NMC (Arneodo et al., 1994), E665 (Adams et al., 1997),
and H1 (Aid et al., 1996j) data were interpolated to the indi-
cated Q2 values. The shaded band displays the correlated sys-
tematic error on the ZEUS measurement.

FIG. 117. The cross section for g* p→fp as a function of W
for photoproduction and DIS.
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guish between different pQCD models. Figure 122 com-
pares the calculations of the models of Frankfurt et al.
(1996), Martin et al. (1997), and Nemchik, Nikolaev,
Predazzi, and Zakharov (1996, 1997) to the ZEUS data.
The first two models make use of the gluon density ex-
tracted by ZEUS from next-to-leading-order fits to F2 ,
and both reproduce the data reasonably well given the
remaining large normalization uncertainties. The model
of Nemchik et al. underestimates the cross section over
the entire kinematic range.

E. Discussion

Light vector-meson photoproduction shows all the
features of soft diffractive scattering: the W dependence
is soft, the t dependence is steep, s-channel helicity con-
servation applies, and the r0 mass spectrum is skewed.
The situation is drastically different for J/c production.
Here the W dependence is steep, and the t slope is a
factor of 2 smaller.

As Q2 is increased, the light vector mesons become
progressively more polarized in the helicity zero state,
and the t dependence of the cross section becomes less
steep. The situation for the W dependence is not so
clear. The data are not precise enough to draw conclu-
sions based on single data sets, and combining data sets
is difficult. However, the data indicate a steeper depen-
dence as Q2 increases, and the steepness is more pro-
nounced for the heavier vector mesons.

First results exist on vector-meson production at large
utu that, in the case of the J/c , are compatible with
pQCD expectations.

In which kinematic regime is the process dominated
by perturbative two-gluon exchange? The results show

FIG. 118. The cross section for g* p→J/cp as a function of W
for photoproduction and DIS. The lines indicate a W0.9 depen-
dence.
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that J/c production has a steep W dependence, in ac-
cord with pQCD expectations. Assuming that the scale
is set by m25(Q21mJ/c

2 1utu)/4, as prescribed in the
Ryskin model (Ryskin, 1993), this would imply that light
vector-meson production should also be perturbative at
Q2;mJ/c

2 510 GeV2. The data for r0 electroproduction
prefer a shallower W dependence at this scale than is
observed in J/c photoproduction. In addition, there is
still a significant contribution from sT (R5sL /sT'3)
to the r0 cross section at Q2510 GeV2. This implies that
this value of the scale is not high enough for light vector-
meson production to be fully perturbative in nature,
leading to the conclusion that MV

2 and Q2 are not sym-
metric in the determination of the scale of the reaction.

Vector-meson production has proven to be a very in-
teresting process in which to test perturbative QCD. The
different scales that enter into the process, MV , Q2t ,
and their interplay, provide a challenge to our under-
standing of this basic physical process. In pQCD, the
cross sections depend on the square of the gluon density,
making this process a very interesting one for studying
the parton densities in the proton. Clearly further theo-
retical as well as experimental work is needed. On the
theoretical side, higher-order calculations are needed to
reduce the scale uncertainties and to allow more quan-
titative predictions. On the experimental side, further
extensions in the different scales Q2, utu, and M are
needed to understand the transition from soft to hard
reactions. This topic will continue to be of interest as it
provides a testing ground for pQCD in exclusive reac-
tions.

VIII. SEARCHES FOR NEW PARTICLES AND NEW
INTERACTIONS

In the previous sections, we have reported on physics
within the realm of the standard model of

FIG. 119. The slope b of the exponential t dependence
exp(2butu) for r0 production as a function of the photon virtu-
ality Q2.
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electroweak1strong interactions. The standard model
has been exceptionally successful, and there are cur-
rently no known violations of its predictions. It is, how-
ever, expected that the standard model will not be the
final theory, but rather a low-energy manifestation of a
more general theory, perhaps encompassing gravity.
There are many open issues in the standard model.

(1) Why are there three families of quarks and lep-
tons? In the past, a large number of ‘‘fundamental par-
ticles’’ eventually led to a new level substructure (atoms
are composed of nuclei and electrons, nuclei are com-
posed of neutrons and protons, hadrons are composed
of quarks). It is therefore natural to speculate that new
levels of substructure exist within quarks and leptons.

(2) The mass spectrum of known particles is not un-
derstood. In the standard model, particles acquire their
mass via the mechanism of spontaneous symmetry
breaking, leading to the presence of a scalar particle, the
Higgs particle. This particle has not yet been observed.
Given the observation of the Higgs, the question of the
immense gap in mass between the weak bosons, which
set the scale of the weak interactions, and the Planck
mass, which sets the scale of gravitational interactions,
will still need clarification. A theory that explained the
observed mass spectrum would be a great step forward
in our understanding of nature.

(3) The standard-model interactions violate chiral
symmetry. This is not currently understood, and theories
postulating left-right symmetry at higher energies are
certainly tempting to consider.

(4) Gravity does not appear in the standard model. In
this context, supersymmetric theories are an exciting
possibility since they naturally incorporate gravity.
Theories attempting to unify gravity with the strong and
electroweak forces have to date not had any experimen-
tal verification.

FIG. 120. The ratio R5sL /sT for the reaction g* p→r0p as a
function of Q2.
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The discovery of new interactions or particles beyond
the standard model would certainly be welcome, as it
would lead to new theories and a new conception of
nature. There are currently two results from HERA that
deviate from standard-model expectations. These are
the observation of excess events at large x and Q2, seen
by both the H1 (Adloff et al., 1997a) and ZEUS (Breit-

FIG. 121. Production rate of f mesons relative to r0 as a func-
tion of Q2. The dashed line corresponds to the ratio 2/9 ex-
pected from the quark charges and a flavor symmetric coupling
mechanism.

FIG. 122. Comparison of the forward longitudinal cross sec-
tion, dsL /duti t50 , to different pQCD models (see text). The
shaded band displays the correlated uncertainty arising from
the measurements of b and R, as well as from the uncertainty
in the proton dissociation background.
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weg et al., 1997b) Collaborations, and the anomalous
rate of events with high-pT muons and large hadronic
pT seen by the H1 Collaboration (H1 Collaboration,
1997d). These will be reviewed in some detail below. We
also summarize searches that have been carried out for
new physics.

The HERA center-of-mass energy, As5300 GeV, is
intermediate between those available at LEP (up to
about 185 GeV) and the Tevatron (1.8 TeV). The
‘‘cleanliness’’ of the final state is also intermediate be-
tween the two, since one of the colliding particles is
pointlike. An advantage of HERA over the Tevatron is
that the standard-model DIS cross sections at high ET
can be calculated precisely. Deviations from expecta-
tions are therefore more easily spotted.

HERA is of course ideally suited to new states that
couple directly to leptons and quarks, such as lepto-
quarks or some supersymmetric quarks. Searches for ex-
cited fermions are also particularly clean and can be per-
formed up to the kinematic limit.

In the following sections, we review:
(1) Direct searches for the production of new par-

ticles, either as s-channel resonances or as particles pro-
duced in the t channel. In the direct s-channel formation
of new particles, the incoming e6 fuses with a quark or
gluon in the proton to form a resonance. Examples of
these types of particles are leptoquarks, leptogluons, and
quarks in R-parity-violating supersymmetry. These par-
ticles will appear as resonances for M,As . Examples of
t-channel processes are the single production of excited
fermions, heavy neutral leptons, or selectron1squark
production in R-parity-conserving supersymmetry.

(2) Searches for new interactions at mass scales L
*1 TeV. These can be studied in the context of four-
fermion contact interactions. In general, the presence of
new particles or compositeness of any kind are signals
for new interactions that in the low-energy limit can be
described as contact interactions. However, explicit
searches for specific types of particles or interactions are
more sensitive than the general search for contact inter-
actions, such that the two types of searches are comple-
mentary.

(3) Searches for interactions that violate lepton flavor.
Any reaction resulting in flavor violation will be a clear
violation of the standard model. These searches can be
performed in a general way and can be interpreted as
limits on different types of particles appearing in specific
models.

(4) The observation, by the H1 Collaboration, of
events containing a high-pT muon and a hadronic sys-
tem with large pT . The first such event was observed by
the H1 Collaboration in 1994 (H1 Collaboration, 1994;
Aid et al., 1996d), and the analysis has since been up-
dated.

(5) The recent observation of events at large x, Q2

observed by the H1 and ZEUS Collaborations. First re-
sults were presented in February 1997 and have since
been updated.
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A. Search for leptoquarks and leptogluons

Leptoquarks and leptogluons generally appear in
theories that link the leptons and quarks, such as grand
unified theories, technicolor models (Schrempp, 1991),
or models for compositeness. Leptoquarks are hypo-
thetical color triplet bosons (spin 0 or 1), with fractional
electric charge and nonzero lepton and baryon numbers.
They couple to lepton-quark pairs and therefore would
appear as s-channel resonances at HERA for MLQ

,As . In this case, MLQ is directly related to the fraction
of the proton momentum carried by the quark x as

MLQ
2 5sx . (8.1)

The effects of higher-mass leptoquarks can also be ob-
served via a deviation of the observed cross section from
standard-model expectations.

Leptogluons are hypothetical color octet fermions
(spin 1/2) with integer electric charge and nonzero lep-
ton number. They also often appear in theoretical exten-
sions of the standard model. Leptogluons would also ap-
pear as a resonance in the x distribution if their masses
were less than As .

In general, a leptoquark can couple to multiple lepton
and/or quark flavors, thereby providing a mechanism for
flavor violation. The different types of leptoquarks with
SU(3)3SU(2)3U(1) invariant couplings have been
worked out by Buchmüller, Rückl, and Wyler (1987).
They are distinguished by the quark flavors to which
they couple, the lepton flavor to which they couple, their
spin, and their chiral properties. Very strong limits exist
on chirality-violating leptoquarks (lL•lR.0, where
lL ,lR are the left-and right-handed couplings of the
leptoquark), so that we will consider only chirality-
conserving leptoquarks. Given this constraint, we can
distinguish 14 species of leptoquark, grouped into 2 sets
of 7 species by the fermion number F5L13B , where L
and B denote the lepton and baryon number, respec-
tively. These are listed in Table IX. Note that lepto-
quark cross sections will be higher for F50 in e1p scat-
tering since in this case a quark fuses with the positron.
In e2p scattering, the cross sections are larger for F
52.

We can define many possible leptoquark types
(Davidson, Bailey, and Campbell, 1994), depending on
the flavors of the quarks and leptons involved in the
production and decay. We will initially consider lepto-
quarks that preserve lepton number and that couple to a
single generation. The more general case involving lep-
ton flavor violation is treated below.

1. Searches for leptoquarks

Leptoquarks with masses below As are formed at
HERA via electron (or positron) fusion with a quark or
antiquark from the proton. The leading-order diagram
for this process is shown in Fig. 123.

If the electron-quark coupling is not too large, then
the mass of the leptoquark is related to the center-of-
mass energy via
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x0'
MLQ

2

s
, (8.2)

where x0 is the fractional momentum of the proton car-
ried by the quark or antiquark taking part in the inter-
action. The width of the leptoquark is given by

G5
l2

16p
MLQ spin 0, (8.3)

5
l2

24p
MLQ spin 1, (8.4)

where l is the coupling of the leptoquark to the
electron-quark pair. In the narrow width approximation
(Buchmüller et al., 1987), the cross section is given by

s~eq→LQ !.
p

4s
l2q~x0! spin 0, (8.5)

.
2p

4s
l2q~x0! spin 1, (8.6)

where q is the quark (or antiquark) density in the pro-
ton. Note that the quark density is generally evaluated
at the scale m5MLQ .

As can be seen in Table IX, the leptoquark can decay
to either electron1quark or neutrino1quark. The final
states are indistinguishable from normal DIS NC or CC
events. The experimental searches for leptoquarks
therefore follow the standard neutral-current and
charged-current event selection procedures, and look for
enhancements in the x or M distributions, where M is
the mass of the electron (neutrino) jet final state. The
sensitivity to a leptoquark signal can be enhanced by
taking advantage of the y distribution, which differs
from that of DIS. A scalar leptoquark, which has an
isotropic decay angular distribution in its rest frame, will
have a flat y distribution, while vector leptoquarks will
have a (12y)2 distribution. To date, no statistically sig-
nificant signal has been found in these direct searches
(see, however, Sec. VIII.G), and 95% C.L. limits are set
on the size of the allowed lepton-quark coupling as a
function of the mass of the leptoquark. The ZEUS limits
(Derrick et al., 1993d; Straub, 1994; ZEUS Collabora-
tion, 1998l) come from the 1992–1993 e2p running (for
F52 leptoquarks) and 1994–1997 e1p running (for F
50 leptoquarks). The limits are based on 0.55 pb21 of
e2p data and 47 pb21 of e1p data. H1 has published
results based on the 1992–1993 e2p data (Ahmed et al.,
1994b) as well as the 1994 e1p data (Aid et al., 1996e),
with luminosities of 0.43 pb21 and 2.83 pb21 respec-
tively. They have also reported limits on scalar lepto-
quarks from the full 1994–1997 e1p data (H1 Collabo-
ration, 1998j). The use of both e2p and e1p data allows
strong limits on both F50 and F52 leptoquarks. H1
has additionally set limits on the ratio MLQ /l for
MLQ.As from a contact term analysis (Aid et al.,
1995d). The limits achieved by the ZEUS experiment
from their 1994–1997 data sets are shown in Fig. 124.

The mass limits from both experiments on the differ-
ent leptoquark species are given in Table X for a cou-
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pling strength equivalent to that of the electroweak in-
teraction, l5A4pa'0.3. At such a coupling strength,
leptoquark production is ruled out for MLQ,200 GeV.
The strongest limits are for those leptoquarks that
couple to u quarks, as these have the largest density at
large x. For these processes, the limits exceed 280 GeV.
At a fixed mass of 150 GeV, the limits on l are in many
cases below 0.01.

Other bounds on leptoquarks exist from e1e2 scatter-
ing, from pp̄ scattering, from searches for forbidden de-
cays, and from the observation of lepton universality. In
e1e2 and pp̄ scattering the leptoquarks are produced
via electromagnetic or strong interactions that are inde-
pendent of the lepton-quark coupling strength. The
strongest direct limits are from the Tevatron and are
currently 213 GeV from CDF (Abe et al., 1997f) and 225
GeV from D0 (Abbott et al., 1998b). These limits apply
to scalar leptoquarks assuming a branching ratio of 1.
They depend strongly on the assumed branching ratios
of the leptoquarks to electrons and neutrinos, with
smaller branching ratios giving weaker limits. Weak uni-
versality (Davidson et al., 1994; Leurer, 1994) imposes
that lL,M/1.7 (TeV).

2. Searches for leptogluons

The leptogluon decay width depends on the ratio
MLG /L , where L is a scale characterizing the underly-
ing interaction, as

G5
as

4

MLG
3

L2 , (8.7)

where as is the strong coupling constant. For MLG!L ,
the decay width is small and the total cross section is
approximately given by

s~eg→LG !.
2p2as

s S MLG

L D 2

g~x0!. (8.8)

Leptogluons have spin 1/2, and will therefore have a y
distribution of the form (12y). The analysis proceeds
along similar lines to the search for leptoquarks. Lepto-
gluon limits as derived by the H1 Collaboration (Abt
et al., 1993b) from the 1992 e2p running exclude at 95%
C.L. scale parameters L<1.8 TeV for a leptogluon mass
M5100 GeV and L<200 GeV at M5200 GeV.

3. Flavor-violating interactions

At HERA, lepton flavor violation could occur via s-,
u-, or t-channel exchanges as shown in Fig. 125. For the
s- and u-channel processes, the exchanged particle has
the quantum numbers of a leptoquark or an R” P squark.
For the case of t-channel exchange, the process would be
mediated by a flavor-changing neutral boson. The
ZEUS (Derrick et al., 1997a) and H1 (H1 Collaboration,
1998j; Aid et al., 1996d) experiments have performed
searches for lepton flavor violation by looking for events
with high-pT muons or taus. No evidence for flavor vio-
lation was found. This leads to model-dependent limits
on possible types of leptoquarks or R” P squarks. We out-
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TABLE IX. Table showing the different species of leptoquarks and their couplings for those lepto-
quarks that can be produced at HERA. The leptoquarks in the upper block are color antitriplets and
have fermion number F5L13B50. The leptoquarks in the lower block are color triplets and have
F52. The leptoquark species are further divided according to their spin (S for scalar and V for
vector), their chirality (L or R), and their weak isospin (0,1/2,1). The leptoquarks S̃ and Ṽ differ by
two units of hypercharge from S and V , respectively. In addition, the electric charge q of the lepto-
quarks, the production channel, as well as their allowed decay channels, assuming lepton flavor
conservation, are displayed. The quantum numbers and decay channels are given assuming an
electron-type leptoquark. For positron-type leptoquarks, the sign of the electric charge is reversed,
and antiquarks should be replaced by the corresponding quark. The nomenclature follows the
Aachen convention (Schrempp, 1991).

Leptoquark
species q Production Decay Branching ratio

S1/2
L 25/3 eLūR eū 1

S1/2
R 25/3 eRūL eū 1

22/3 eRd̄R ed̄ 1

S̃1/2
L 22/3 eLd̄L ed̄ 1

V0
L 22/3 eLd̄R ed̄ 1/2

neū 1/2
V0

R 22/3 eRd̄L ed̄ 1

Ṽ0
R 25/3 eRūL eū 1

V1
L 25/3 eLūR eū 1

22/3 eLd̄R ed̄ 1/2

neū 1/2

S0
L 21/3 eLuL eu 1/2

ned 1/2
S0

R 21/3 eRuR eu 1

S̃0
R 24/3 eRdR ed 1

S1
L 21/3 eLuL eu 1/2

ned 1/2
24/3 eLdL ed 1

V1/2
L 24/3 eLdR ed 1

V1/2
R 24/3 eRdL ed 1

21/3 eRuL eu 1
V1/2

L 21/3 eLuR eu 1
line the results attained for flavor-violating leptoquarks
in this section. The results on flavor violation in the con-
text of R” P squarks are given in Sec. VIII.B.2.

We can distinguish 252 different leptoquark scenarios
leading to lepton flavor violation. These are defined by

FIG. 123. Diagrams showing (a) the s-channel production of a
leptoquark in ep scattering, and (b) the s-channel production
of a squark in R-parity-violating SUSY, with subsequent de-
cay.
., Vol. 71, No. 5, October 1999
the 14 different leptoquark species described in Table
IX, by the flavors of the quarks that couple to the elec-
tron and the final-state lepton, and by the final-state lep-
ton flavor (m or t). The reactions are described by two
dimensionless couplings, leq1

and l lq2
, defined in Fig.

125. The limit-setting procedure depends on whether the
search is for leptoquarks with MLQ,As or MLQ.As .

(1) For MLQ,As , limits can be set on MLQ for given
coupling strengths leq1

, l lq2
, or leq1

and branching ratio
B(lq2)5l lq2

2 /(leq2

2 1l lq2

2 ). Limits on l lq2
versus MLQ

are shown for fixed values of leq1
in Fig. 126 for the

ZEUS analysis, and Fig. 127 for the first H1 analysis. For
this figure, only leptoquarks with no neutrino decay
modes are shown, and it is assumed that the branching
ratio for the decay LQ→l1q2 is given by Blq2

5l lq2

2 /(leq1

2 1l lq2

2 ). For flavor-violating couplings of
electromagnetic strength, the ZEUS collaboration sets
95% C.L. lower limits on leptoquark masses between
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207 GeV and 272 GeV, depending on the leptoquark
species and final-state lepton. The recent H1 results (H1
Collaboration, 1998j) extend the limits further. For
leq1

5ltq2
50.03, the excluded mass range is extended

by about 65 GeV.
(2) For MLQ.As , the cross section is proportional to

the square of leq1
l lq2

/MLQ
2 , and ZEUS has set upper

bounds on this quantity. Many of the ZEUS limits su-
persede prior limits (Davidson et al., 1994), particularly
in the case where e→t . The results for this case are
summarized in Tables XI and XII.

B. Supersymmetry at HERA

Supersymmetry (SUSY) (Nilles, 1984; Haber and
Kane, 1985) is widely acknowledged as a leading candi-
date theory to describe possible physics not included in
the standard model. It relates the properties of fermions
to those of bosons (e.g., in SUSY, selectrons ẽ are scalar
partners of electrons e) and locally supersymmetric
theories naturally incorporate gravity. Supersymmetry
also resolves in a natural way, in the unbroken version,
the hierarchy (or naturalness) problem; i.e., why the ra-
tio MW /MPlanck is so small. It is therefore of great inter-
est to search for signs of this new theory. To date, no
evidence for supersymmetry has been found.

The fact that the superpartners to the existing par-
ticles have not been observed implies that supersymme-
try is broken. The breaking of supersymmetry intro-
duces many new parameters into the theory, which

FIG. 124. Upper limits from the ZEUS experiment at 95%
C.L. as a function of mass on the coupling l for scalar and
vector leptoquarks, which for an e1 beam can decay into
lepton1q̄ (a) and (b) and lepton1q (c) and (d). The regions
above the curves are excluded. The horizontal lines indicate
the approximate coupling for an electroweak scale, A4pa
50.31.
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makes the classification of possible SUSY scenarios
rather forbidding. In general, assumptions must be made
to reduce the number of parameters and thereby allow
for reasonably compact classification schemes (Baer,
1995). In the sections that follow, we will consider only
the minimal supersymmetric model (MSSM) and
R-parity-violating supersymmetry.

1. The minimal supersymmetric model—MSSM

The simplest supersymmetric extension of the stan-
dard model is denoted MSSM (for minimal supersym-
metric model). It is a direct generalization of the stan-
dard model, with electroweak symmetry breaking
occurring via vacuum expectation values of two different
Higgs superfields, denoted H1 and H2. Baryon number
and lepton number are separately conserved. This is
most easily expressed in terms of the multiplicative
quantum number R-parity, defined as RP5
(21)3B1L12S, where B is the baryon number, L is the
lepton number, and S is the spin of the particle, so that
RP511 for standard-model particles and RP521 for
SUSY particles. The MSSM contains the smallest num-
ber of new particles and new interactions compatible
with the standard model. If R-parity were conserved,
SUSY particles would be produced in pairs and would
ultimately decay into the lightest supersymmetric par-
ticle, which would be stable and neutral. It is therefore
expected in MSSM that signatures with missing energy

TABLE X. Table showing the mass limits on the different
types of leptoquarks for direct as well as indirect searches. For
the direct searches, the lower limit on MLQ is given for lepton-
quark coupling of electromagnetic strength, leq15A4pa . In
the case of indirect searches, the limit is set on MLQ/l . The
results in column 3 are based on Fig. 2 of Aid (1996e) and, for
scalar leptoquarks with F52, on Fig. 11 of H1 Collaboration
(1998j). The results in column 4 are from Straub (1994) for F
52 leptoquarks, and from Fig. 6 of ZEUS Collaboration
(1998l) for F50 leptoquarks.

Leptoquark
Indirect limit

on MLQ/l (GeV)
Limit on MLQ (GeV)

for l50.31
species H1 H1 ZEUS

S1/2
L 275 282

S1/2
R 275 282

S̃1/2
L 360 263 270

V0
L 250 268

V0
R 235 273

Ṽ0
R 760 260 285

V1
L 1020 270 287

S0
L 240 242

S0
R 245 242

S̃0
R 350 215 214

S1
L 340 240 245

V1/2
L 300 220 224

V1/2
R 710 240 252

V̄1/2
L 800 240 251
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would arise since the lightest supersymmetric particle
would escape the detector unseen.

The spectrum of particles expected in the MSSM, in
addition to those already known in the standard model,
includes scalar squarks and sleptons, spin-1/2 charginos,
neutralinos, the gluino, and five different Higgs bosons.
Charginos and neutralinos are charged and neutral mass
eigenstates of the (mixed) supersymmetric partners of
the W6, Z0, g (gauginos), and the two Higgs doublets
(higgsinos). The lightest supersymmetric particle is con-
strained to be neutral for cosmological reasons, and it is
therefore generally assumed that the lightest neutralino,
x1

0, is the lightest supersymmetric particle. There are in
addition many possible couplings. The MSSM therefore
contains many new parameters, and further assumptions
are necessary to reduce these to a more tractable num-

FIG. 125. The (a) s-, (b) u-, and (c) t-channel Feynman dia-
grams for LFV. For the s- and u-channel diagrams, we denote
the couplings as l lq , where the indices refer to the lepton and
quark flavors.

FIG. 126. The 95% C.L. upper limit on the coupling at the
decay vertex vs leptoquark mass MLQ , for several values of
the first-generation coupling at the production vertex. The dot-
ted curves are for F52 leptoquarks and the solid curves are
for F50 leptoquarks.
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ber. This necessarily introduces model dependence in
the interpretation of searches for new particles. A com-
mon approach is to use constraints from supergravity
models (Baer et al., 1995) to express the various SUSY
parameters in terms of a common scalar mass m0 , a
common gaugino mass m1/2 , the ratio of the vacuum
expectation value of the two Higgs superfields tan b, a
common trilinear interaction A0 , and a sign parameter
sign(m).

The dominant MSSM process expected at HERA is
the production of a selectron and a squark via neutralino
exchange, ep→ ẽ q̃X , depicted in Fig. 128. The H1 and
ZEUS Collaborations have performed searches for this
channel (Aid et al., 1996f; Breitweg et al., 1998e). The
selectron and squark are taken to decay into the lightest
neutralino plus standard-model particles, and the appro-
priate branching ratios are used. The limits are found
under the following assumptions:

(1) MẽL
5MẽR

,
(2) Mq̃L

5Mq̃R
,

(3) the four lightest squarks are assumed to be mass
degenerate, and

(4) the Grand Unified Theory relation M1
55/3M2 tan2 uW holds.

An integrated luminosity of 6.38 pb21 of e1p colli-
sions was used in the H1 search and 47 pb21 for the

FIG. 127. The 95% C.L. upper limit on the coupling at the
decay vertex vs leptoquark mass MLQ , for several values of
the first-generation coupling at the production vertex. The dot-
ted curves are for F52 leptoquarks and the solid curves are
for F50 leptoquarks.
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TABLE XI. The best upper bounds on leq1ltq2 /MLQ
2 for F50 leptoquarks, in units of 1024 GeV22. Each column corresponds to

a given leptoquark species and each row to the quark flavors q1 and q2 , which couple to e and t, the generation indices of which
are specified in the first cloumn. The possible decay modes of the leptoquark are listed, including decays not possible at HERA but
possible at other experiments. The top line in each set gives the previous measurement (Davidson et al., 1994) that had obtained
the strictest limit. The limit from that experiment is given on the second line in the box and the ZEUS limit, shown on the third
line is printed in boldface if it supersedes the previous limit. The asterisks denote those cases in which lepton flavor violation
occurs only via processes involving top.

e↔t F50

(q1q2)

S1/2
L

e2ū
nū

S1/2
R

e2(ū1d̄)
S̃1/2

L

e2d̄
nd̄

V0
L

e2d̄
nū

V0
R

e2d̄
Ṽ0

R

e2ū
V1

L

e2(&ū1d̄)
n(ū1&d̄)

(11) t→pe t→pe t→pe GF t→pe t→pe GF

0.02 0.01 0.02 0.002 0.01 0.01 0.002
0.11 0.09 0.18 0.11 0.11 0.07 0.04

(12) t→Ke K→pn̄n t→Ke t→Ke K→pn̄n
0.05 231025 0.03 0.03 531026

0.12 0.10 0.18 0.15 0.15 0.10 0.05

(13) B→t ēX B→t ēX B→l nX B→t ēX B→l nX
0.08 0.08 0.02 0.04 0.02

* 0.18 0.18 0.16 0.16 * 0.16

(21) t→Ke K→pn̄n t→Ke t→Ke K→pn̄n
0.05 231025 0.03 0.03 531026

0.34 0.26 0.39 0.14 0.14 0.10 0.05

(22) t→eg t→eg
0.2 0.2
0.60 0.37 0.48 0.25 0.25 0.31 0.13

(23) B→t ēX B→t ēX B→l nX B→t ēX B→l nX
0.08 0.08 0.02 0.04 0.02

* 0.50 0.50 0.33 0.33 * 0.33

(31) B→t ēX B→t ēX Vbu B→t ēX Vbu

0.08 0.08 0.002 0.04 0.002

* 0.47 0.47 0.15 0.15 * 0.15

(32) B→t ēX B→t ēX B→l nX B→t ēX B→l nX
0.08 0.08 0.02 0.04 0.02

* 0.65 0.65 0.26 0.26 * 0.26

(33) t→eg t→eg
3.4 3.4

* 0.72 0.72 0.38 0.38 * 0.38
ZEUS search, and signatures based principally on miss-
ing energy and missing transverse momentum were
searched for. For tan b5&, masses below (Mẽ1Mq̃)/2
577 GeV for Mx1

0540 GeV are excluded at 95% confi-

dence level. The limits are compared to contemporane-
ous LEP results (Barate et al., 1997a; Acciarri et al.,
1998a; Ackerstaff et al., 1997a) in Fig. 129. The HERA
results exceed the LEP results for squark masses below
about 80 GeV. LEP experiments (Barate et al., 1997b;
Ackerstaff et al., 1997b; Acciarri et al., 1998c) have also
reported limits on stop and on sbottom of about 75
GeV. The limits from HERA for Mẽ5Mq̃ are at the
same level. Since the production at HERA is principally
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
off up quarks, the HERA limits on (Mẽ1Mũ)/2
.75 GeV are almost as high as considering all squarks.

Strong limits on the squark mass have been obtained
at the Tevatron (Abe et al., 1997b; Abachi et al. 1995a)
that are complementary to those obtained at HERA.
The Tevatron squark limits are in general at several
hundred GeV. However, they are obtained using GUT-
inspired assumptions not required by the HERA experi-
ments and they are less sensitive for small mass differ-
ences Mq̃2Mx1

0. The HERA analyses probe different

regions of MSSM parameter space in which the gluinos
are heavier than the squarks and the squark masses are
independent of the selectron mass.
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TABLE XII. The best upper bounds on leq1ltq2 /MLQ
2 for F52 leptoquarks, in units of 1024 GeV22. Each column corresponds

to a given leptoquark species and each row to the quark flavors q1 and q2 , which couple to e and t, the generation indices of which
are specified in the first column. The top line in each set gives the previous measurement (Davidson et al., 1994) that had obtained
the strictest limit. The limit from that experiment is given on the second line in the box and the ZEUS limit, shown on the third
line, is printed in boldface if it supersedes the previous limit. The asterisks denote those cases in which lepton flavor violation
occurs only via processes involving top.

e↔t F52

q1q2

S0
L

e2u
nd

S0
R

e2u
S̃0

R

e2d
S1

L

e2(u1&d)
n(&u1d)

V1/2
L

e2d
nd

V1/2
R

e2(u1d)
Ṽ1/2

L

e2u
nu

(11) GF t→pe t→pe GF t→pe t→pe t→pe
0.003 0.02 0.02 0.003 0.01 0.005 0.01
0.15 0.15 0.23 0.09 0.09 0.05 0.06

(12) K→pn̄n t→Ke K→pn̄n K→pn̄n t→Ke
231025 0.05 231025 1025 0.03

0.20 0.20 0.27 0.11 0.19 0.13 0.16

(13) Vbu B→t ēX Vbu B→t ēX B→t ēX
0.004 0.08 0.004 0.04 0.04

* 0.28 0.14 0.23 0.23 *

(21) K→pn̄n t→Ke K→pn̄n K→pn̄n t→Ke
2310215 0.05 231025 1025 0.03

0.22 0.22 0.31 0.12 0.09 0.05 0.06

(22) t→eg t→eg t→eg t→eg
0.5 0.5 0.3 0.1
0.60 0.60 0.48 0.22 0.25 0.19 0.31

(23) B→l nX B→t ēX B→l nX B→t ēX B→t ēX
0.04 0.08 0.04 0.04 0.04

* 0.50 0.25 0.33 0.33 *

(31) B→l nX B→t ēX B→l nX B→t ēX B→t ēX
0.04 0.08 0.04 0.04 0.04

* 0.34 0.17 0.10 0.10 *

(32) B→l nX B→t ēX B→l nX B→t ēX B→t ēX
0.04 0.08 0.04 0.04 0.04

* 0.65 0.32 0.26 0.26 *

(33) t→eg t→eg
0.3 0.1

* 0.72 0.36 0.38 0.38 *
2. R-parity-violating SUSY

R-parity need not be conserved in supersymmetric
theories. The general superpotential allows for Yukawa
couplings between the standard-model fermions and q̃
or l̃ . However, superpotential terms that violate
R-parity can in some cases lead to proton decay, which
has very stringent experimental constraints, so that the
appropriate couplings must be small. Of particular inter-
est for ep collisions are R-parity-violating superpotential
terms of the form l ijk8 LL

i QL
j D̄R

k (Butterworth and
Dreiner, 1993). Here LL , QL , and D̄R denote left-
handed lepton and quark doublets and right-handed
d-quark singlet chiral superfields, respectively, and the
indices i, j, and k label their respective generations. Ex-
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panded into four-component Dirac notation, the corre-
sponding terms of the Lagrangian are

L5l ijk8 @ ñL
i d̄R

k dL
j 1d̃L

j d̄R
k nL

i 1~ d̃R
k !* ~ n̄L

i !cdL
j

2 ẽL
i d̄R

k uL
j 2ũL

j d̄R
k eL

i 2~ d̃R
k !* ~ ēL

i !cuL
j #1H.c.

(8.9)

For i51, which is the case at HERA, the last two terms
will result in ũ- and d̃-type squark production in ep col-
lisions. All possible right-handed down-type squarks and
left-handed up-type squarks can be produced, as listed
in Table XIII. In e1p collisions these are produced off
up-type antiquarks and down-type quarks, respectively.
There are thus 18 possible production couplings probed
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in e1p collisions. For production and decay via l ijk8 , the
squarks behave as scalar leptoquarks and the final state
will be indistinguishable, event by event, from standard-
model neutral- and charged-current events. However, as
with the scalar leptoquarks, the angular distributions of
the final-state lepton and quark will be different, and
this fact can be exploited in performing searches.

In addition to the Yukawa couplings, there are also
gauge couplings such that the q̃ can decay by radiating a
neutralino or chargino. The neutralino or chargino can
then subsequently decay. The final-state signature will
depend on the properties of the neutralino or chargino
involved. Figure 130 shows examples of both Yukawa-
type decays and gauge-type decays. For the gauge de-
cays, examples are given of subsequent decays of the
neutralino or chargino. The H1 Collaboration has
searched for R” P squark production (Aid et al., 1996d;
H1 Collaboration, 1998k) under the following assump-
tions:

(1) One l ijk8 dominates,
(2) Mq̃R

'Mq̃L
for the first two generations,

(3) The lightest neutralino, x1
0, is the lightest SUSY

particle, and
(4) Mg̃.Mq̃ .
The stop is a special case since it is not ruled out that

it can be lighter than the corresponding standard-model
particle, the top quark.

A systematic analysis of the possible final states re-
sulting from the different production and decay modes
was performed, and the search procedure was optimized
for each. No significant evidence for SUSY particle pro-
duction was found, and the H1 Collaboration excludes ũ
and d̃ under various model assumptions. In Fig. 131,
exclusion limits on l1j18 are shown as a function of the
squark mass for different assumptions on the x1

0 mass
and composition. Under these conditions, squarks up to
masses of 262 GeV are ruled out at 95% C.L. for l1j182

54pa .
The Tevatron leptoquark limits rule out ũL

j squark
masses below 200 GeV for branching fractions into e1q
greater than 50%. However, the limits degrade quickly
as the branching ratio becomes smaller, which is a natu-
ral feature in R-parity-violating SUSY.

The indirect limits from atomic parity violation (Lan-

FIG. 128. Feynman diagram for selectron-squark production
via neutralino exchange and the subsequent decays into the
lightest supersymmetric particle x1

0.
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gacker, 1991) and from the nonobservation of neutrino-
less double beta decay (Hirsch, Klapdor-Kleingrothaus,
and Kovalenko, 1995, 1996) are compared to the HERA
limits in Fig. 131. The most stringent limits come from
the neutrinoless double beta decay searches but concern
only the l1118 coupling. For the couplings l1218 , l1318 the
limits are comparable to the HERA results.

3. R-parity violation and lepton flavor violation

Lepton-flavor-violating ep interactions would occur in
a model with two nonzero couplings l ijk8 that involve
different lepton generations. For example, the process
e1d→ũ j→m1dk involves the couplings l1j18 and l2jk8 .
Similarly, nonzero values for l11k8 and l3jk8 would lead to
the reaction e2u→d̃k→t2uj (see Fig. 132). Down-type
squarks have the additional decay d̃→v idj, a mode un-
available to up-type squarks.

As pointed out above, the difference between mecha-
nisms involving R-parity-violating squarks and lepto-
quarks is that the squarks have the additional decay
mode q̃→qx1

0 shown in Fig. 130. The branching ratios
Bqx1

0 for the RP-conserving decay q̃→qx1
0 and Bijk8 for

any R” P decay mode are related (Butterworth and
Dreiner, 1993) by

Bijk8

~l ijk8 !2 5
Bqx1

0

8paeq̃
2~12mx1

0
2 /mq̃

2 !2 , (8.10)

where l ijk8 is the R” P coupling at the decay vertex, a is
the electromagnetic coupling, eq̃ is the squark charge in
units of the electron charge, and the lightest supersym-
metric particle and squark masses are mx1

0 and mq̃ , re-

spectively.
Coupling limits for lepton flavor violation decays of

an S0
L leptoquark can be interpreted as d̃k coupling lim-

its through the correspondence leq1
ABlq2

5l11k8 AB
ijk
8 ,

where i and j are the generations of the leptoquark de-
cay products l and q2 . Similarly, coupling limits on the
S̃1/2

L leptoquark can be converted to limits on couplings
to ũ j via leq1

ABlq2
5l1j18 ABijk8 , where i and k are the

generations of l and q2 .
If the stop ( t̃ ) (Kon and Kobayashi, 1991) is lighter

than the top quark, then the RP-conserving decay t̃
→tx1

0 will not exist. In the case of t̃ , the correspondence
with the coupling limit on S̃1/2

L is given by ledABlq2

5cos ut l1318 ABi3k8 , where u t is the mixing angle between
the SUSY partners of the left- and right-handed top
quarks. Over a broad range of possible stop masses, it is
expected that cos2 ut;0.5 (Kon and Kobayashi, 1991).

The ZEUS (Derrick et al., 1997a) and H1 (H1 Col-
laboration, 1998k) Collaborations have set limits on R” P
squarks leading to lepton flavor violation. Table XIV
gives the lower limits from the ZEUS experiment for d̃ ,
ũ , and t̃ quarks assuming that the couplings at the pro-
duction and decay vertex are equal to the electromag-
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FIG. 129. Excluded region at
95% C.L. in the plane defined
by the selectron and the squark
mass, for two different values of
the neutralino mass, mx1

0

535,50 GeV. In (a) and (b) the
limits are for umu5500 GeV and
tan b51.41,10. For m,0, the
excluded region also includes
the single-hatched area. The
limits obtained for m5
2100 GeV and tan b51.41 are
shown in (c) along with the
LEP limits on mē . The limits
for the up squark alone are
shown in (d).
netic coupling. The H1 Collaboration has set limits on
l3jk assuming different values for l1j1 , and assuming
that gauge decays of squarks are forbidden. These limits
are shown in Fig. 133. The limits from indirect searches
(Davidson et al., 1994) are also given in the figure, and

TABLE XIII. Table showing the different single squark pro-
duction processes via an R” p coupling at HERA with an e1

beam.

Production process
l1jk8 Down-type squarks Up-type squarks

111 e11ū→ d̄̃R
e11d→ũL

112 e11ū→ s̄̃R
e11s→ũL

113 e11ū→ b̄̃R
e11b→ũL

121 e11 c̄→ d̄̃R
e11d→ c̃L

122 e11 c̄→ s̄̃R
e11s→ c̃L

123 e11 c̄→ b̄̃R
e11b→ c̃L

131 e11 t̄→ d̄̃R e11d→ t̃ L

132 e11 t̄→ s̄̃R e11s→ t̃ L

133 e11 t̄→ b̄̃R e1b→ t̃ L
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are seen to be substantially weaker. The Tevatron limits,
resulting from searches for ttbb final states (Abe et al.,
1997c) and for nnbb final states (Abbott et al., 1998a),
extend to about 99 GeV. The mass limits from HERA
are substantially better than those achieved by previous
experiments, particularly in the case in which the t is
involved.

C. Search for excited fermions

The existence of excited fermions would be direct evi-
dence for a new level of substructure. Excited electrons,
quarks, or neutrinos could be potentially produced at
HERA by g, Z, or W exchange. The decay products of
these excited particles would include these gauge
bosons. The search procedure therefore involves identi-
fying either photons or weak bosons in the final state.
Example diagrams for the production and decay of ex-
cited fermions are shown in Fig. 134.

The production cross section for excited fermion pro-
duction via g exchange has the form (Hagiwara, Zep-
penfeld, and Komamiya, 1985)

s~ep→f* X !5
ucu21udu2

L2 s0~Mf* !, (8.11)
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where c is the vector coupling constant, d the axial vec-
tor coupling constant, L the compositeness scale, and s0
a reference cross section. The production cross section
via Z and W exchange also includes terms of the form
(cd* 1c* d)/L2. The agreement between the precise
measurements of electron/muon g22 and theoretical
predictions implies that ucu5udu for compositeness scales
less than 10–100 TeV (Renard, 1982; del Aguila, Men-
dez, and Pascual, 1984; Suzuki, 1984). In other cases,
specific models allow us to relate these coupling con-
stants, so that the cross sections can be described by a
single parameter f/L , with dimensions GeV21. Both
HERA experiments have set limits on excited fermion

FIG. 130. Lowest-order s-channel diagrams for first-generation
squark production via e1d scattering at HERA followed by
(a) R” P decay and (b) gauge decay. In (b), the emerging neu-
tralino or chargino might subsequently undergo R” P decays of
which an example is shown in the dotted box for the x1

1 .

FIG. 131. Exclusion upper limits at 95% C.L. for the coupling
l1j18 as a function of the squark mass for various masses and
mixtures of the x1

0 (the upper solid line refers to the zino
limit); also represented are the most stringent indirect limits on
l1118 and l1j18 , j52,3.
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production (Aid et al., 1997; Breitweg et al., 1997f; H1
Collaboration, 1998i; ZEUS Collaboration, 1998k).

ZEUS and H1 have searched for the following decay
modes:

e* →eg q* →qg n* →ng

eZ nZ

nW qW eW . (8.12)

The expected signature is often striking, and the event
selection is therefore very clean. For example, excited
electrons are expected to be produced elastically 50% of
the time. The branching ratios are model dependent, but
it is expected that e* decays to eg a significant fraction
of the time. This would produce a signature in the de-
tector consisting of only a high-energy electron and a
high-energy photon.

The search strategy depends on the individual decay
mode; e.g., the search for e* →eg required two electro-
magnetic clusters in the detector each with transverse
energy ET.15 GeV. The searches for final states with Z
or W bosons required large transverse energy and in-
variant mass in the hadronic system. For instance, in the
ZEUS search, the mode e* →eZ required in addition to
the electron candidate (ET

had.60 GeV and Mhad

.60 GeV) or (ET
had.70 GeV and Mhad.40 GeV). The

H1 Collaboration has specifically looked for leptonic de-
cays of the Z in e* →eZ . The searches with neutrinos in
the final state required an imbalance of at least 15 GeV
(20 GeV) in the transverse momentum of the recon-
structed particles in the searches performed by ZEUS
(H1).

FIG. 132. RP-violating single squark production in ep colli-
sions. Diagrams (a) and (b) show production of ũ and d̃
squarks with leptoquark-like R” P decays, where l i denotes the
final-state charged lepton of generation i. The indices j and k
denote the generations of up-type and down-type (s)quarks,
respectively. Diagram (c) shows ū production with an
RP-conserving decay.
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TABLE XIV. 95% C.L. mass limits (GeV) from ZEUS for squarks with rp couplings, of electro-
magnetic strength (l11k

2 5l ijk
2 54pa54p/128), for different masses of the lightest SUSY particle,

denoted x1
0. The mixing angle of the stop is assumed to be cos2ut 5 0.5. The limits for the mx1

0

5 0 case are somewhat weaker than those for a heavy LSP because ZEUS did not search for the
gauge decay q̃ → qx1

0.

d̃→mq ũ→mq t̃→mq d̃→tq ũ→tq t̃→tq

mx1
050 229 229 221 222

mx1
01mq>mq̃ 231 234 223 223 228 216
The latest limits attained by the H1 Collaboration on
the product of the production cross section times the
branching ratio for excited electrons are summarized in
Fig. 135. These limits are based on 37 pb21 of e1p data
accumulated from 1994–1997. Similar limits for the de-
cay e* →eg exist from ZEUS. The limits attained for
excited neutrinos or squarks are roughly a factor of 2
worse than those for excited electrons due to the more
difficult experimental search procedure. For final states
with photons, the sensitivity is approximately 0.1 pb.
These cross-section limits are independent of the par-
ticular model chosen.

Results obtained at LEP (ALEPH Collaboration,
1997b; Abreu et al., 1997a; Acciarri et al., 1997; Acker-
staff et al., 1998a) and the Tevatron (Abe et al., 1997d;
Bertram, 1996) can be compared to the HERA results
for the quantity f/L . The LEP limits for e* and n* are
more stringent by about a factor of 2 than those from
HERA, but are limited to masses of 180 GeV. The re-
sults on q* from the Tevatron are very strong, but re-
quire a nonzero strong coupling for the excited quarks.
The HERA limits are therefore complementary.

FIG. 133. Upper limits at the 95% C.L. for the coupling l3jk8 as
a function of squark mass for different values of l1j18 . The best
indirect limits are also shown.
., Vol. 71, No. 5, October 1999
D. Search for right-handed currents

One of the particularities of the standard model is that
it is not left-right symmetric. It does not contain right-
handed gauge bosons or neutrinos. It is important to
determine whether this is only a low-energy phenomena,
with left-right symmetry restoration occurring at higher
energies. A possible extension of the standard model
that is left-right symmetric is obtained via the replace-
ment

SU~2 !L3U~1 !Y→SU~2 !L3SU~2 !R3U~1 !8. (8.13)

The relationship between the electromagnetic and weak
coupling constants are given in this theory by Cvetic,
Langacker, and Kayser (1992),

1
e2 5

1

gL
2 1

1

gR
2 1

1
g82 , (8.14)

where gL ,gR are the couplings associated with the WL
and WR , respectively, and e5gL sin uW . The coupling
constant g8 is associated with the U(1)8 generator. In
the standard model, e5gY cos uW , where gY is the cou-
pling constant of U(1)Y .

Equation (8.14) gives the constraint

gR>gL tan uw , (8.15)

or gR>0.55gL . The model can therefore be invalidated
if an experiment is sensitive to right-handed couplings
below this value.

FIG. 134. Diagrams for the production of (a) excited electrons,
(b) excited neutrinos, and (c) excited quarks in ep collisions.
Only some of the possible decay modes are shown.
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The ZEUS Collaboration has searched for heavy
right-handed neutrinos Ne produced in e2p and e1p
collisions at HERA. The Feynman diagram for the pro-
cess is shown in Fig. 136. Significant limits exist on right-
handed neutrinos and W’s from other experiments (Mo-
hapatra, Senjanovic, and Tran, 1983; Langacker and
Uma Sankar, 1989; Abe et al., 1991; Alitti et al., 1991),
but these are either very model dependent or apply to
heavy WR’s. In general, the parameter space given by

MWR
,100 GeV, (8.16)

MWR
,MNe

, (8.17)

is largely unexplored by these limits. The ZEUS analysis
has focused on this region (ZEUS Collaboration, 1996b;
Wai, 1995).

The experimental search generally followed the lines
of the NC DIS analysis. The heavy neutrino decays into
a WR and an electron. Evidence of the presence of a
right-handed W was searched for in the jet-jet invariant
mass spectrum, while the presence of the right-handed
neutrino was searched for in jet-jet-e6 invariant mass. A
well-reconstructed electron was required in the final
state, accompanied by at least two jets. No significant
signal was found, and upper limits were placed on
MWR

,MNe
for different values of gR /gL . These limits

are shown in Fig. 137. For MWR
<40 GeV and MNe

'60 GeV, gR,0.55gL is ruled out. For gR5gL , WR
masses up to 80 GeV and Ne masses up to 170 GeV are
ruled out.

E. Search for new interactions

In this section, we review the search for new interac-
tions occurring at high mass scales L@As . These inter-
actions effectively appear as four-fermion contact inter-
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
actions at HERA energy scales, in analogy with Fermi’s
four-fermion contact interaction model for the weak
force. A contact interaction would produce a deviation
of the observed cross section, particularly at large Q2,
from the standard-model expectations.

If the scale of the new physics is well beyond the
center-of-mass energy available, its effect can be param-
etrized as a four-fermion interaction. The simplest lq
→lq contact interactions that conserve SU(3)3U(1)
can be represented as additional terms to the standard
model Lagrangian LSM as

FIG. 135. Upper limits at the 95% C.L. from the H1 Collabo-
ration on the product of the production cross section (in pb)
and the branching ratio for excited electron production.
L5LSM1
g2

L2 @hs~ ēLeR!~ q̄LqR!1hs8~ ēLeR!~ q̄RqL!1H.c. scalar

1hLL~ ēLgmeL!~ q̄LgmqL!1hLR~ ēLgmeL!~ q̄RgmqR!

1hRL~ ēRgmeR!~ q̄LgmqL!1hRR~ ēRgmeR!~ q̄RgmqR! vector

1hT~ ēLsmneR!~ q̄LsmnqR!1H.c.] tensor (8.18)
where g is the coupling, L is the effective mass scale, and
h determines the relative size and sign of the individual
terms.

Strong limits exist on the scalar and tensor terms
(Haberl , Schrempp, and Martyn, 1991), so we focus
here on the vector terms. The effect of the vector inter-
actions on the cross section is the addition of an extra
term to the vector and axial vector couplings for each
quark flavor [see Eq. (4.11)],
VL5VSM
L 1

Q2

8pa

g2

2L2 ~hLL1hLR!,

VR5VSM
R 1

Q2

8pa

g2

2L2 ~hRL1hRR!

AL5ASM
L 1

Q2

8pa

g2

2L2 ~hLL2hLR!,
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AR5ASM
R 1

Q2

8pa

g2

2L2 ~hRL2hRR!. (8.19)

Note that the contact terms enter only as a function of
Q2, and as a consequence their relative contributions to
the cross section at fixed Q2 are approximately indepen-
dent of x.

A commonly used convention is to set g5A4p and to
use h as a sign parameter. The relative strengths of the
different terms are then placed in L. In this convention,
we write the contact interaction Lagrangian (keeping
only the vector terms) as

LCI5 (
i ,j5L ,R

4p

~L ij
q !2 h ij

q ~ ē igmei!~ q̄ jgmqj!, (8.20)

where q represents the quark generation. Assuming only
valence quarks participate, there are 16 different scales
(2 each for helicity of lepton, helicity of quark, quark
flavor, and sign of h.) The limits are then placed on L ij

q .
The H1 (H1 Collaboration, 1998h) and ZEUS (ZEUS

Collaboration, 1998d) Collaborations have searched for
contact interactions based on their 1994–1997 data sets.
The measurement consists effectively of comparing the
measured differential cross section ds/dQ2 with
standard-model expectations. Figure 138 shows the H1
measurement and the ratio to the standard-model ex-
pectation. No significant deviation is found, and limits
can be placed on the scale of possible new physics. The
limits attained by ZEUS and H1 are summarized in
Table XV and compared to results from LEP
(ALEPH Collaboration, 1997a; Acciarri et al., 1998b;
Ackerstaff et al., 1998b) and the Tevatron (Abe et al.,
1997e). The limits are found to be comparable in
strength.

Other limits come from several sources. Atomic parity
violation experiments place stringent limits on possible
contact interactions (Cho, Hagiwara, and Matsumoto,
1998). These can, however, be avoided if hLL1hLR
2hRL2hRR50. A comprehensive review can be found
in Barger, Cheung, Hagiwara, and Zeppenfeld (1997).

F. Observation of high-pT lepton events

The H1 Collaboration has observed an excess of
events consisting of an isolated electron or muon of high
transverse momentum and a high-pT jet. The events also
have a large imbalance in transverse momentum. One
such event had previously been reported based on the

FIG. 136. Feynman diagram for the production of a heavy
right-handed neutrino via the t-channel exchange of a right-
handed W in e6p collisions at HERA. The heavy neutrino
subsequently decays into a W6 and an e6.
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analysis of the 1994 data (H1 Collaboration, 1994; Aid
et al., 1996d). This event is shown in Fig. 139. Analysis of
all the data from 1994–1997, giving an integrated lumi-
nosity of 36.5 pb21, has resulted in the observation of an
additional five events (Adloff et al., 1998a). The ZEUS
Collaboration has so far no evidence for this type of
event (ZEUS Collaboration, 1998j).

1. Analysis procedure

The event selection follows the line of the standard
H1 charged-current event selection (Aid et al., 1996g).
The basic requirement is a large imbalance in the trans-
verse energy as measured in the calorimeter, pT

calo

.25 GeV. Additionally, a tracking vertex is required,
and topological and timing filters are applied to remove
backgrounds from the sample. This selection produces a
clean sample of charged-current events, which typically
contain one high-pT jet. Events are then searched for
with tracks with transverse momentum, pT.10 GeV.
Six events are observed in which the track is far from the
jet and any other track in the event. These tracks all
correspond to either an electron or a muon. The event
shown in Fig. 139 is typical of these events. The events
are very clean and well reconstructed.

2. Results

The event properties are listed in Table XVI. Four of
the events contain a single high-pT muon (MUON1,
MUON2, MUON4, MUON5), one contains a single

FIG. 137. The contours of constant 95% C.L. upper limits on
gR /gL in the MWR

,MNe
plane. The areas left of the curves are

excluded. For masses where ZEUS is sensitive to gR /gL

,0.55, the gauge structure SU(2)L3SU(2)R3U(1) is ruled
out. The dotted line indicates the kinematic limit of the ZEUS
search.
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FIG. 138. The differential NC e1p cross section vs Q2 compared with standard-model expectations. The right-hand plot gives the
ratio to the expectations.
high-pT electron, and one contains a high-pT muon
(MUON3) and a low-pT electron. The five muon events
have hadronic transverse momentum ranging from
27–67 GeV. The electron event has a hadronic pT of
only 8 GeV.

The main process expected to yield high-pT leptons in
events with missing transverse energy is the photopro-
duction of W bosons, with subsequent leptonic decays.
The W is predominantly produced radiatively from the
scattered quark. This process is calculable in leading or-
der and has been quantitatively evaluated (Baur, Ver-
maseren, and Zeppenfeld, 1992), yielding a total cross
section of about 70 fb per lepton species and charge. The
hadronic pT expected from W production is generally
small, while the transverse lepton n mass has a Jacobian
peak near the W mass.

In Fig. 140 the events are compared to expectations
from a W Monte Carlo sample corresponding to a lumi-
nosity 500 times that of the data. The muon events
MUON1, MUON2, and MUON4 are in regions with
small expectations. After applying the analysis cuts, H1
expects 2.460.5(0.860.2) events in the e6(m6) chan-
nels, respectively, of which 1.760.5(0.560.1) are ex-
pected from the leading-order calculations for W pro-
duction. Two of the observed events are consistent with
the W interpretation (ELECTRON, MUON3). A sec-
ond muon event, MUON5, is compatible, within the
large measurement errors, with W production.

The ZEUS experiment has reported on a search for
these events using a very similar analysis procedure
(ZEUS Collaboration, 1998j), but has found no electron
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
or muon events with large missing pT and large hadronic
pT .

3. Discussion

The events observed by the H1 Collaboration are
clean and well reconstructed. The ZEUS detector has a
very similar acceptance and reconstruction capability for
these types of events, and should therefore also have
seen a signal if there was a large cross section for new
physics. The nonobservation of events by ZEUS can be
accomodated with reasonable probability by assuming
that the true expectation is roughly 1/2 what H1 mea-
sures. It remains to be seen whether such a cross section
can be reproduced by higher-order calculations for W
production, or whether new physics mechanisms beyond
the standard model are necessary.

G. Observation of events at large x and large Q2

The H1 and ZEUS Collaborations reported an excess
of events at large x (or Meq) and large Q2 in early 1997
(Adloff et al., 1997a; Breitweg et al., 1997b). In the case
of H1, 12 neutral-current events were observed for Q2

.15 000 GeV2 where 4.7160.76 were expected. In the
same Q2 range, H1 observed four charged-current
events where 1.7760.87 were expected. For the NC
case, the excess is most prominent around Meq
5200 GeV, where seven events were observed with y
.0.4 in a mass window of width 25 GeV, where only
0.9560.18 events were expected. ZEUS observed two
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TABLE XV. Selected limits on possible new contact interaction terms. The class denotes the type of
interaction: VV , all h ij

q have the same sign, given by 1a ; AA, hLL
q , and hRR

q have sign 1a , while hLR
q

and hRL
q have sign 2a ; VA, h iL

q have sign 1a while h iR
q have sign 2a ; X3, hLL

q , and hRR
q have sign

1a while other terms are zero; X4, the complement of X3; and U4, where hLR
u and hRL

u have sign
1a and other terms are zero.

Class a

Limit
from
H1

L(TeV)

Limit
from

ZEUS
L(TeV)

Limit
from
CDF

L(TeV)

Limit
from

OPAL
L(TeV)

Limit
from

ALEPH
L(TeV)

Limit
from
L3

L(TeV)

VV 11 4.5 4.9 3.5 3.3 4.0 3.2

VV 21 2.5 4.6 5.2 4.3 5.2 3.9

AA 11 2.0 2.0 3.8 4.9 5.6 4.3
AA 21 3.8 4.0 4.8 3.1 3.7 2.9

VA 11 2.6 2.8

VA 21 2.8 2.8

X3 11 2.8 3.5 4.1 3.2

X3 21 1.5 2.9 3.6 2.8

X4 11 4.5 2.5 3.0 2.4

X4 21 4.1 4.1 4.9 3.7

U4 11 4.6 2.0 2.1 1.8

U4 21 4.4 2.3 2.6 2.2
events for Q2.35 000 GeV2 where 0.14560.013 were
expected, while for x.0.55 and y.0.25, four events
were observed where 0.9160.08 events were expected.
The analyses, while each not statistically compelling,
generated interest because they occurred in previously
unexplored kinematic regions. At large Q2, non-DIS
backgrounds are estimated to be below 1% and the un-
certainty of the standard-model predictions is below
10%. The samples of events are background free and
can be compared to precise predictions of the standard
model. This is an ideal experimental situation.

1. Interpretations of the HERA events

The HERA observations have generated intense the-
oretical analysis of possible underlying causes. We
briefly review a selection of these analyses.

(1) Several authors have attempted to modify the par-
ton distributions at large x within the experimentally al-
lowed range to see how big a variation could be pro-
duced at large x and Q2. As mentioned above, ZEUS
and H1 concluded that the standard-model predictions
were quite precise. This was based on existing fixed-
target measurements of structure functions, conven-
tional forms for the parton-density parametrizations,
and NLO DGLAP evolution of the parton densities.
Some of these assumptions can be questioned, such as
the functional form of the quark densities at large x. For
example, Kuhlmann, Lai, and Tung (1997) have added
an extra component to the valence u-quark density of
the form 0.02(12x)0.1, which would be compatible with
existing data. While they find a 30% effect for Q2

540 000 GeV2 at x50.7, the effect in the x range rel-
., Vol. 71, No. 5, October 1999
evant for the HERA effect (x50.4–0.6) is considerably
smaller. Gunion and Vogt (1997) point out that intrinsic
charm in the proton is expected to give a contribution at
large x, with a peak in the vicinity of M5200 GeV.
However, existing data constrain the cross-section en-
hancement due to intrinsic charm to 15%.

The use of the NLO DGLAP evolution to predict the
cross sections at large Q2 have also been called into
question. Kochelev (1997) argues that instanton-induced
quark-gluon interactions, a nonperturbative effect, will
be proportionally more important at large Q2. The cross
sections estimated with the NLO DGLAP equations
alone would therefore be an underestimate, possibly by
as much as 50%.

(2) The possibility of a leptoquark as the source of the
events has been considered by many authors. For ex-
ample, see Altarelli, Ellis, Guiudice, Lola, and Mangano
(1997), Blümlein (1997), and Buchmüller and Wyler
(1997). The clustering of H1 events near 200 GeV makes
the leptoquark interpretation an intriguing possibility.
The combined ZEUS1H1 cross section for the events
near 200 GeV is roughly

s'
10 events

35 pb21 '0.3 pb. (8.21)

This can be used to estimate the size of the leptoquark
coupling strength to the lepton-quark pair, as discussed
in Sec. VIII.A. The cross section is very strongly depen-
dent on the quark or antiquark density involved. We
assume the production is off valence quarks given the
large suppression of sea quarks at the large values of x
involved. Taking an up-quark density of about 0.15 and
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FIG. 139. Display of the m1 event (MUON-1). Shown are (a) a side view and (b) a transverse view of the event. The ‘‘Legoplot’’
(c) shows the observed calorimetric energy depositions in the h2f plane.
a down-quark density four times smaller (see Fig. 50)
yields a value of l'0.025/AB for an e1u scalar lepto-
quark where B is the branching fraction into e1q . The
corresponding coupling for an e1d leptoquark would be
twice as large.

Note that leptoquark production can proceed via qq̄
or gg fusion at the Tevatron independently of the cou-
pling l. This allows D0 (Abbott et al. 1998b) and CDF
(Abe et al., 1997f) to set limits on a scalar leptoquark
mass of 225 GeV and 213 GeV, respectively. The
bounds assume a 100% branching ratio to eq and are
considerably reduced for smaller branching ratios. The
cross section for vector leptoquark production in pp̄ col-
lisions is model dependent, but is expected to be much
larger than that for scalar production (Blümlein, 1997;
Altarelli et al., 1997). It is therefore expected that vector
leptoquarks are not the solution.

(3) R” P squarks have been proposed as an alternative
mechanism for producing a resonance near 200 GeV
(see, for example, Altarelli et al., 1997, and Dreiner and
Morawitz, 1997). As described in Sec. VIII.B.2, R” P
squarks can be produced by the fusion of a positron with
a d-type quark to a u-type antiquark. Given the large x
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
values involved, we consider only production from d
quarks. R” P-squark production can be differentiated
from leptoquark production since different decay modes
are possible. In particular, in addition to the Yukawa
decay ũ→e1d , the squark can also decay via gauge cou-
plings ũ→cx i(i51,4)

0 ,sx j(j51,2)
1 .

Strong limits exist from neutrinoless double beta de-
cay (Hirsch et al., 1995, 1996) that make the ũL scenario
very unlikely. The production of t̃ L is limited by atomic
parity violation (Barger, Giudice, and Han, 1989). A de-
tailed analysis (Altarelli et al., 1997) leads to the c̃L
squark as the most likely candidate. It is found that a
branching ratio to e1d near one is favored, so that any
sizable signal in the CC mode would make this scenario
unlikely. No signal would be expected in e2p collisions.
Also, other reactions such as K1→p1nn̄ should become
visible at experiments with increased sensitivity. This
scenario should therefore be within experimental reach
very soon.

(4) Finally, contact interactions (see Sec. VIII.E) rep-
resenting the effect of some new interaction at a mass
scale L@As have been analyzed as a possible source of
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TABLE XVI. Reconstructed event kinematics for H1 events containing a high-pT lepton and large
missing transverse momentum. Energies, momenta, and masses are given in GeV and angles in
degrees. For the charge of the high-PT lepton the significance of the determination is given. In the
case of event MUON-5 2s limits are quoted for the muon momentum and derived quantities.

ELECTRON MUON-1 MUON-2 MUON-3 (*) MUON-4 MUON-5

Isolated high-PT lepton
Charge Neg. (5s) Pos. (4s) Pos. (4s) Neg. (4s) Neg. (2s) Unmeasured
PT

l 37.621.3
11.3 23.425.5

17.5 28.025.4
18.7 38.627.4

112.0 81.5226.4
175.2 .44

u l 27.360.2 46.260.1 28.960.1 35.560.1 28.560.1 31.060.1

Hadronic system

PT
X 8.060.8 42.263.8 67.465.4 27.462.7 59.365.9 30.063.0

P i
X 27.260.8 242.163.8 261.964.9 212.562.1 257.065.5 228.663.1

P'
X 23.460.9 22.761.8 26.862.7 224.362.5 216.363.2 29.162.3

Pz
X 79.964.4 153.169.1 247.0618.9 183.7613.6 118.9612.1 145.468.2

EX 81.164.5 162.0610.0 256.9619.5 186.8614.0 141.7613.7 154.869.1

Global properties

PT
miss 30.661.5 18.928.3

16.6 43.227.7
16.1 42.125.9

110.1 29.4213.9
171.8 .18

d 10.460.7 18.923.2
13.9 17.121.7

12.5 26.922.9
14.2 43.527.2

119.3 .22
MT

ln 67.762.7 3.020.9
11.5 22.824.2

16.7 75.8214.0
123.0 94254

1157 .54

(*) Positron in MUON-3
PT

e 56.760.4, P i
e56.160.4, P'

e 522.860.2, Pz
e523.760.2
excess events at large Q2 by many authors. In particular,
Barger et al. (1997) have made a global study of all data
relevant to eeqq contact interactions, including deep in-
elastic scattering data, atomic parity violation experi-
ments, polarized e2 scattering on nuclear targets, Drell-
Yan production at the Tevatron, the total hadronic cross
section at LEP, and neutrino-nucleon scattering data.
They conclude that contact interaction terms of the type
hLR

eu and hRL
eu give the best fit to the HERA data while

the eeuu contact interactions are severely limited by the
Drell-Yan data. Using a global fit to all the data, the
authors find that all contact interaction interpretations
are strongly constrained.

Many more scenarios have been proposed beyond
those described above. Clearly more experimental data
is needed to resolve which, if any, of these approaches is
correct, or if the effect is due to a statistical fluctuation.

2. Data sets

Both collaborations have updated their analyses using
the 1997 data. We review the status of the analyses as
presented at the LP97 Symposium (Straub, 1997). These
results from the H1 and ZEUS Collaborations include
data up to the end of June 1997. The corresponding in-
tegrated luminosities are 23.7 pb21 for H1 and 33.5 pb21

for ZEUS.

3. Charged-current analysis

The charged-current (CC) analysis relies primarily on
the selection of events with large missing transverse mo-
mentum. H1 requires events to have at least 50 GeV of
., Vol. 71, No. 5, October 1999
missing pT , while ZEUS requires pT.15 GeV and Q2

.1000 GeV2. With these cuts, the backgrounds are
found to be negligible. The distribution of events ob-
served by H1 is plotted in the plane of y versus M in Fig.
141, while the ZEUS event distribution is shown in the
plane of y versus x in Fig. 142. A typical large-Q2 CC
event as observed in the H1 detector is shown in Fig.
143. The event consists of a single high-energy jet and
energy deposits from the proton remnant.

The numbers of observed and expected events are
compared in Table XVII. The data lie above expecta-

FIG. 140. Distribution of the six events in pT
X and MT

lv : (a)
electron channel; (b) muon channel. The crosses correspond to
the 1-sigma uncertainty on the measured parameters of each
event. The points show the standard-model expectation for W
production for an accumulated luminosity a factor of 500
higher than in the data.
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tions for Q2.10 000 GeV2. For Q2.15 000 GeV2, a to-
tal of 11 events are observed where 4.961.7 are ex-
pected. For Q2.30 000 GeV2, ZEUS observes one
event where 0.0360.04 are expected. Note that the num-
bers of expected and observed events in ZEUS and H1
do not scale with the luminosity at large Q2. This is due
to differences in the analysis. The ZEUS data are par-
tially unfolded for detector smearing, using a CC MC,
and this tends to reduce both the expectations and the
number of observed events at large Q2.

4. Neutral-current analysis

The neutral-current (NC) event selection relies prima-
rily on the observation of an isolated high-energy elec-
tron and conservation of longitudinal (E2PZ) and
transverse momentum. H1 considers events for which
Q2.2500 GeV2, while ZEUS starts at Q2.5000 GeV2.
Both collaborations conclude that the data sets are
background free.

ZEUS and H1 have used different reconstruction
methods. H1 has chosen the electron method as the pri-
mary method, with the double-angle method as check,
while ZEUS has chosen the double-angle method as the
primary method, with the electron method as check. The
two methods each give good resolutions at large y, with
rapidly degrading resolution as y→0. The methods be-
have differently in the presence of initial-state QED ra-
diation from the electron. The double-angle method is
more sensitive to initial-state radiation, and the x is al-
ways overestimated in the presence of radiation from
the electron. These effects are, however, expected to be

FIG. 141. The distribution in M and y of the H1 charged cur-
rent event sample. The curves show contours of constant Q2.
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small. ZEUS achieves a resolution of 5–10 % in x and
5% in Q2, while H1 finds a resolution of about 2/y% for
x.

The distribution of events measured by the H1 Col-
laboration are shown in the M, y plane in Fig. 144, while
the ZEUS results are shown in the x, y plane in Fig. 145.
A typical large-Q2 event as measured in the ZEUS de-
tector is shown in Fig. 146.

The numbers of events in different kinematic regions
as measured by H1 are summarized in Table XVIII. The
numbers of observed and expected events are given
separately for the 1994–1996 running period, and for the
partial 1997 data set. As is seen, the excess in the mass
window centered on 200 GeV did not increase in signifi-
cance with the addition of the 1997 data. However, the
number of large-Q2 events continued to accumulate at a
rate higher than expected from the standard model. The
Q2 and M distributions as measured by H1 are given in
Figs. 147 and 148.

The combined H1 data sample shows a clear excess of
observed events over expectations starting at Q2

.15 000 GeV2. For Q2.15 000 GeV2, 18 events are ob-
served where 8.061.2 are expected, corresponding to a
probability of 0.34%. The excess of events near M
5200 GeV remains prominent. For 187.5 GeV,M
,212.5 GeV, eight events are observed while 1.53
60.29 are expected, corresponding to a probability of
3.331024. The probability to see an excess this signifi-
cant in some M window is ;1%.

The numbers of events measured by ZEUS in the sig-
nal region defined in the publication based on the 1994–
1996 publication are summarized in Table XIX. As with
H1, the numbers of observed and expected events are
given separately for the 1994–1996 running period and
for the partial 1997 data set. The numbers of events ob-
served by ZEUS in these kinematic regions are close to

FIG. 142. The distribution in x and y of the ZEUS charged
current event sample. The curves show contours of constant
Q2.
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FIG. 143. A high-Q2 charged current event, as observed in the H1 detector. The left part shows the H1 inner tracking system and
the calorimeter. The filled rectangles in the calorimeter denote energy deposits that are above the noise thresholds. The upper
right display shows a projection onto a plane perpendicular to the beam axis, where only barrel calorimeter energy deposits are
shown. The lower right part of the figure shows the calorimeter transverse energy deposits in the h2f plane. The scattered quark
jet dominates the event. The event parameters are given in the display.

TABLE XVII. Preliminary 1994–1997 results as of the Lepton-Photon ’97 Symposium on the numbers of charged current events
observed (Nobs) by H1 and ZEUS above various Q2 cuts compared to standard-model expectations (Nexp). The columns labeled
dNexp give the uncertainty on the standard-model expectations. For ZEUS separate uncertainties on the standard-model expec-
tation are quoted for the uncertainty on the energy scale and the uncertainty in the parton density functions.

Q2 cut H1 ZEUS

(GeV2) Nobs Nexp 6dNexp Nobs Nexp

6dNexp
(E)

6dNexp
(PDF)

Q2.1000 455 419 613 633
Q2.2500 61 56.3 69.40 192 178 613 617
Q2.5000 42 34.7 66.90 63 58.5 69.0 67.3
Q2.10 000 14 8.33 63.10 15 9.4 62.5 61.6
Q2.15 000 6 2.92 61.44 5 2.0 20.54

10.81 60.4
Q2.20 000 3 1.21 60.64 1 0.46 20.16

10.28 60.10
Q2.30 000 1 0.034 20.016

10.037 60.008
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
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the standard-model expectations. The Q2 and x distribu-
tions as measured by ZEUS are given in Figs. 149 and
150. The ZEUS-measured Q2 spectrum is in reasonable
agreement with the standard model up to about Q2

530 000 GeV2. For Q2.35 000 GeV2, two events are
observed and 0.2460.02 are expected, corresponding to
a probability of 2.5%. The x spectrum shows an en-
hancement near x50.55. For x.0.55 and y.0.25, five
events are observed while 1.5160.13 are expected, cor-
responding to a probability of 1.9%.

a. Comparison of H1 and ZEUS x(M) spectra
For y.0.4, H1 has observed eight events where 1.53

60.29 were expected in the mass window 187.5,M
,212.5 GeV. This corresponds to the x range 0.389,x
,0.500. In this range, ZEUS observes three events
where 2.9260.24 events are expected. In the region x
.0.55, y.0.25, ZEUS observes five events where 1.51
60.13 are expected. In this region, corresponding to M
.223 GeV, H1 observes one event where 0.7560.30 are
expected. That is, combining the H1 and ZEUS results
does not increase the significance of either effect. A
study of the possible systematic shifts in the reconstruc-
tion has led to the conclusion that the ZEUS and H1
events are unlikely to come from a single narrow reso-
nance in x(M) (Straub, 1997).

5. Conclusion

The full 1994–1997 data have recently become avail-
able. No further evidence was seen for either an excess
near 200 GeV (H1 Collaboration, 1998j, ZEUS Collabo-
ration, 1998l) or an enhanced cross section at high Q2

(H1 Collaboration, 1998d; ZEUS Collaboration, 1998e,
1998f). Both H1 and ZEUS have therefore proceeded to

FIG. 144. The distribution in M and y of the H1 neutral cur-
rent sample. The curves show contours of constant Q2.
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set limits on leptoquark and R-parity-violating squark
production, as reported in previous sections. The NC
and CC cross sections have been discussed in Sec. IV.E.

The 1997 data sets did not increase the significance of
the results based on the 1994–1996 data. However, there
is a general tendency for the HERA data to lie above
standard-model expectations at large Q2. This is true for
the charged-current as well as the neutral-current
events. The probability to observe the combined count-
ing rates are a few percent in each case. It is clear that
the confirmation or ruling out of possible new physics
will need substantially increased luminosities. The future
HERA running program, outlined below, should pro-
vide the data necessary for this.

IX. OUTLOOK FOR HERA

A. The HERA luminosity upgrade

The luminosity of HERA has reached instantaneous
values of L.1.431031 cm22 s21, which is close to the
design value. The progress over the years has been
steady, as can be seen in Fig. 13. This luminosity has
allowed the HERA experiments to perform many im-
portant measurements, including the observation of the
rise of the structure function F2 with decreasing x, the
observation and study of events with a large rapidity gap
in the hadronic final state, the observation of resolved
photon interactions, and many others. It must, however,
be noted that most of the physics done so far is ‘‘small-
Q2 physics’’ compared with the electroweak scale of
Q25mW

2 . The physics on the electroweak scale has so
far been barely touched. This is the region HERA was
built to explore. The unique features of HERA, such as
electron polarization and the capability to compare elec-
tron and positron interactions, are relevant only in the
electroweak regime. A luminosity upgrade bringing in-

FIG. 145. The distribution in x and y of the ZEUS neutral
current sample. The curves show contours of constant Q2.
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FIG. 146. The largest Q2 neutral current event recorded at HERA to date, as observed in the ZEUS detector. The top right part
shows the ZEUS inner tracking system and the calorimeter. The filled rectangles in the calorimeter denote energy deposits that
are above the noise thresholds. The bottom right display shows a projection onto a plane perpendicular to the beam axis, where
only barrel calorimeter energy deposits are shown. The left part of the figure shows the calorimeter transverse energy deposits in
the h2f plane, and demonstrates that the electron and the scattered quark jet dominate the event. The event parameters are
given above the event display.
tegrated luminosities to the level of 1 fb21 by 2005 would
open the possibility for many more exciting measure-
ments. The excess of events observed by both the ZEUS
and H1 experiments at large x and Q2 has put even
more priority on this luminosity upgrade.

Given this strong motivation, the HERA machine
group, in conjunction with members of the ZEUS and
H1 experiment, has studied different alternatives to
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
achieve the desired luminosity upgrade. The solution
chosen is to install superconducting combined-function
(focusing and bending) magnets in the interaction re-
gions and to rebuild focusing magnets near the interac-
tion regions, thereby significantly reducing the beam
cross sections. Instantaneous luminosities of 7.4
31031 cm22 s21 are expected in this configuration, lead-
ing to delivered integrated luminosities of about 150
TABLE XVIII. Number of events observed (Nobs) by H1 compared to standard-model NC DIS
expectation (Nexp) in several kinematic regions. The first term in each sum gives the 1994–1996 value
and the second term the 1997 value as of the Lepton-Photon ’97 Symposium.

Region Nobs Nexp

Q2.2500 GeV2 44312815724 42712875714669

Q2.15 000 GeV2 1216518 4.713.358.061.2

187.5,M,212.5 GeV
and y.0.4

71158 0.9510.5851.5360.29
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pb21 per year per experiment.
In addition to the luminosity upgrade machine ele-

ments, spin rotators will also be installed as planned.
This will allow data taking with different electron (or
positron) longitudinal polarization.

B. Future physics at HERA

1. Excess at large x, Q2

The ZEUS and H1 experiments both reported an ex-
cess of large-x, Q2 events as described in Sec. VIII.G.
The combined ZEUS and H1 cross section for Q2

.15 000 GeV2 reported at the LP97 conference (Straub,
1997) is 0.7120.12

10.14 pb, compared to the standard-model
expectation of 0.49 pb. For Q2.30 000 GeV2, the com-

FIG. 147. The upper plot (a) shows the Q2 spectrum for the
H1 neutral current sample. The points with error bars indicate
the data, and the histogram shows the NC DIS expectations.
The lower plot (b) shows the Q2 spectrum divided by the
standard-model expectations. The smooth curves indicate the
uncertainty in the expectations.
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bined cross section is 0.09820.042
10.059 pb, compared to the

standard-model expectation of 0.023 pb.
If the excess at large Q2 is confirmed, it signals new

physics beyond the standard model. It will be very diffi-
cult to confirm the effect with the present HERA lumi-
nosity. However, with an accumulated 1 fb21 of luminos-
ity, a significant deviation from standard-model
expectations will be measured if the current cross sec-
tion is close to the true value. This is shown in Fig. 151,
where the cross section required for a significant devia-
tion from the standard model (probability for a fluctua-
tion less than 1025, including an estimate of the system-
atic errors on the cross-section measurements) is
compared to both the standard-model expectations and
the cross-section measurements from ZEUS and H1. As
can be seen from this figure, the present cross-section
levels would result in a very significant effect.

If the central value of the cross section currently mea-
sured by ZEUS and H1 is accurate, then a sample of
order 500 events will be available per experiment for
Q2.15 000 GeV2, allowing the study of a new field of
physics.

The luminosity increase can be compared to an in-
crease of the beam energies. For example, a luminosity
increase by a factor of 4 is roughly equivalent to an in-
crease of the proton beam energy from 820 GeV to 1160
GeV. This type of energy increase of the machine is
prohibitively expensive. The planned increase in lumi-
nosity is therefore the best way to access new physics at
HERA. The proton beam energy is expected to increase
to a value above 900 GeV, which can be done with mini-
mum impact on the current machine. In fact, it was
hoped that this higher-energy running would take place

FIG. 148. (a) The M spectrum for y.0.4 for the H1 neutral
current sample. The points with error bars indicate the data
and the histogram shows the NC DIS expectations. In (b) the
points give the ratio of the number of events observed to the
NC DIS expectations and the smooth curves give the uncer-
tainty in the expectations.
TABLE XIX. Number of events observed (Nobs) by ZEUS compared to standard-model NC DIS
expectations (Nexp) in several kinematic regions. The first term in each sum gives the 1994–1996
value and the second term gives the 1997 value as of the Lepton-Photon ’97 Symposium.

Region Nobs Nexp

Q2.5000 GeV2 19111355326 19711305328615

Q2.15 000 GeV2 1315518 8.6615.77514.461.1

Q2.35 000 GeV2 21052 0.14510.09750.24260.017

x.0.55, y.0.25 41155 0.9110.6151.5160.13
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FIG. 149. The upper plot shows the Q2 spectrum for the
ZEUS neutral current sample. The points with error bars in-
dicate the data and the histogram shows the NC DIS expecta-
tions. In the lower plot the dotted curve and the solid curve
show, respectively, the number of events expected and the
number observed with Q2.Q2* vs Q2* .

FIG. 150. The upper plot shows the x spectrum for y.0.25 of
the ZEUS neutral current sample. The points with error bars
indicate the data and the histogram shows the NC DIS expec-
tations. In the lower plot the dotted curve and the solid curve
show, respectively, the number of events expected and the
number observed with x.x* vs x* .
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in 1998.8 This improvement will add to the physics capa-
bility of the machine. As an example, the production
cross section of 240 GeV leptoquarks is increased by a
factor of 2 as the proton beam energy is increased from
820–920 GeV. Increasing the electron (positron) beam
energy was also discussed but was determined to be too
expensive.

2. Physics reach with the luminosity upgrade

In the following, we review some of the conclusions of
the workshop ‘‘Future Physics at HERA’’ (Ingelman,
De Roeck, and Klanner, 1996). The workshop consisted
of several working groups: Structure Functions, Elec-
troweak Physics, Beyond the Standard Model, Heavy
Quark Production and Decay, Jets and High-ET Phe-
nomena, Diffractive Hard Scattering, Polarized Protons
and Electrons, Light and Heavy Nuclei, and a group
studying the HERA upgrade. The results are summa-
rized in a 1200-page report. It is obviously not possible
to do justice to the full range of physics topics covered in
this document. A few examples are chosen to give an
indication of the physics reach achievable with the up-
graded luminosity.

The exploration of the proton structure and QCD can
be continued with much larger data sets and better tools.
The structure function F2 will be measured to higher
precision, over an extended kinematic region, allowing

8HERA has been running with Ep5920 GeV since August
1998.

FIG. 151. The cross section necessary to produce a deviation
from the standard model at the 1025 level is plotted as squares
and compared to the standard model cross section. Note that
the integrated cross section above Q0

2 is shown. These cross
sections are compared to the current (LP97 status) cross sec-
tions measured by ZEUS and H1 (shaded band).
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an extraction of the gluon density with an experimental
precision of 1%. An example of what can be achieved in
the measurement of F2 is shown in Fig. 152. The corre-
sponding gluon density is shown in Fig. 153. These very
precise measurements will provide stringent tests of the

FIG. 152. Simulated structure function data sets. The luminos-
ity of 1 fb21 will lead to precise data even at very large Q2. For
Q2>10 000 GeV2 about 2000 events will be available. The
curve represents a NLO QCD fit. The large-x, small-Q2 region
cannot be accessed with HERA but is almost completely cov-
ered by the fixed-target experiment data, not shown here.

FIG. 153. Determination of gluon distribution using future F2
data from electron-proton scattering. Note that for simplicity
the gluon is also shown outside the allowed region of x
<Q2 (GeV2)/105. The curves rise more steeply with decreas-
ing x as Q2 increases.
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QCD evolution equations. They will also provide impor-
tant experimental input for cross-section calculations for
future accelerators utilizing hadrons. Experimental pre-
cision levels of 0.001 on as(mZ

2 ) will be possible by com-
bining HERA structure-function data with fixed-target
data.

The ability to run HERA with both electrons and pos-
itrons will allow an extraction of F3 , and therefore will
give a measurement of the valence quark distributions.
If HERA is also run with deuterons, then the experi-
ments can make direct measurements of the (up-down)
quark distribution, which has so far not been measured.
Other important QCD tests will consist of precision
measurements of charm and beauty production. The
study of diffraction will be significantly enhanced with
increased statistics. The luminosity upgrade will allow
the study of diffractive processes, such as exclusive
vector-meson production, at large Q2 where perturba-
tive QCD calculations are applicable. The study of jets
will be performed at high ET , resulting in measure-
ments of as at different scales. Sensitive searches for
novel phenomena predicted in QCD such as instanton
production will also be performed. It is clear that a high-
luminosity HERA will provide precise measurements of
many cross sections that should be calculable in QCD,
thereby providing stringent tests of our theoretical un-
derstanding of the strongest force in nature.

Sensitive tests of the electroweak sector of the stan-
dard model will be possible, which are complementary
to those at LEP and the Tevatron. As an example, the

FIG. 154. The 1s-confidence contours in the (mW ,mt) plane
from polarized electron scattering (P520.7), utilizing
charged current scattering at HERA only with an integrated
luminosity of 250 pb21 (large ellipse), neutral and charged cur-
rent scattering with 1000 pb21 (shaded ellipse), and the com-
bination of the latter with a direct top mass measurement with
a precision smt

55 GeV (full ellipse). The mW-mt relation
from the Gm constraint is also shown for two values of mH .
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constraints imposed on the standard model by the
HERA data can be translated into an effective measure-
ment of the W mass. As is shown in Fig. 154, the W mass
will be probed at the level of 50 MeV given a precision
on the top quark mass of 5 GeV.

In addition, HERA will be competitive in tests of
anomalous WWg and Zgg couplings. The neutral-
current couplings of the light quarks can also be un-
tangled from comparisons of neutral-current and
charged-current cross sections with different beam po-
larizations.

Many different possibilities for new physics, including
contact interactions, compositeness, lepton flavor viola-
tion, heavy neutral leptons, supersymmetry, and other
new particles, have been studied. It was determined that
HERA would produce the most sensitive searches for
many of these processes. Examples of new physics for
which HERA is well suited are R-parity-violating super-
symmetry, lepton flavor violation, and the production of
excited fermions or heavy leptons. HERA already sets
the best limits in many instances for these searches, and
the large luminosity increase would further enhance the
sensitivity.

The luminosity upgrade clearly gives HERA a bright
future, which should extend at least until the middle of
the next decade.
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Blümlein, J., M. Botje, C. Pascaud, S. Riemersma, W. van

Neerven, A. Vogt, and F. Zomer, 1996, ‘‘A detailed compari-
son of NLO QCD codes,’’ in Proceedings of the 1996 Work-
shop on Future Physics at HERA, Hamburg, edited by A.
DeRoeck, G. Ingelman, and R. Ulanner, Vol. 1, p. 23, and
references therein.

Bodwin, G. T., E. Braaten, and G. P. Lepage, 1995, Phys. Rev.
D 51, 1125.

Bonino, R., et al. (UA8 Collaboration), 1988, Phys. Lett. B
211, 239.

Botts, J., et al. (CTEQ Collaboration), 1993, Phys. Lett. B 304,
159.

Brandt, A., et al. (UA8 Collaboration), 1992, Phys. Lett. B
297, 417.

Brandt, S., C. Peyrou, R. Sosnowski, and A. Wroblewski, 1964,
Phys. Lett. 12, 57.

Braunschweig, W., et al. (TASSO Collaboration), 1989, Z.
Phys. C 45, 11.

Braunschweig, W., et al. (TASSO Collaboration), 1990, Z.
Phys. C 47, 187.

Breidenbach, M., et al. (SLAC-MIT Collaboration), 1969,
Phys. Rev. Lett. 23, 935.



1404 H. Abramowicz and A. C. Caldwell: HERA collider physics
Breitweg, J., et al. (ZEUS Collaboration), 1995, Phys. Lett. B
437, 432.

Breitweg, J., et al. (ZEUS Collaboration), 1997a, Phys. Lett. B
407, 432.

Breitweg, J., et al. (ZEUS Collaboration), 1997b, Z. Phys. C
74, 207.

Breitweg, J., et al. (ZEUS Collaboration), 1997c, Phys. Lett. B
407, 402.

Breitweg, J., et al. (ZEUS Collaboration), 1997d, Z. Phys. C
76, 599.

Breitweg, J., et al. (ZEUS Collaboration), 1997e, Z. Phys. C
75, 421.

Breitweg, J., et al. (ZEUS Collaboration), 1997f, Z. Phys. C 76,
631.

Breitweg, J., et al. (ZEUS Collaboration), 1997g, Z. Phys. C
75, 215.

Breitweg, J., et al. (ZEUS Collaboration), 1998a, Eur. Phys. J.
C 1, 81.

Breitweg, J., et al. (ZEUS Collaboration), 1998b, Eur. Phys. J.
C 5, 41.

Breitweg, J., et al. (ZEUS Collaboration), 1998c, Phys. Lett. B
434, 214.

Breitweg, J., et al. (ZEUS Collaboration), 1998d, Eur. Phys. J.
C 1, 109.

Breitweg, J., et al. (ZEUS Collaboration), 1998e, Eur. Phys. J.
C 2, 247.

Breitweg, J., et al. (ZEUS Collaboration), 1998f, Phys. Lett. B
421, 368.

Breitweg, J., et al. (ZEUS Collaboration), 1998g, Eur. Phys. J.
C 2, 61.

Breitweg, J., et al. (ZEUS Collaboration), 1998h, Eur. Phys. J.
C 2, 237.

Breitweg, J., et al. (ZEUS Collaboration), 1999a, Eur. Phys. J.
C 6, 67.

Breitweg, J., et al. (ZEUS Collaboration), 1999b, Eur. Phys. J.
C 6, 43.

Breitweg J., et al. (ZEUS Collaboration), 1999c, Eur. Phys. J.
C 6, 239.

Breitweg J., et al. (ZEUS Collaboration), 1999d, Eur. Phys. J.
C 7, 609.

Breitweg J., et al. (ZEUS Collaboration), 1999e, Eur. Phys. J.
C 6, 603.

Breitweg J., et al. (ZEUS Collaboration), 1999f, Eur. Phys. J.
C 8, 567.

Brodkorb, T., and J. G. Körner, 1992, Z. Phys. C 54, 519.
Brodkorb, T., and E. Mirkes, 1994, ‘‘DISJET 1.0: A Monte

Carlo program for jet cross-section calculations in deep in-
elastic scattering,’’ MAD/PH/821 and hep-ph/9404287.

Brodsky, S. J., L. Frankfurt, J. F. Gunion, A. H. Mueller, and
M. Strikman, 1994, Phys. Rev. D 50, 3134.

Brodsky, S. J., P. Hoyer, A. H. Mueller, and W.-K. Tang, 1992,
Nucl. Phys. B 369, 519, and references therein.

Brodsky, S. J., and B. Ma, 1996, Phys. Lett. B 381, 317.
Brun, R., et al., 1987, ‘‘Geant 3.13,’’ CERN DD/EE/84-1.
Bruni, P., and G. Ingelman, 1993, ‘‘Diffractive hard scattering

at ep and p̄p colliders,’’ in Proceedings of the International
Europhysics Conference on High Energy Physics, Marseille,
France, p. 595.

Bruni, P., G. Ingelman, and A. Solano, 1991, in Proceedings of
the 1991 HERA Workshop, Vol. 1, p. 363.

Buchmüller, W., and G. Ingelman, Eds., 1991, HERA Work-
shop: Physics at HERA, Proceedings of the 1991 HERA
Workshop (DESY, Hamburg, Germany).
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
Buchmüller, W., and A. Hebecker, 1995, Phys. Lett. B 355,
573.

Buchmüller, W., and A. Hebecker, 1996, Nucl. Phys. B 476,
203.

Buchmüller, W., M. F. McDermott, and A. Hebecker, 1997a,
Phys. Lett. B 410, 304.

Buchmüller, W., M. F. McDermott, and A. Hebecker, 1997b,
Phys. Lett. B 404, 353.

Buchmüller, W., R. Rückl, and D. Wyler, 1987, Phys. Lett. B
191, 442.

Buchmüller, W., and D. Wyler, 1997, Phys. Lett. B 407, 147.
Buras, A., 1980, Rev. Mod. Phys. 52, 199.
Butterworth, J., and H. Dreiner, 1993, Nucl. Phys. B 397, 3,

and references therein.
Buza, M., Y. Matiounine, J. Smith, and W. L. van Neerven,

1997, Phys. Lett. B 411, 211.
Cacciari, M., and M. Greco, 1997, Phys. Rev. D 55, 7134.
Cacciari, M., M. Greco, S. Rolli, and A. Tanzini, 1997, Phys.

Rev. D 55, 2736.
Callan, Jr., C. G., and D. J. Gross, 1969, Phys. Rev. Lett. 22,

156.
Capella, A., A. Kaidalov, C. Merino, and J. Tran Thanh Van,

1994, Phys. Lett. B 337, 358.
Capella, A., A. Kaidalov, C. Merino, and J. Tran Thanh Van,

1995, Phys. Lett. B 343, 403.
Carli, T., 1997, ‘‘Hadronic final state in deep inelastic scatter-

ing at HERA,’’ DESY 97-010 and hep-ph/9701395.
Catani, S., Y. L. Dokshitzer, and B. R. Webber, 1995, Phys.

Lett. B 285, 291.
Catani, S., F. Fiorani, and G. Marchesini, 1990, Nucl. Phys. B

336, 18.
Catani, S., and M. H. Seymour, 1997, Acta Phys. Pol. B 28, 863.
Chapin, T. J., et al., 1985, Phys. Rev. D 31, 17.
Chehime, H., and D. Zeppenfeld, 1993, Phys. Rev. D 47, 3898.
Cho, G. C., K. Hagiwara, and S. Matsumoto, 1998, Eur. Phys.

J. C 5, 155.
Ciafaloni, M., 1988, Nucl. Phys. B 296, 49.
Ciafaloni, M., and G. Camici, 1998, Phys. Lett. B 430, 349.
Collins, J. C, 1998, Phys. Rev. D 57, 3051.
Collins, J. C., J. Huston, J. Pumplin, H. Weerts, and J. Whit-

more, 1995, Phys. Rev. D 51, 3182.
Collins, J. C., and G. A. Ladinsky, 1991, Phys. Rev. D 43, 2847.
Collins, J. C., D. E. Soper, and G. Sterman, 1985, Nucl. Phys. B

261, 104.
Collins, P. D. B., 1977, An Introduction to Regge Theory and

High Energy Physics (Cambridge University Press, Cam-
bridge England).

Cooper-Sarkar, A. M., R. C. E. Devenish, and A. De Roeck,
1998, Int. J. Mod. Phys. A 13, 3385.

Crittenden, J., 1997, Exclusive Production of Neutral Vector
Mesons at the Electron-Proton Collider HERA (Springer-
Verlag, Berlin).

Cudell, J. R., K. Kang, and S. K. Kim, 1997, Phys. Lett. B 395,
311.

Cvetic, M., P. Langacker, and B. Kayser, 1992, Phys. Rev. Lett.
68, 2871.

Davidson, S., D. Bailey, and B. Campbell, 1994, Z. Phys. C 61,
613.

de Florian, D., C. Garcia Canal, and R. Sassot, 1997, Z. Phys.
C 75, 265.

del Aguila, F., A. Mendez, and R. Pascual, 1984, Phys. Lett. B
140, 431.



1405H. Abramowicz and A. C. Caldwell: HERA collider physics
Del Duca, V., and W.-K. Tang, 1993, ‘‘Parton-parton elastic
scattering and rapidity gaps at Tevatron energies,’’
hep-ph/9308207.

DeRoeck, A., M. Klein, and T. Naumann, 1996, Phys. Lett. B
385, 411.

Derrick, M., et al. (ZEUS Collaboration), 1992, Phys. Lett. B
297, 404.

Derrick, M., et al. (ZEUS Collaboration), 1993a, Phys. Lett. B
316, 412.

Derrick, M., et al. (ZEUS Collaboration), 1993b, Phys. Lett. B
315, 481.

Derrick, M., et al. (ZEUS Collaboration), 1993c, Z. Phys. C 59,
231.

Derrick, M., et al. (ZEUS Collaboration), 1993d, Phys. Lett. B
306, 173.

Derrick, M., et al. (ZEUS Collaboration), 1994, Z. Phys. C 63,
391.

Derrick, M., et al. (ZEUS Collaboration), 1995a, Z. Phys. C 69,
39.

Derrick, M., et al. (ZEUS Collaboration), 1995b, Phys. Lett. B
349, 225.

Derrick, M., et al. (ZEUS Collaboration), 1995c, Phys. Lett. B
345, 576.

Derrick, M., et al. (ZEUS Collaboration), 1995d, Phys. Lett. B
363, 201.

Derrick, M., et al. (ZEUS Collaboration), 1995e, Z. Phys. C 68,
569.

Derrick, M., et al. (ZEUS Collaboration), 1995f, Phys. Lett. B
356, 129.

Derrick, M., et al. (ZEUS Collaboration), 1995g, Z. Phys. C 65,
379.

Derrick, M., et al. (ZEUS Collaboration), 1995h, Phys. Lett. B
350, 120.

Derrick, M., et al. (ZEUS Collaboration), 1995i, Phys. Lett. B
356, 601.

Derrick, M., et al. (ZEUS Collaboration), 1995j, Phys. Lett. B
354, 163.

Derrick, M., et al. (ZEUS Collaboration), 1996a, Z. Phys. C 72,
399.

Derrick, M., et al. (ZEUS Collaboration), 1996b, Z. Phys. C
70, 391.

Derrick, M., et al. (ZEUS Collaboration), 1996c, Z. Phys. C 69,
607.

Derrick, M., et al. (ZEUS Collaboration), 1996d, Z. Phys. C
73, 73.

Derrick, M., et al. (ZEUS Collaboration), 1996e, Phys. Lett. B
377, 259.

Derrick, M., et al. (ZEUS Collaboration), 1996f, Phys. Lett. B
380, 220.

Derrick, M., et al. (ZEUS Collaboration), 1996g, Phys. Lett. B
384, 401.

Derrick, M., et al. (ZEUS Collaboration), 1997a, Z. Phys. C 73,
613.

Derrick, M., et al. (ZEUS Collaboration), 1997b, Z. Phys. C
73, 253.

DeWitt, R. J., L. M. Sullivan, D. E. Willen, and H. W. Wyld
Jr., 1979a, Phys. Rev. D 19, 2046.

DeWitt, R. J., L. M. Sullivan, D. E. Willen, and H. W. Wyld
Jr., 1979b, Phys. Rev. D 20, 1751.

Diehl, M., 1995, Z. Phys. C 66, 181.
Diehl, M., 1998, Eur. Phys. J. C 1, 293.
Dokshitzer, Y. L., 1977, Sov. Phys. JETP 46, 641.
Rev. Mod. Phys., Vol. 71, No. 5, October 1999
Dokshitzer, Y. L., V. A. Khoze, A. H. Mueller, and S. Troyan,
1991, Basics of Perturbative QCD (Editions Frontieres, Gif-
sur-Yvette, France).

Dokshitzer, Y. L., V. A. Khoze, and S. Troian, 1987, in Pro-
ceedings of the 6th International Conference on Physics in
Collisions, Chicago, Illinois, p. 417.

Donnachie, A., and P. V. Landshoff, 1984, Nucl. Phys. B 231,
189.

Donnachie, A., and P. V. Landshoff, 1987, Phys. Lett. B 191,
309.

Donnachie, A., and P. V. Landshoff, 1992, Phys. Lett. B 296,
227.

Donnachie, A., and P. V. Landshoff, 1994, Z. Phys. C 61, 139.
Donnachie, A., and P. V. Landshoff, 1995, Phys. Lett. B 348,

213.
Drees, M., and R. M. Godbole, 1994, Phys. Rev. D 50, 3124.
Drees, M., and F. Halzen, 1988, Phys. Rev. Lett. 61, 275.
Dreiner, H., and P. Morawitz, 1997, Nucl. Phys. B 505, 55.
Edin, A., G. Ingelman, and J. Rathsman, 1996, Phys. Lett. B

366, 371.
Edin, A., G. Ingelman, and J. Rathsman, 1997, Z. Phys. C 75,

57.
Ellis, R. K., Z. Kunszt, and E. M. Levin, 1994, Nucl. Phys. B

420, 517.
Ellis, S. D., 1991, J. Phys. G 17, 1552.
Engel, R., 1995, Z. Phys. C 66, 203.
Engel, R., and J. Ranft, 1996, Phys. Rev. D 54, 4244.
Erdmann, M., 1997, The Partonic Structure of the Photon: Pho-

toproduction at the Lepton-proton Collider HERA (Springer-
Verlag, Berlin).

Fadin, V. S., and L. N. Lipatov, 1998, Phys. Lett. B 429, 127.
Fahri, E., 1977, Phys. Rev. Lett. 39, 1587.
Fletcher, R. S., and T. Stelzer, 1993, Phys. Rev. D 48, 5162.
Forshaw, J. R., and M. G. Ryskin, 1995, Z. Phys. C 68, 137.
Forshaw, J. R., and J. K. Storrow, 1991, Phys. Lett. B 268, 116.
Frankfurt, L., and E. Gurvich, 1996, Phys. Lett. B 386, 379.
Frankfurt, L., G. A. Miller, and M. Strikman, 1993, Phys. Lett.

B 304, 1.
Frankfurt, L., W. Koepf, and M. Strikman, 1996, Phys. Rev. D

54, 3194.
Frankfurt, L., W. Koepf, and M. Strikman, 1998, Phys. Rev. D

57, 512.
Frixione, S., M. L. Mangano, P. Nason, and G. Ridolfi, 1993,

Phys. Lett. B 319, 339.
Frixione, S., M. L. Mangano, P. Nason, and G. Ridolfi, 1995,

Phys. Lett. B 348, 633.
Frixione, S., P. Nason, and G. Ridolfi, 1995, Nucl. Phys. B 454,

3.
Froissart, M., 1961, Phys. Rev. 123, 1053.
Gandhi, R., and I. Sarvecic, 1991, Phys. Rev. D 44, R10.
Gehrmann, T., and W. J. Stirling, 1996, Z. Phys. C 70, 89.
Gell-Mann, M. and Y. Neeman, 1964, The Eightfold Way

(Benjamin, New York).
Ginzburg, I. F., D. Y. Ivanov, and V. G. Serbo, 1995, ‘‘Semi-

hard diffractive production of neutral mesons by off-shell
photons and the range of pQCD validity,’’ hep-ph/9508309.

Ginzburg, I. F., and D. Y. Ivanov, 1996, Phys. Rev. D 54, 5523.
Gladding, G. E., et al., 1973, Phys. Rev. D 8, 3721.
Glashow, S. L., 1961, Nucl. Phys. 22, 579.
Glück M., E. Hoffmann, and E. Reya, 1982, Z. Phys. C 13, 119.
Glück, M., S. Kretzer, and E. Reya, 1997, Phys. Lett. B 398,

381.



1406 H. Abramowicz and A. C. Caldwell: HERA collider physics
Glück, M., E. Reya, and M. Stratmann, 1994, Nucl. Phys. B
422, 37.

Glück, M., E. Reya, and M. Stratmann, 1995, Phys. Rev. D 51,
3220.

Glück, M., E. Reya, and M. Stratmann, 1996, Phys. Rev. D 54,
5515.

Glück, M., E. Reya, and A. Vogt, 1992a, Z. Phys. C 53, 127.
Glück, M., E. Reya, and A. Vogt, 1992b, Z. Phys. C 53, 651.
Glück, M., E. Reya, and A. Vogt, 1992c, Phys. Rev. D 46, 1973.
Glück, M., E. Reya, and A. Vogt, 1995, Z. Phys. C 67, 433.
Golec-Biernat, K., and J. Kwieciński, 1995, Phys. Lett. B 353,
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