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The authors review the ideas and manifestations of QCD coherence in high-energy reactions producing
jets. They suggest experiments involving two-jet production, high-pj y production and high-pj 8'produc-
tion at hadronic colliders as ways to see QCD coherence in stringlike e6'ects. They also suggest a pro-
cedure for finding the dip in the inclusive hadron spectrum of jets for those jets produced at hadron collid-
ers. Simple explanations of the various coherence e6'ects in QCD are discussed, as is the idea of local
parton-hadron duality.
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I. INTRODUCTION

The existence of hadron jets is the most striking suc-
cess of QCD. These jets were definitively first seen in
1975 (Hanson et a/. , 1975), in e+e collisions, and are
now being intensively investigated at both e+e and ha-
dronic colliders. Hadronic jet physics will be one of the
central problems of investigation for the e+e, pp, and

, ep colliders of the future. Detailed studies of jets are
necessary for better understanding and for testing of both
perturbative and nonperturbative QCD, for designing
detectors of the present and of the future, and for finding
new heavy particles in high-energy reactions.

In the last few years hadron jet physics has reached a
mature level of sophistication. At the partonic level, de-
velopments in QCD theory allow one to make testable
quantitative predictions, with controllable accuracy, for
jet characteristics in terms of analytical perturbative cal-
culations (Bassetto et a/. , 1983; Mueller, 1983, 1984;
Dokshitzer and Troyan, 1984; Malaza and Webber, 1984;
Azimov et al. , 1985b, 1985c, 1986a, 1986b; Gaffney and
Mueller, 1985; Dokshitzer et aI., 1986; Malaza, 1986;
Ciafaloni, 1987). At the same time there has been enor-
mous progress in writing Monte Carlo simulations (An-
derson et a/. , 1983; Marchesini and Webber, 1984;
Webber, 1984; Gottschalk, 1985; Sjostrand, 1985, 1986;
Field, 1986; Paige and Protopopescu, ISAJET) of jet
physics, which are becoming better and better at building

in realistic fragmentation and proper QCD evolution.
On the other hand; a wealth of experimental data now

exists (Yamamoto, 1985; Sugano, 1986) reflecting
different features of hard processes that now allow one to
check very detailed predictions of the theory. These
data, in particular, seem to indicate that the distribution
of hadrons rather closely follows that of the fundamental
partons of QCD, thus lending support to the idea of local
parton-hadron duality (LPHD; Dokshitzer and Troyan,
1984; Azimov et. a/. , 1985a, 1987). In the LPHD ap-
proach, to be described in more detail in Sec. II, nonper-
turbative effects are reduced to normalizing constants re-
lating hadronic amplitudes to partonic amplitudes.

Our object in this paper is to review brieAy the physi-
cal origin of coherence effects in QCD (Ermolaev, and
Fadin, 1984; Mueller, 1981; Bassetto et al. , 1982, 1983;
Dokshitzer et a/. , 1982a; Fadin, 1983) to summarize
some of the striking experimental consequences of this
coherence, and, especially, to suggest new ways in which
this coherence may be seen in high-energy reactions.

In Sec. II, we shall review the basic ideas of coherence
and discuss quantitative aspects using the modified lead-
ing logarithmic approximation (MLLA), an approxima-
tion that correctly keeps leading and next-to-leading log-
arithms (Mueller, 1983; Dokshitzer and Troyan, 1984) in

jet evolution. The idea of angular ordering in jet evolu-
tion is explained in the context of a simple Abelian mod-
el. Moreover, in this simple model, the coherence that
leads to the string or drag effect (Anderson et a/. , 1983;
Azimov et a/. , 1985b, 1985c) in three-jet production is
explained. We review brieAy the difference predicted,
and found (Aihara et a/. , 1986; Sheldon et a/. , 1986), in
the hadrons associated with qqy as compared to qqg
events in e+e annihilation. Analytic results are brieAy
summarized for the particle spectrum in jets, and we
show how LPHD follows naturally at high energies.

In Sec. III we discuss experimental selection rules
(Dokshitzer et a/. , 1986). It is pointed out that forcing
each hard-scattering event to correspond to a definite
number of jets is probably not a good procedure. We em-
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phasize the use of infrared stable criteria for jets and sug-
gest that purely inclusive determinations of jet charac-
teristics are probably the best way to make sharp connec-
tions between theory and experiment.

In Sec. IV a number of experiments are suggested in
which the string e6'ect may be visible in hadronic col-
lisions (Dokshitzer et al. , 1986):

(i) In high-p~y production, we point out that the
Compton process g+q —+y+q can be isolated and a
strong asymmetry of associated particles should be visi-
ble in the plane of the hard scattering.

(ii) In high-p~ W production, different kinematic re-
gions of the produced 8' favor either qq —+8'+g or
gq —+ 8'q, each of which as a distinctive asymmetry in the
spectrum of associated particles. In kinematic regions
where these two processes are comparable, it may be pos-
sible to tell, on an event-by-event basis, which subprocess
has created the event by looking at the angular asym-
metry of the associated hadrons.

(iii) In the production of two high-p~ hadronic jets in
PP collisions, certain kinematic regions make the subpro-
cess g +q ~g +q dominant. The associated asymmetry
may allow one to distinguish the final gluon jet from that
of the quark, at very high p~'s, and so produce a sample
of equal-energy quark and gluon jets. In each of the
above .cases estimates of the soft hadronic background
are given.

In Sec. V, we discuss the hump-backed plateau
(Dosshitzer et al. , 1982a; Mueller, 1983; Azimov et al. ,

1986a), in the single-particle spectrum of QCD jets as a
manifestation of coherence. %'e argue that it should be
possible to see the movement of the peak of the single-
particle spectrum as a function of jet energy, for jets pro™
duced in hadronie collisions, by considering only those
particles lying within an angle 00/2 of the jet axis. Expli-
cit formulas are given.

In Sec. VI we briefly discuss the coherence of final-
state hadrons produced in deeply inelastic lepton-hadron
scattering. The situation here is richer than e+e an-
nihilation. There are two distinct jet regions. One of the
jets, the jet struck by the virtual photon or 8'meson, has
properties identical to those jets produced in e+e an-
nihilation or from high-pz hadron reactions. The other
jet, the target jet, includes both hadrons from soft-hadron
processes and hadrons originating from gluon emission
from the parton lines evolving to the hard-scattering
point. One again finds a hump in the distribution with
the dip oeeurring for soft particles in a particular Breit
frame described in Sec. VI.

II. THE' ESSENCE OF COHERENCE
IN HIGH-ENERGY REACTIONS

Our understanding of the structure of final hadronic
states in hard processes has come a 1ong way since the
early eighties when the physics of coherence was
rediscovered in the QCD context (Ermolaev and Fadin,
1981;Mueller, 1981;Bassetto et al. , 1982; Fadin, 1983).

First of all, the rapidly increasing wealth of experimen-
tal data makes it possible to test the adequacy of diferent
phenomenological models of hadronization, a large
variety of which had peacefully coexisted. Secondly, -a
number of well developed Monte Carlo schemes (An-
dersson et al. , 1983; Marchesini and Webber, 1984;
Webber, 1984; Sjostrand, 1985, 1986; Field, 1986) have
appeared, which incorporate the gross features of coher-
ence in perturbative QCD. Finally, systematic perturba-
tive techniques have been developed with which one ean
obtain reliable asymptotic expansions for many quantities
describing multiparton systems.

A perhaps unexpectedly close correspondence between
analytically described features of partonic systems and
corresponding characteristics of measured final-state
hadrons has led to the local parton-hadron duality hy-
pothesis (LPHD; Azimov et al. , 1985a, 1987). The
LPHD approach attempts to describe the general
features of the hadronic systems produced in hard pro-
cesses, such as multiplicity distributions, inclusive energy
spectra and correlations, angular patterns of multiplicity
and energy Aow, etc. , without invoking any hadroniza-
tion scheme at all. This makes predictions very restric-
tive and, therefore, simply testable, since there are few
parameters to vary in connecting perturbative QCD re-
sults to experiment. One of the main purposes of the
LPHD approach is to look for phenomena where pertur-
bation theory disagrees with experiment, in order to
deduce some actual knowledge about the physics of
confinement.

Before turning to specific analytical results in perturba-
tive QCD, let us say a few words about the spirit of the
perturbative approach to multiparticles systems and give
a simple qualitative. explanation of coherence.

Exact calculations of QCD matrix elements for mul-
tiparton systems are dificult to use even in the cases
where they can be obtained. Thos the parton shower pic-
ture (Konishi et al. , 1979; Bassetto et al. , 1980, 1983;
Dokshitzer et al. , 1982b; Dokshitzer and Troyan, 1984),
in which one views the evolution, say, of a jet as a se-
quence of parton branchings, turns out to be a practical
way to predict the properties of multiparton states. Gen-
era11y speaking, using a shower picture does not neces-
sarily lead to a loss of accuracy in describing multiparton
phenomena. The main idea of the shower picture is to
reorganize the perturbative expansion in such a way that
its zero-order approximation is systematic and involves
an arbitrary number of produced particles. This zero-
order approximation can be achieved through an itera-
tion of basic 3 —+B +C parton branchings. In principle,
it should be possible to include higher corrections to the
basic branching along with higher point branching ver-
tices 3 ~8+C+D. . . in order to improve the accura-
cy of a calculation systematically. This procedure
(Dokshitzer and Troyan, 1984) is closely related to a
renormalization-group approach (Mueller, 1983) in
which the branchings are not so visible and in which
high-order corrections can be systematically calculated.

The above-mentioned zero-order approximation is the
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modified leading logarithmic approximation (MLLA;
Dokshitzer and Troyan, 1984), which includes double
logarithmic and single logarithmic effects in a systematic
way (Mueller, 1983; Dokshitzer and Troyan, 1984). Qf
course this approximation has built in all the coherence
effects in the quantum mechanics of gauge theories, since
the approximation is systematic in a&. Roughly speak-
ing, there are two types of coherence effects that occur.

The first manifestation of coherence is the angular or-
dering of the sequential parton decays. This will be ex-
plained in more detail later on. Such angular orderings
can be implemented in Monte Carlo simulations (Mar-
chesini and Webber, 1984; Webber, 1984) of jet evolution,
which are then able to reproduce this part of perturbative
evolution correctly. Coherence of the second type (Azi-
mov et al. , 1985b, 1985c, 1.986a, 1986b) deals with the
angular structure of particle Aows when three or more
partons are involved in a hard process. Here, single-jet
evolution is no longer dominant and the particles pro-
duced in the regions between the jets depend on the
geometry and color topology of the whole jet ensemble.
The idea of an isolated jet evolution is here lost. It
remains an open question to what extent this coherence
can be generated in Monte Carlo simulations.

To elucidate the physical origin of angular ordering let
us consider a simple model of the jet cascade, namely, the
radiation pattern of soft photons produced by a relativis-
tic e+e pair in a QED shower (see Fig. 1). The ques-
tion is to what extent the e+ and e independently emit
y's. To answer this question one has to estimate the for-
mation time, the time interval needed for the y quantum
to be radiated from, say, the p, leg. Using the uncertain-
ty relation to estimate the "lifetime" of the intermediate
electron having virtual mass M =+(p +k), one finds

~form M
Pe 1

(p, +k)2 kO,

where 0&, is the angle between the emitted photon and
the electron. Now k0&, ——k~=A, j

' with kj the trans-
verse wavelength of the radiated photon. Thus

form ~i ~~ye

During this period of time the e+e pair separate, trans-
versely, a distance

+ 0e+e
p~ ~0 OI Hl 0

ye

One concludes that, for large-angle photon emissions,

0 =0 +))0 +

the separation of the two emitters e+ and e is smaller
than A,j. In this case the emitted photon cannot resolve
the internal structure of the e+e pair and probes only
its total electric charge, which is zero. Thus for
0 ))0 + we expect photon emission to be strongly

ye e+e
suppressed. This is the Chudakov effect, familiar in
cosmic-ray physics (Chudakov, 1955). The e+ and e
can be said to emit photons independently only when

p~
' ))A,j, that is, when 0 +,0 (0 +

The same discussion can be given for QCD cascades in
which soft-gluon radiation is governed by the conserved
(color) currents. The only difference is that the coherent
radiation of soft gluons by an unresolved pair of gluons,
or quarks, is no longer zero, but the radiation acts as if it
were emitted from the parent gluon imagined to be on
shell. This is illustrated in Fig. 2. The remarkable fact is
that one gets all leading double and single logarithmic
effects correctly, for angular averaged observables, by al-
lowing the gluon emission, independently, off line 1 when
0,«0», off line 2 when 02«0», and off the parent, line

g, when 8&& & Hi2 (see Fig. 2). This observation furnishes
the core idea of the Marchesini-Webber model (Mar-
chesini and Webber, 1984), the first Monte Carlo simula-
tion that included coherence effects.

The best example of QCD coherence of the second
kind is the string (or drag) effect observed in three-jet
production in e+e annihilation (Azimov et al. , 1985c;
Andersson et a/. , 1983). In Sec. IV, we shall have much
more to say about this coherence; our purpose here is
simply to explain the basic ideas. As yet, the most strik-
ing experimental test of this idea is the comparison of as-
sociated hadron production in qqg three-jet events with
that of qqy events with the g and y having similar kine-
matics. In the plane of the three jets, counting the pho-
ton as a jet, one finds a suppression of associated hadrons
in the region between the q and q in qqg events as com-
pared to qqy events. This effect was originally predicted
in the Lund model (Andersson et al. , 1983) but is difficult
to arrange in Monte Carlo branching models.

To illustrate the physical origin of the destructive in-
terference one can use QED as a model, with the quark
and antiquark replaced by e 's and the gluon by a col-
linear e+e+ pair as shown in Fig. 3. A simple calcula-
tion shows that there is no radiation emitted directly op-
posite the e+e+ pair in the symmetric configuration. In
the QCD case, illustrated in Fig. 4, the associated soft-
gluon radiation is

de Q23 Q )3
8m

dn aza3 a&a

1 ~i2

X, a&a2

FICi. 1. Emission of soft photon k, after e+e pair production.

in the qqg case and

dN& a»
Sm a2CF

d Il Q)a2
(2)
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FIG. 2. An illustration of coherence in which wide-angle emission of soft gluon k, off q and q, acts as if the emission came off the
parent gluon g.

in the qqy case, with the proportionality indicated in
Eqs. (1) and (2) being an equality for inclusive gluon emis-
sion, without further cascading, from the hard-scattering
graph of Fig. 4. In the above,

(3)

where n,- is the direction of jet i and n the direction of the
additional, inclusive, soft gluon. For example, suppose
n, nz ——n, n3=Il2n3 and n points in a direction exactly op-
posite to n3, that is, midway between the directions n,
and nz. Then

4N,
xDs(x, Y)=

b8 8+1

where

—co~ II M @ Y
a —i oo 2&l

4=@(—A +A +1,8+2; —co Y)

11%, 2nf
+

is the usual conAuent hypergeometric function, with

4%, B= b,
&co

(5)

dN /dn N, 2—
dNr /dn 2(N2 —1)

(4) and

Y =lnE/A . (8)
It remains a challenge to Monte Carlo branching models
to build in this result. In hadron production associated
with the three-jet events qqg and qqy, Eq. (4) should
remain correct, since hadronization effects should cancel,
at least at high energies.

The observations of the above coherence phenomena
(Bartel et al. , 1983; Aihara et al. , 1986; Hofmann, 1986;
Sheldon et al. , 1986) can be said to test very detailed
features of color liow in QCD. Later on, in Sec. IV, we
shall discuss similar drag effects which manifest QCD
coherence in hadronic collisions.

In the last part of this section we shall summarize
brieAy the more technical aspects of the hadronic compo-
sition of jets. There has been much technical progress in
the past 5 or 6 years in understanding how to calculate
particle spectra and correlations in QCD jets. Let us be-
gin with the distribution, in x, of hadrons of type h in a
gluon jet, D (x, Y). Then (Azimov et al. , 1985a, 1987)

In the above, E is the jet energy. In the case when the jet
is restricted to have opening angle 0, Y should be re-
placed by

0E sin—
2

Equation (5) is valid for particles not too far from the
peak of the x distribution, and this equation, the modified
leading logarithmic approximation (MLLA), includes all
leading and next-to-leading logarithmic corrections. The
jet energy dependence is contained in @, while fragmen-
tation dependence is in K", which may depend on co and
on the QCD parameter A in a nonperturbative way. We
indicate the dependence on nonperturbative QCD
through the variable M&, the mass of the hadron h.

When h is a gluon of mass Qo, K is replaced, in per-

II Il
( + ~ )

FIG. 3. Abelian model for illustrating string effect. The
"gluon" is represented as having double the electric charge of
the electron.

FIG. 4. QCD three-jet or two-jet emission with hard-photon
processes.
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turbation theory, by E~, a purely perturbative quantity
given by

Kg(co, A, )=- (A,ai) f(A, B+1;coA,),g I (A)
(9)

with t/r the confluent hypergeometric function as defined
in Erdelyi (1953) and A, =lnQo/A. From Eqs. (5) and (9)
it is clear that @ includes evolution from scale E to scale
A, while Kg(co, A, ) evolves the jet from A to Qo. Thus

Kg(co, O) =1,
while K "(co,MI, ) gives the transition of partons of scale A
into hadrons of type h and mass M&. Of course it is a
phenomenological question at exactly what mass scale
nonperturbative effects become important in the conver-
sion of partons to hadrons. If the scale is p, then E"
must include a perturbative evolution from A to p and
then a nonperturbative transition into hadrons. Howev-
er, factorization, and the fact that perturbation theory it-
self gives color shielding (Bassetto et al. , 1983; Amati
and Veneziano, 1979), lead one to conclude that p should
be Q independent. This, as we shall see below, leads to
the idea of local parton-hadron duality (LPHD).

Consider now the large- I' limit of Eq. (5). It is
straightforward to see that the dominant contribution,
the saddle-point contribution, comes when co-?/&F.
Since X" is regular at co =0, one may simply let
K "(co,MI, )—+K"(O,M&)=K, since the co dependence of
K"(co,M& ) gives v'a corrections to the MLLA approxi-
mation.

It is perhaps surprising to see the x dependence of
xa " being given completely in terms of parton evolution,
with fragmentation contributing only a constant factor.
Indeed, fragmentation effects have the possibility of
smearing the hadron distribution over a finite interval in
ln1/x; however, the smearing is formally a higher-order
effect and need not be considered at the MLLA level.
This is the statement of local parton-hadron duality (Azi-
mov et al. , 1985a, 1987). Whether or not present jet en-
ergies are suSciently large for LPHD to be applied is of
course an experimental question. So far, the experimen-
tal evidence suggests that LPHD works rather well. A
detailed discussion in given in Azimov et al. (1985a).

It is instructive to consider the situation in which h is a
hadron consisting of a heavy quark and one or more light
quarks. Here one would expect the momentum of the
hadron to follow the momentum of the heavy quark more
completely than in the case of light-hadron production.
That is, fragmentation effects should be smaller in
heavy-hadron production and LPHD should set in at
lower jet energies. In fact, if one sums over all hadrons
containing a particular heavy-quark H, one should recov-
er the distribution of the heavy quark H in the jet, xD
which is calculable within perturbation theory, since one
may follow the perturbative evolution all the way to the
scale MH without encountering strong nonperturbative
effects. Thus the distribution of heavy hadrons in jets
may be an especially useful measure of parton evolution.

III. ON EXPERIMENTAL SELECTION PROCEDURES

Traditionally (Dokshitzer et al. , 1986), the final-state
structure in a hard collision is organized in terms of a
certain number of jets having specific ang1es, energies,
masses, etc. This has been a very fruitful procedure espe-
cially as regards three-jet events in e+e collisions,
where the gluon was found, and two-high-pj -jet events in
hadronic collisions, where the pointlike nature of quark
and gluon interactions has been best measured. Howev-
er, the separation of an event into a certain number of
jets is inherently ambiguous, especially as one goes to
higher energies. The ambiguity comes from several
sources. (i) In a particular part of an event it may be
equally correct to identify a set of particles as belonging
to one jet, two jets, or even more jets. After all, a jet
often has an identifiable substructure consisting of fur-
ther jets. (ii) Some particles may not belong to any par-
ticular jet but may have emission properties dependent
on a jet ensemble. The spectrum of particles associated
with three-jet events in e+e annihilation, especially in
the wide-angle regimes, if of this character.

Attempting to force particles to belong to some jet in
an event may cause diSculties. If the jet algorithms do
not use infrared-safe quantities, comparison with QCD
cannot be carried to higher orders, and the whole pro-
cedure, although adequate when only crude data and
crude calculations are available, may have limited quanti-
tative significance. If the jet-finding algorithms are in-
frared stable, the procedure for assigning particles to jets
is in principle all right, but as higher-energy events be-
come more complicated this procedure may simply not
be e%cient.

Especially as higher energies are attained it seems to us
that a purely inclusive procedure for quantitatively deal-
ing with hard collisions is preferable to organizing the
event according to a certain number of jets. There is in
general a rather direct correspondence between jets and
energy correlations, so that any observable that can be
described in terms of jets can also be described in terms
of energy correlations (Basham et al. , 1978; Dokshitzer
et al. , 1978). As an example consider the classic observa-
tion of the string effect as discussed in the previous sec-
tion. Here one takes three-jet events in e e annihila-
tion and projects the momenta of associated particles
onto the plane determined by the three-jet axes. The
suppression of particles between the q and q jets in qqg
events is a direct measure of the coherence or of the
amount of nonindependence in the different jet decays.
This same physics is accessible through an (energy) mul-
tiplicity correlation (Dokshitzer and Troyan, 1984)

g J dE, E~dE2EidEiEqdE~

do
dEi dE2dE3dE4d Aid Q2d Q3d Q4

where the sum is over all particle types. The energy-
weighted integrals over E2,E3,E4 at fixed angular direc-
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tions, specify the "jet" directions about which one has an
associated multiplicity distribution at variable angular
direction 0&. It should be possible to see the string effect
in this observable in perhaps a more quantitatively
significant way than has been done in the past.

In the sections that follow we shall refer to measure-
ments involving determinations of jets and jet axes. To
see, qualitatively, the effects we shall be considering, even
crude determinations of jet axes are probably su%cient.
However, in making precise quantitative relation to
theory the use of energy and multiplicity correlations is
preferable.

and' angular distribution of such soft emissions in
different types of hard scatterings and in particular to
study the interference pattern that emerges when the soft
gluons are emitted from several sources in a coherent
manner. We begin our detailed description of these
"drag" effects by considering hard processes where a
high-p j y, 8', or Z is produced along with a recoil parton.
Later, we shall study the soft-gluon spectrum associated
with two-jet production.

A. Prompt y, W, Z production at large p,

IV. DRAG EFFECTS IN HIGH-pi HADRONIC
COLLISIONS

In this section we shall discuss the soft-gluon emission
accompanying a high-p~ hadronic collision. It is known
that the background of soft particles accompanying a
hard collision is significantly enhanced as compared to
the spectrum in a minimum-bias event. The exact cause
of this enhancement is unknown, as is the portion due to
soft gluons emitted directly from the partons involved in
the hard scattering. Our task here is to describe the size

I

Prompt y (or W, Z. . . ) production at collider energies
furnishes a process similar to three-jet production in
e+ e annihilation for studying interference (string)
effects (Andersson et al. , 1982). The basic graphs
describing the process are shown in Fig. 5. we shall ar-
gue in a moment that gq ~yq dominates qq —+yg. Keep-
ing only the hard Compton scattering process, the cross
section for producing a hard photon of transverse
momentum pj =E, corresponding to 90' scattering in the
center-of-mass system of the parton-parton scattering, is
(Eichten et al. , 1984)

z =Xeq J dy xqDP(xq Pi)xgDp(xg pg) 2+(P~P),

with Dp the quark distribution of the proton P. (We use the notation D for structure functions and D for fragmentation
functions. ) In the above, xqxqs =4p j and y =y &+yz, with y, and y2 the rapidities of the outgoing y and gluon jets, re-
spectively. As usual e is the electric charge of the quark having fIavor q. Then

=pe x DP(x,p~)x D~(x,p~)+(P~P) .
dp~dy d cos0 q 96@~

The corresponding formula for the hard process qq —+yg is

dO . p
~EM

=pe x DP(xq, P~)x Dq(x, Pj )+(P~P) .
dp~dy d cos0 9p~

(12)

(13)

When x (x ) is less than about 0.1, the Compton process
dominates over annihilation, and so we shall neglect the
contribution given by Eq. (13).

Now to the main point of this section. In addition to
the jet produced in the hard collision there are also soft-
gluon emissions associated with the incoming quark and
gluon lines and with the final-state quark which lead to

an interference pattern (drag eff'ect) almost exactly as in
the process e+e ~gqq +soft gluons. The picture of the
soft-gluon emissions is schematically illustrated in Fig. 6.
[The QCD description (Dokshitzer et al. , 1986) of the
process is qualitatively similar, in terms of color topolo-
gy, to the Lund description (Andersson et al , 1982).].
The formula for soft-gluon emission, in direction n, asso-

ic-
Q

FIG. 5. Hard-scattering graphs leading to y+jet production.
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FIG. 6. Soft-gluon emission from the hard-scattering graphs of Fig. 5.

dN
dn

a23 a &2+
a2a3 a)a2

ciated with the hard scattering is

a)3
Ns( Y) (14)

where

16N,

b
Y, X2 ——

16N,
lnQ0 /A

with

a"=1—n Il.
SJ

(15)

11N, 2nI
3 3N2

a.=1—nn;,

where n; is the direction of the parton i =(1)—(3) as
shown in Fig. 7, and Ng(y) is the derivative of N with
respect to Y. The factor Ng(Y) (Azimov et al. , 1985a,
1986b; Dokshitzer et a/. , 1986) takes into account that
the final "measured" gluon is part of a cascade. The
variable Y =lnEO/A is the logarithmic variable govern-
ing the evolution of a jet of momentum E and opening
angle e. In the above, 8=min I 8&, Oz, 83I with
cos8;=n.n;. Equation (14) gives the parton evolution
correctly through leading and next-to-leading terms, the
modified leading logarithmic approximation. In this ap-
proximation we may write Ns as (Azimov et al. , 1985a,
1987)

r

Ng( Y)=x,
X)

[I~+i(x, )K~(x2)

+I'(x2)K~+i(x, )],

with I and E modified Bessel functions and with

FIG. 7. The kinematics of'90' scattering in the hard process for
y+ jet production.

Here b =11/3N, —2/3n& and Qo is the cuto(F on soft-
gluon emissions. When x& is large and x&/x2 ~&1 one
has

X)

N, (Y)-x,'K, (x, )x, '+'" -'
27r

(17)

As discussed earlier, a reasonable phenomenology can be
done for m

—production taking N =E N where one
also takes Qo =A, in which case

—B +1/2
Xy

Ng"-E
2

I (g) x,—e '.
2&Fr

(18)

In Azimov et al. (1985a, 1987), K =1.1 for charged
pions was obtained using Eq. (16) with Qo ——A. This
determination corresponds to a total charged-pion multi-
plicity of about 11 in an e+e annihilation event at
Q=30 GeV. The expected multiplicity in a gluon jet
should be about the same. Because it is easier to illus-
trate our discussion here, we shall use Eq. (18) rather
than (16), in which case K"=0.6 is more appropriate.
The diff'erence between Eqs. (16) and (18) is a series of
terms of inverse powers of &Y, terms which have not
systematically been included in jet evolution so far. Since
&Y varies slowly, we do not expect important difFerences
in predictions in the intermediate-energy region with
which we are concerned.

Of course the coherence pattern for heavier particles,
like K's or P's, can also be obtained from Eq. (16) in a
manner that has already been discussed in Sec. II. We
shall restrict our estimates here, however, to pions that
furnish the bulk of the produced particles.

To see the structure of the coherence pattern we shall
evaluate Eq. (14) for final-state pions in the plane of the
hard scattering and at angles midway between the par-
tons involved in the hard scattering, directions labeled by
A, 8, C, and D in Fig. 7. Thus dX /dn corresponds to
the number density of pions in the plane of the hard
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380 Dokshitzer et ai. : QCD coherence in high-energy reactions

scattering and midway between the directions determined
by the incoming gluon and the outgoing photon. [Note
in Fig. 7 that q( 1) and g (2) are incoming, while y and

q (3) are outgoing lines. ] For purposes of illustration we
take E =p~ =20 GeV, at which value

(25)

For pz ——20 GeV this leads to a hard-y cross section per
unit rapidity as

X ( Y) =20K I (—'' )81 (19) g. =2)&10 cm x D&x D&, (26)

and

X (Y)=9K I ( —"'
)

dY

Taking K I ( —",,
'

) =0.6 we find

(20)

dX
dIl

dn

dX
dIl

de
dn

=3

(21a)

(21c)

(21d)

Two important questions remain to be answered before
we are able to conclude that the drag effect described in
Eq. (21) can be seen in a hadronic collision: (i) We need
to estimate the hadronic background from other soft pro-
cesses to see whether those pions coming from soft-gluon
emission will be observable above that background.
(ii) We need to estimate the size of the cross section given
by Eq. (12) to see what transverse momenta are available
for hard-photon production.

(i) For soft pions coming from the minimum-bias back-
ground we write

1 dN 1 1 dX" '

2& d cosO 2/T 1 —cos g

with 0 the angle of the pion with respect to the beam
direction. We have evaluated Eq. (21) at 8=45 or 135',
which gives

which is probably large enough to allow measurement of
such hard y's at Fermilab. Of course, one can lower p~
somewhat to increase the cross section, but the coherence
effect is dominated by hadronic background for p~ &10
GeV.

A process very similar to hard-y production is that of
high-pi W production. Here the production cross section
is (Eichten et al. , 1984)

do i 2 & 2 d&ij=g x iDp(x i,pi )x2Dp(x2&p J )
1 dg 2dp I ij

dt
(27)

with i,j a sum over partons and do; /d t the hard-
scattering cross section i +j—+8'+parton. y, and y2
are the rapidities of the 8'and the recoil parton, while p~
is the transverse momentum of the 8'. There are two
fundamental hard processes: (i) q +q ~8'+g and (ii)

q +g ~q + W or q+g —+q+ 8'. The basic cross sections
are

2maEMa (t Mii, ) +(u ——Mii, )

9 sin gpr
(28)

d 0 g 7T~EMQ,' 5 +u +2M~t
+(t~u ) . (29)

d t 12s1n Hgr —g u

Suppose we consider 90 scattering in the parton center-
of-mass system. Then t =u. Further, when pi/Mii «1,
s =M~+2pj M~ while t and u equal —p~M~. Thus the
ratio of Eq. (18) to Eq. (19) is 8M~/3pi. When the par-
ton distributions are included, the ratio of qq —+ 8'
+ parton to q(q )+g ~q (q ) + W becomes

d~soft

dn
8M~ Dp(xi )Dp(x2)+Dp(x i )Dp(x2)

Dp(x i )Dp(xp )+Dg(x i )Dp(x2)
(30)

5&REMA g
err ——2 g e~ x~DP(xq, p i)xsDp(xg, p i)

96p
(24)

Of'

We expect that d¹''/dy is certainly no greater than
about 6 for charged pions, in which case the rate of pions
given by soft-gluon emission from the hard-scattered par-
tons, Eq. (21), should be dominant as far as the angular
asymmetries in dX/dn are concerned.

(ii) To estimate the cross section for hard-y produc-
tion, we integrate Eq. (12) over pi &p i, and take dy and
d cos8 intervals of one unit each. This leads to a hard-y
cross sect1on

Q)3 Q23

Q)Q3 Q2Q3
Xg( Y), (31)

The size of r depends on pz and energy quite strongly.
At CERN collider energies, where valence quark contri-
butions are still dominant, r is larger than unity. At Fer-
milab collider energies, sea quark and gluon distributions
become more important and r & 1, depending exactly on
the region of x

&
and x2 and on the values ofp~.

The associated soft-gluon spectrum is quite different in
the Compton and annihilation processes. For gq~8'q
the associated gluon spectrum is exactly as given by Eq.
(14), while for qq~w +g the associated gluon distribu-
tion is given by
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where the lines are labeled as in Fig. 8 and the definition
of Q;. and Q; is as before. Carrying out an analogous cal-
culation to the one that led to Eq. (21) we now arrive at

=1,
dIl dIl

dX dX =8,
dn dn

(32a)

(32b)

where we have again taken p~=E =20 GeV and have
made use of Eq. (20). The distributions given by Eq. (21)
and (32) are sufftciently different that the associated had-
ron distribution might make it possible to decide which
production mechanism was responsible for a giuen event.
In any case, as one varies energy and/or the x value and

p~ region considered, one favors either the Compton or
annihilation process, and the associated hadron spectrum
should follow Eq. (21) or (32) more closely depending on
the exact kinematic region.

B. Toro-jet production at high p,

Coherence effects are more difficult to observe in the
spectrum of hadrons associated with two-jet production
than in y or 8'production. Nevertheless, there are some
specific effects that may be observable. The only hard-
scattering process that has a large asymmetry in the spec-
trum of associated hadrons is gq (q )~gq (q ), for which
subprocess the two-jet cross section is

FICs. 8. The kinematics of 90' scattering in the hard process for
W. +jet prodUction.

=x DP(x„p', )x D~(x,p', ),+(I'~I'),
dy, dy dp

(33)

with d &/dp~ referring to the fundamental hard process.
In general, the process gq~gq does not dominate the
competing hard processes such as gg —+gg, qq~qq, etc.
For jets having p~ =90 GeV at Fermilab, and with
x =0.03 and x =0.33, the gq~gq part of the two-jet
cross section is about 50% and rises very slowly as x
further increases. Thus the sample of gq scatterings is in
general contaminated by competing processes which
have no asymmetry. %'e shall shortly return to the ques-
tion of whether this signal may be observable.

The spectrum of hadrons associated with the hard pro-
cess equation (33) is

—CF 2 +2
a2Q4 a1Q3

Q23 Q12 Q34

a2Q3 a1a2 a3a4

a14
H((t, u, s)

Q1Q4

Q12
+CF

Q1a2

Q34

Q3Q4

Q 2'3

Q2Q3

Q14
Hz(t, u, s) Kg(F),

Q1Q4
(34)

where we use the notation of Ellis et al. (1986) for the hard-scattering amplitudes, in which

H'(s, t, u)=g CF(t +u ) 1—
tu

H&(s, t, u)=g —(t +u ) 1—2 1

tu 2

H2(s, t, u)=g (t —u )—4&
t

tu s2

The incoming gluon and quark lines are labeled by 1 and 2, while the outgoing gluon and quark lines are labeled by 3
and 4 as shown in Fig. 9. For t = u = —s/2, 90 scattering in the partonic center-of-mass system, one finds

8m de
dIl

Q13
F + cN, Q2a4 Q1Q3 Q1Q3

CF 2 +2387 Q24 Q 13

Q2Q4

Q23 Q12 Q34

a2a3 Q, a2 a3a4

Q14
I

Q1Q4

243 Q12 Q 34
CF +704 a, a2 a3Q4

Q23 Q14

Q2Q3 a1Q4
K'(Y') . (35)
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FICy. 9. The kinematics of 90' scattering in the hard process
q (2)+g (&)~q (4)+g (3).

Evaluating Eq. (3S) in the plane of the scattering and
midway between the directions of the parton momenta,
in the partonic center-of-mass frame, one finds

trum, remains one of the most striking predictions of per-
turbative QCD. The depletion of small-x particles fol-
lows from the angular ordering of partonic cascades in
going from greater to lesser virtuality and is a direct
manifestation of coherence in QCD. At present there is
experimental evidence for such a nonfat plateau in e+e
annihilation, but the efFect is less than definitive. It is one
of the purposes of this section to suggest a way in which
this distribution may more easily be found, especially in
the very-high-energy jets available at hadronic colliders.
Before coming to that point, though, we would first like
to discuss some general questions related to the spectrum
of particles in a jet (Azimov et al. , 1986a).

In discussing the spectrum of particles having small
transverse momentum in hadronic collisions, the rapidity

dX dX' =1.7%g(I'),
dn dIl

(36a)
E+~ll

ln
2 E —

Ill
dN =2. ling( Y),
d11

dN =O. SNs(I') .
dXl

(36b)

(36c)

V. FINDING THE HUMP-BACKED DISTRIBUTION

The depletion of small-x particles inside a jet, the so-
caHed hump-backed plateau in the inclusive en-rgy spec-

For pion production, d/dy X can be estimated from
Eq. (18) to be d jdy Ns =9 at p~ =E =90 GeV Thus . the
asymmetry indicated in Eq. (36) should be observable
above the normal soft-hadronic background. However,
the situation is quite difFerent from the case of hard-y or
8'production. There one had only a single outgoing jet.
In the present situation there are two outgoing jets, and it
is not apparent which one is the gluon and which one is
the quark jet. Indeed, it is not even apparent whether the
hard scattering has been a-gq~gq event. One must, in
fact, use the resulting asymmetry to try and distinguish

gq —+gq events from the other hard scatterings which are
either exactly symmetric or very nearly symmetric, de-
pending on the process. This is probably easiest in the
kinematic regions having the largest rapidities, where the
competing process is mainly qq~qq, a process that has
weak almost symmetric radiation and should look
significantly different from gq —+gq hard scatterings on an
event-by-event basis.

Of course all of our calculations are for average prop-
erties. We have little to say about event-to-event Auctua-
tions that depend on higher correlations. Fluctuations
are probably best estimated by using Monte Carlo simu-
lations; such simulations might be able to suggest more
detailed tests for separating gq ~gq scatterings from the
competing process', and thus allow one to obtain a sam-
ple of separated high-p~ quark and gluon jets in the same
event. In any case, one will certainly wish to make use of
the whole event structure and not just the differential
asymmetries that we have calculated in Eq. (36).

has proved a useful variable. In Eq. (37), p~~ is the com-
ponent of momentum, of an outgoing particle, measured
along the common direction determined by the incident
hadrons. In jet production it is perhaps tempting to use a
similar variable, where now pll would be measured along
the jet axis. However, for purposes of comparing QCD
with jet measurements, yjl is not a good variable. The
difhculty with yll is

y
II

———ln tanO/2 (38)

N( I') =CY'' exp (39)

one finds

16%,

dyii 2 I

b ln
Achy

ll

- -&y2&~

where we have used a small-angle approximation in ob-
taining Eq. (40). [At very small values of y~~ the small-
angle approximation is of course not good, but the level
of accuracy of MLLA does not really allow a distinction
between difFerent ways of writing a large-angle generali-
zation of Eq. (40).] Note that there is no hint of a dip in

for massless particles, and all particles within a subjet of
a given jet have similar values of 0. Thus yll gives essen-
tially no information on the magnitude of the momentum
of the measured particle in contrast to the situation in
soft-hadron production where yll is a quite good indicator
of a particle's momentum.

In terms of
y~~

the coherence of QCD does not produce
a dip in particle spectrum (Azimov et al. , 1986a). To see
this in more detail, let X( I') be the number of particles
within an angle 0 of the jet axis of a jet having energy E.
I'=lnEH/A. Then, using
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Eq. (40) asy~~ decreases.
What, then, is a good variable for describing the parti-

cle spectrum inside a jet? Either x =p /E or
y =in(E~+p)/m is fine. (E is the jet energy. p, E~, and
m are the momentum, energy, and mass of the measured
particle. ) For zero-mass particles, or at high momentum,
lnl/x and y differ by a constant and so are completely

equivalent variables. Another virtue of x, or y, is that
one does not need to know the jet axis accurately. In us-
ing y~~

one may produce a dip at y~~
——0 sin.ply from a bias

against choosing the jet axis so that y
~~

——0 (Azirnov et al. ,
1986a).

From Eq. (5), we may find the asymptotic shape of the
single-particle distribution as

36&,
xD(x, Y) =N ( Y)

m. bY

1/4

exp Y3/2

1 1 b
ln ———Y —B Y

x 2 16K,

b

1/2 2

(41)

not too far from the peak of the distribution. For pur-
poses of our present discussion the main point is that the
distribution should reach its maximum at

momentum. Or, in the spirit of our discussion in Sec. III,
one could look at the two-particle inclusive correlation
between energy and particle Aows,

1 1 b
ln =—Y+B Y

X0 2 16K,

1/2

(42)
do. 1 de

x1 = d cos012 dx2x1x2
COS80 0 dx 1 dx 2 d cos012

and have a broad Gaussian shape about that peak. It is
the decrease of xD(x, Y) for values of x & xo v:hich is the
dip in the single-particle spectrum caused by coherent ra-
diation in QCD.

Unfortunately, the momentum corresponding to the x0
in Eq. (42) is not large at present energies. Indeed, this
momentum grows rather slowly with the jet energy.
Furthermore, phase space requires that xD(x, Y) have a
zero at the kinematic minimum value of x, and it is very
dificult to disentangle the kinem. atic dip in the spectrum
from the dynamical dip required by Eq. (41). So far,
probably the most convincing evidence for the hump-
backed distribution is the growth of the energy,
Eh p E0 x0E, at which the distribution reaches its
maximum as one varies the jet energy (Althoff et al. ,
1984). Additional data for higher-energy jets at SLAC
Linear Collider (SLC) should make this growth much
clearer and perhaps allow one to check the relation

E dEo 1 b

E0 dE 2 64Nc Y

Equation (43) gives

d ln(Ep/A) =0.4 at E=30 GeV .
din E A

To sharpen the inhuence of angular ordering on the
parton multiplication process, and in an attempt to find
the dip in the soft part of the spectrum in jets produced
in hadronic collisions, it may be useful to look at parti-
cles restricted to lie within a particular opening angle
with respect to the jet. For example, we might consider
the y distribution of particles accompanying the produc-
tion of an energetic particle and lying within an opening
angle 00 about the direction of the trigger particle

(44)

As is easily seen, parton cascades in these situations
will populate mainly the region

Qo

8 /2
& & & . t (45)

with E, =x,E, the momentum of the observed particle,
E the jet energy, and Qp the cutoff' point on the evolu-
tion. Qp =m „the mass of the observed particle.

The maximum of the distribution, in E1, is now forced
to larger energies as compared to Eq. (42). The max-
imum of the distribution now occurs at

E
ln =—ln

Qp 2 Qpsin8p/2

b

16K,

1/2
' 1/2E sin8p/2

ln

0
ln

A

1/2

(46)

which formula replaces Eq. (42). Clearly, by choosing 8o
small one can move the peak of the distribution away
from phase-space limit of E& =Qo. There are, however,
some subtleties connected with the use of restricted angu-
lar regions to find the hump-backed distribution.

(i) Decreasing 8p to stiff'en the spectrum inevitably re-
sults in a decrease of the overall height of the peak of the
distribution, since the predicted spectrum should look
like an "unrestricted" particle distribution inside a jet
with smaller eftective energy, E' =E sin80/2, boosted
along the jet direction by an amount by = —ln(sin8p/2).
However, by choosing an appropriate value of 00 one
may retain a large enough peak while removing the
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domain of nonrelativistic momenta.
(ii) Perhaps a more serious problem is that a distribu-

tion that has no dip at small values of x may acquire such
a dip because of the angular cut, 00. For example, if one
were to solve the evolution equation for the single-
particle spectrum using only ladder graphs without im-
posing angular ordering one would find

x,D (x „Y)aexp
2o.N, E sin00/2

ln

——,'ln1 /x, ln1 /x,
1 /2

(47)
I I I I I I I III

.15
I I I I I I I

10

ln = —ln(sinOO/2), (48)

[Equation (47) comes from a leading double logarithmic
calculation at fixed coupling and is given for illustrative
purposes only. ] The maximum of this distribution occurs
at

FIG. 10. Energy distribution of charged hadrons (vs

y =lnEI, /A) in different cones around the jet axis in e+e an-
nihilation at 8 + ——100 GeV: (1) for the whole opening angle

0=180; (2) 8=45; (3) 0=20. Numerically, these spectra coin-
cide with appropriate parton spectra xD g for the so-called "iso-
lated" g jet.

E dEi 1 b

E, dE 2 64K Y(OO)
(49)

with

which expression should be compared with Eq. (46). For
80 large the distribution has no dip in the region
E, /go ~~1. However, the angular constraint Oo creates
a hump-backed plateau here, also. Thus one cannot sim-

ply use the existence of a hump-backed distribution,
when 00 is small, to measure perturbative coherence.
Nevertheless, if one chooses 00 moderately small and
varies the jet energy, coherence will give a moving peak,
while the peak determined at Eq. (48) is jet-energy in-
dependent. Thus, taking the derivative of Eq. (46) with
respect to E,

charged-hadron spectrum for a gluon jet one multiplies
xD s by a factor = 1. 1 and sets Qo =4=m . (In analyz-

ing data from e+e collisions, one must also take into
account the inAuence of heavy-quark jets on the spec-
trum. ) For hadrons 'contained in a single quark jet a fac-
tor —', must be included. When 0& well contains the jet,
but is sufBciently small to avoid the coherent influence of
other jets, and E is large, we may expect the famous 4

factor to describe accurately the difference between
quark and gluon jets.

In Figs. 10 and 11, the expected distributions are
shown for charged hadrons along with a rough estimate
of the background obtained by assuming a soft-hadron
component of dN'"" ' /dy =6 uniformly distributed in

E sinOO/2
Y(OO) =ln

A

This equation is almost identical to Eq. (43), but in ha-
dronic reactions one has the possibility of measuring
larger jet energies and so better determining the slope
given by Eq. (49).

Attempting to see the hump-backed distribution in jets
produced in hadronic collisions it is necessary to control
the background due to the soft hadrons present in any
hadronic collision. The angular cut 00 described above is
especially useful in this respect, since one is able to elimi-
nate much of the soft background simply by reducing the
phase space available to the soft particles. We have cal-
culated the expected charged-particle distribution for jets
of 50 GeV, energies accessible at SLC and LEP, and 150
GeV, appropriate for the Fermilab collider and for 00
values between 10 and 60 . The number of hadrons in ei-
ther quark or gluon jets can be obtained from
xD s(x, Y, A, ) [see Eqs. (5) and (9)] at least as far as the
small-x part of the spectrum is concerned. To get the

xOg-
g

/
— t

t 8

I I I I I I I I

.15
I I I I I II

10
I I I I I I I It

100 GeV

FIG. 11. Energy spectra of partons (y =lnE~/A) in g jet pro-
duced in high-Pj process at Pj (or E&)=150 GeV in different
cones around the jet axis: (1) 0=60', (2) 0=35', (3) t9=20', (4)
0=10. The dashed curve shows the total spectrum of the
nonavailable "isolated" g jet. A typical change of spectra due
to background is shown with dotted-dashed lines.
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rapidity and in azimuthal angle and with a transverse
momentum distribution proportional to

exp
k~

(0.45 GeV)

One is immediately struck by the increased clarity of
the dip in the small-x part of the spectrum when 00 cuts
are used. For example, for a jet energy of 150 GeV and
00=35, the peak of the distribution is predicted to be
about 3 GeV. In this same situation at particle energies
of 2 GeV the dip is already pronounced, while the es-
timated background contamination is quite small. It ap-
pears that Eq. (49), the sharpest criterion for the coher-
ence dip when 00 cuts are used, should be testable at ha-
dronic colliders.

VI. COHERENCE AND FINAL STATES
IN DEEPLY INELASTIC SCATTERING

P =(V P +M, O, O, P}, q =(0,0,0, 2xP), —(50)

The parton model had its first great successes in ex-
plaining the scaling observed in deeply inelastic lepton-
hadron scattering. Later, scaling violations were ex-
plained by the approach to asymptotic freedom dictated
by QCD and became the first quantitative testing area of
that theory. The spectrum of particles associated with a
deeply inelastic scattering event has only recently begun
to receive serious theoretical treatment (Marchesini and
Webber, 1984; Ciafaloni, 1986, 1987; Dokshitzer et al. ,
1986; Gribov et a/. , 1987}. In this final section of our pa-
per we shall briefly summarize the present situation. Our
discussion will follow that of Dokshitzer, Khoze, and
Troyan (1986) and Gribov et al. (1987) and is based on
the unpublished work of Gribov and three of the present
authors (Yu.D., V.K., and S.T.).

Our main concern here will be with the spectrum of
particles associated with small-x deeply inelastic events.
As far as the structure functions themselves are con-
cerned, the dominant small-x regime will be given by the
graphs of Fig. 12. So long as 6nal-state particles are not
measured, these graphs, with the appropriate running
couplings inserted, will give the leading double logarith-
mic terms for small-x behavior if one imposes
k i J & k2J « . k„&Q, which condition actually comes
from interference effects (Bassetto et al. , 1983; Mitra,
1983). However, in order to calculate the single-particle
spectrum it is not enough to consider simply those
graphs shown in Fig. 12, even allowing that the horizon-
tal parton lines shown there may fragment. Sets of
graphs that cancel in the structure function calculation
no longer cancel in the inclusive spectrum.

In general terms, we expect two distinct regions, or
jets, to be produced. The quark line q +k„should form
the current jet, while the remaining lines the target jet.
The laboratory frame is not ideal in separating these two
regions. A better frame is the Breit frame of k„obtained
by choosing

q( k~
n

k)

+pt/

k)

FIG. 12. Ladder graphs, with transverse momentum ordering,
dominate in structure functions at small x.

in which case the current jet should be going along the
negative z axis and have energy xP. The target jet travels
along the positive z axis. The separation of the two
different jets is now simply according to which direction
the particles are going.

The Qnal-state properties of particles in the current jet
should be identical to those of jets produced in e+e an-
nihilation and in hard hadronic processes. This jet, line
k„+q in Fig. 12, is born at the instant of the hard-
photon interaction and then evolves rather independently
of the rest of the process. The target jet is quite compli-
cated, and the single word "jet" is not perhaps complete-
ly appropriate. Particles traveling along the positive z
axis, in our Breit frame, may come from decays of one of
the "subjects" k'„. . . , k„', they may come from addition-
al semihard emissions, to be discussed shortly, or they
may come from fragmentation of the part of the target
that is a spectator as far as hard interactions and evolu-
tion are concerned. That is, the target fragmentation re-
gion consists of both particles produced from hard in-
teractions and those from soft interactions. Our discus-
sion will focus on those particles produced from hard
sources, that is from the evolution of the system toward
the hard interaction initiated by q. Of course, identical
target fragmentation jets occur in hadronic jet produc-
tion when the transverse momentum of the hard scatter-
ing, pi, obeys pi/s «1 and in p-pair production when
Q'&s «1.

The character of "soft" radiation associated with the
hard scattering can be understood, to a large extent, by
considering radiation from the elementary vertex
p ~k ', +k, appearing in Fig. 12 (Dokshitzer et al. ,
1986}. Suppose an additional gluon I is radiated from
this vertex as shown in Fig. 13. We define I+ ——P&+P+,
p+ P~P+, ki+——13k P+, etc. W——e suppose Pk &&P'k

=P~, the usual strong ordering appropriate to small-x
processes. Then there are two cases to consider: (i)

pi & pk and (ii) pi )pk .

(i) When p& & pk there is of course radiation off P (k i )
1

Rev. Mod. Phys. , Vol. 60, No. 2, April 1988



386 Dokshitzer et al. : QCD coherence in high-energy reactions

40
~dy ii

(c)

FIG. 13. Additional soft gluon l, radiated from the lower ver-
tex of the graph shown in Fig. 12.

when 8 &(8„, ) is less than 8' =0 „,, in the usual manner.

The interesting region is OI OIp OIp ))0. Now when
1

2k)I &k)~, that is, when

I I I I
I I I I I

I I I

5 10 y =gn-
A

FIG. 15. Contributions to the energy particle spectrum in deep-
ly inelastic scattering target fragmentation region at lnq/A=5,
ln1/x =5: Dotted curve (I), quark box contribution; dashed
curve (II), coherent "t-channel" color radiation; dotted-dashed
curve (III), fragmentation of ladder rungs; solid curve, total
sum.

0'&0, & 0',
QA, A

(51)

0' &Oh .
Qpk, p(

the l line can be emitted off the p and k
&

lines coherently.
When 2k, l ~ k, ~ only the graph of Fig. 13(c) is effective,
and here one covers the angular region

The graph analogous to Fig. 13(c) is already included in
Fig. 12, since here k

&
is the soft emission off I.

Thus the contributions to the inclusive spectrum are
conveniently grouped into three parts. When I &xP the
line I is softer than all the lines appearing in Fig. 12.
(Note we of course consider only the lines

p, k„k', , . . . , k„,k„' of Fig. 12. We are unable to discuss
the true soft-hadron physics which would involve the
lower blob of Fig. 12.) Then the discussion under (i) ap-
plies to emission off all lines in Fig. 12. There is a contri-
bution, I, coming from emissions off the line k„' when

However, the coherent emissions of Figs. 13(a) and 13(b)
give the same answer in the region (51) as does the emis-
sion corresponding to Fig. 13(c) in region (52).

(ii) When pi )pk it does not make sense to route the
1

momenta as shown in Fig. 13. Rather, we should write
the momenta for graphs (a) and (b) as shown in Fig. 14.
Then so long as l~ &&kI~=k', ~ these two graphs add
coherently, that is, in the region

crdy

10-

0(& Ol (53)
f

I I I I
f

I I I I I I I I f I I ~ ~ f I I ~ I f I

10 5 0 5 10 y

(o)

der
0 dy

]4p

FIG. 14. Graphs that add coherently in region l ))k f.

I ~ I I f I I I I I I I I f I I I I
f

I I I I f I

10 -5 0 5 10 15
(b)

FIG. 16. Evolution of energy hadron. distribution for deep-
inelastic scattering in the Breit system with (a) q, lnq/A=3, 5,
10 at ln1/x =5; and (b) x, ln1/x =2, 5, 10 at lnq /A =5.
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d cr ~F co —
I, co QD ln-

o. dy & N, xP g xP, A
(54)

0, (0, , and off the line k„when 0Ik, )Ok, . This
Ik„' k„'p ' IJc„k„p

contribution is

with y =lnco/A and co the energy of hadron h. Further,
when I (xP there is a contribution coming from effective
emissions off the vertical gluon lines of Fig. 12. Iterating
the argument under (i) these contributions are effective
up to angles OIp (Ok and give a contribution, II, as

din DP(xk ) D"1n /A k~

Dp(x, Q ) ~o A c)ink&/A
' xP s xP' A

(55)

with DP the sea quark distribution of particle P.
Finally, when xP & l & P, case (i) applies only to some lower part of the ladder. Combining this region with the region

(53) and also with normal emission off the rungs of the ladder in. Fig. 12, one finds

dcr 1 y& dl J' gd~ ~
l k2 c) q xP Q2 k2 f & l J. coDp co

1
J.

2 k dl ct(l ) l
crdy „t Dp(x, Q ) t' l " P'

clg2k
g l '

w l 2~ l s l' A
(56)

with gk
——1/b ln lnkt&t, .

In Fig. 15, we show the relative sizes of I, II, and III
(Dokshitzer et al. , 1986), while in Fig. 16 the current
fragmentation region is added in order to show the full
hadronic distribution due to gluon emission. Unfor-
tunately, we do not yet know how to give a good estimate
of the soft hadronic background. This last point is very
important in determining whether the striking dip
shown, at y =0, in Fig. 16 will stand out. We believe
that the soft-hadron background should not be strongly
Q dependent, so that the rapid 1/crdcr/dy versus Q
shown in Fig. 16(a) should be visible, at least at HERA.
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