
PHYSICAL REVIEW D, VOLUME 60, 034003
Charged particle multiplicity in diffractive deep inelastic scattering
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The recent data from the H1 Collaboration on hadron multiplicity in diffractive DIS is studied in the
framework of perturbative QCD as a function of invariant diffractive mass. The formulas obtained explain the
observed excess of particle production in diffractive DIS relative to that in DIS ande1e2 annihilation. It is
shown that the results are sensitive to the quark-gluon structure of the Pomeron. Namely, the data are in favor
of a superhard gluon distribution at the initial scale.@S0556-2821~99!02813-1#

PACS number~s!: 13.60.Hb, 12.38.Bx, 12.40.Nn
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I. INTRODUCTION

One of the most remarkable and intriguing discoveries
hadron physics in the last years was the observation of h
interactions~namely, partonic activity! in diffractive events
by the UA8 Collaboration@1# at the CERN Collider. This
discovery was inspired by a seminal paper by Ingelman
Schlein @2# in which such a possibility was foreseen as
consequence of the Pomeron having an internal structure
a quark-gluon content.

Experiments performed at the DESYep collider HERA
by the ZEUS@3# and H1@4# Collaborations provided furthe
elements to this view through the obtainment of deep ine
tic electron-proton scattering~DIS! events accompanied b
large rapidity gaps adjacent to the proton beam direct
The presence of rapidity gaps in such events is interprete
indicative that the internal structure of a colorless object c
rying the vaccum quantum numbers, namely the Pomero
being probed@3,4#. Further experimental evidence of ha
diffraction has been reported by Collider Detector at Fer
lab ~CDF! and D0 Collaborations in terms of diffractive pro
duction ofW’s and dijets@5,6#.

Taking together, this evidence seems to indicate that
Ingelman-Schlein~IS! picture @2# is right at leastqualita-
tively. However, a serious problem arises when one che
this model quantitatively. For instance, the model predictio
systematically overestimate the diffractive production ra
of jets andW’s @7#. There are reasons to believe that t
discrepancy between predictions and data comes from
so-called Pomeron flux factor@8#. In fact, a recent analysi
@9# has shown that the pomeron structure function extrac
from HERA data by using the IS approach is strongly dep
dent on which expression is used for the flux factor.

Recently, new data from H1 Collaboration@10# on final
hadronic states in diffractive deep inelastic process~DDIS!
of the type

ep→e8XY, ~1!

whereX and Y are hadronic systems, have been presen
The systemX and Y in Eq. ~1! are separated by the large
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rapidity gap.Y is the closest to the proton beam (MY,1.6
GeV! and squared momentum transfer at thepY vertex t is
limited to utu,1 GeV2, while ^Q2& is 21227 GeV2 @10#.
Both invariant massesMX andMY are small compared toW,
the center-of-mass energy of theg* p system.

In particular, charged hadron multiplicity has been stud
in Ref. @10# as a function ofMX in the center-of-mass system
of X. The data obtained have been compared with the ca
lations of JETSETe1e2 ~which is known to reproduce wel
the e1e2 data! and with the data on hadron multiplicities i
deep inelastic scattering~DIS! @11#. The interesting observa
tions presented in Ref.@10# are the following:~i! for MX
.10 GeV,^n&DDIS(MX ,Q2) is larger than charged hadro
multiplicity in DIS ^n&DIS(W,Q2), at comparable values o
W5^MX&; ~ii ! ^n&DDIS(MX ,Q2) is also larger than charge
hadron multiplicity ine1e2 annihilation^n&e1e2

(s), taken
at As5^MX&.

In the present paper we demonstrate that perturba
QCD is able to explain~qualitatively and quantitatively! the
more rapid growth of hadron multiplicity in DDIS. So, n
mechanisms besides gluon-quark jet emission with sub
quent jet fragmentation into hadrons are needed. It is sho
that the results on hadron multiplicity are very sensitive
the quark-gluon structure of the Pomeron. An advantage
the method developed here is that it does not depend on
Pomeron flux factor.

The paper is organized as follows. In Sec. II, we pres
the QCD formalism for the description of final hadron sta
in ordinary DIS. In Sec. III, we extend this formalism t
diffractive DIS and apply it to describe the H1 data. O
main conclusions are summarized in Sec. IV.

II. HADRON MULTIPLICITIES IN HARD PROCESSES
IN PERTURBATIVE QCD

For the time being, we cannot describe a transition
quark and gluons into hadrons in the framework of QC
Nevertheless, perturbative QCD enables one to calculat
energy dependence of characteristics of final hadrons
duced in hard process (e1e2 annihilation into hadrons, DIS
Drell-Yan process, etc.!. Mean hadron multiplicitŷn& is one
of the main features of final hadronic states. Hadron mu
plicity in e1e2 annihilation has been studied in a number
papers. The result can be expressed as~see, for instance, Ref
@12#!
©1999 The American Physical Society03-1
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^n&e1e2
~s!5a~ ln s!b exp~cAln s!, ~2!

whereAs is a total c.m.s. energy of colliding leptons. As o
can see,̂ n&e1e2

(s) rises more rapidly than lns, although
more slowly than any power ofs. Expression~2! describes
well the available data.

Hadron multiplicity in DIS was calculated first in th
framework of perturbative QCD in Refs.@13# ~see also Ref.
@14#!. It was shown that average multiplicity in lepton sca
tering off parton

eq~g!→e8X, ~3!

^n&q/g
DIS(W,Q2), is related to^n&e1e2

(s), the average multi-
plicity in e1e2 annihilation, taken atAs5W @up to small
next leading order~NLO! corrections which descrease inW
andQ2] @13#.

In a case when quark distribution dominates~say, atx
.1), the relation between̂n&DIS and^n&e1e2

is ~up to small
NLO corrections which decrease inW andQ2) @13#

^n̂&q
DIS~W,Q2!5^n&e1e2

~W!. ~4!

If we consider smallx, we have to account for the gluo
distribution and the result is of the following form@15#:

^n̂&g
DIS~W,Q2!5^n&e1e2

~W!F 11
CA

2CF
«S 12

3

2
« D G ,

~5!

where CA5Nc , CF5(Nc
221)/2Nc and Nc is a number of

colors.
The quantity« is defined via gluon distribution~see Ref.

@15# for details!

«5Aas~W2!

2pCA

]

]j
ln Dg~j,x!, ~6!

j being the QCD-evolution parameter j(W2)
5*W2

(dk2/k2)@as(k
2)/2p#. Let us notice that« @Eq. ~6!#

does not depend on the type of the target, and« is com-
pletely defined by the evolution ofDg in j.

Starting from the well-known expression forDg
g at smallx

@16#

Dg
g~j,x!5

1

ln~1/x!
vI1~2v !exp~2dj!, ~7!

wherev5A4Ncj ln(1/x), d5(1/6)(11Nc12Nf /Nc
2), Nf is

a number of flavors, we get

«5«~W2,x!5Aas~W2!

p FAln~1/x!

j~W2!
2

d

A2Nc
G . ~8!

At ln(1/x)@1 @that is omitting the second term in the righ
hand side of Eq.~8!# we come to the asymptotical expressi
for « from Ref. @15#.

Using Eqs.~4! and ~5!, we get in a general case,
03400
^n̂&DIS~W,Q2!5^n&e1e2
~W!H D1F11

CA

2CF
«~W2,x!

3S 12
3

2
«~W2,x! D G~12D!J , ~9!

where D/(12D) defines the quark/gluon ratio inside th
nucleon. As was shown in Ref.@15#, « @Eq. ~8!# is a leading
correction to^n̂&DIS which rises with the decreasing ofx.

Everything mentioned above is related to the multip
production of the hadrons in DIS of lepton off the parton~3!.
It is a subprocess of the process of lepton deep inela
scattering off the nucleon

ep→e8X. ~10!

According to Refs.@14,17,18#, the corresponding formula fo
mean hadron multiplicity in DIS is

^n&DIS~W,Q2!5^n̂&DIS~Weff ,Q
2!1n0~M0

2!. ~11!

The quantitiy^n̂&DIS has been defined above@see Eq.~9!#.
It depends on the effective energy,Weff , available for hadron
production in the parton subprocess~3!:

Weff
2 5kW2. ~12!

The average multiplicity of nucleon remnant fragmentsn0 is
a function of its invariant massM0

25(12z)(Q0
2/z1M2),

whereM is the nucleon mass.
The efficiency factork in Eq. ~12! was estimated in Ref

@14# to be ^k&.0.1520.20 at present energies. That is wh

^n&DIS(W,Q2) is less than̂ n&e1e2
(W) and the growth of

^n&DIS(W,Q2) in W at fixed Q2 is delayed in comparison
with that of ^n&e1e2

(W).

III. AVERAGE HADRON MULTIPLICITY
IN DIFFRACTIVE DIS

Hadronic systemX in diffractive DIS ~1! is produced as a
result of the virtual photon-Pomeron interaction

eP→e8X. ~13!

The kinematical variables usually used to describe DDIS~in
addition toW andQ2) are

xP.
MX

21Q2

W21Q2
and b.

Q2

MX
21Q2

. ~14!

We start from the fact that pomeron has quark-glu
structure. This means that hadron production in process~13!
is similar to that in parton subprocess of DIS~3!.

Recently a factorization theorem for DDIS has be
proven @19#. Structure functions of DDIS coincide with
structure functions of DIS and have the same dependenc
a factorization scale. As a result, distribution functions
3-2
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quark and gluons inside the PomeronDP
q(g) must obey stan-

dard Dokshitzer-Gribov-Lipatov-Altarelli-Parisi~DGLAP!
evolution equations at highQ2 @20#.

So, we can conclude that the hadron multiplicity of sy
tem X in DDIS ^n&DDIS is given by expression~9!, in which
W is replaced byMX , while x is replaced byb. Namely, we
get

^n&DDIS~MX ,Q2!5^n&e1e2
~MX!H DP1F11

CA

2CF
«~MX

2 ,b!

3S 12
3

2
«~MX

2 ,b! D G~12DP!J . ~15!

Here «(MX
2 ,b) is given by formula~8! and DP /(12DP)

defines the quark-gluon ratio inside the Pomeron. As b
DP

q andDP
g obey DGLAP equations, the quantity«(MX

2 ,b)
and, consequently, hadronic multiplicity in DDIS are sen
tive to the quark-gluon structure of the Pomeron at start
scaleQ0.

As follows from Eqs.~11! and ~15!,

^n&DDIS~MX ,Q2!.^n&DIS~MX ,Q2! ~16!

becausên&DDIS(MX ,Q2) is defined bŷ n&e1e2
(MX), while

^n&DIS(MX ,Q2) is expressed viân&e1e2
(MX

eff), the quantity
MX

eff being much smaller thanMX by factork @see Eq.~12!#.
For MX,29 GeV we haveMX

eff,526 GeV. It is known

that in the regionW,526 GeV function^n&e1e2
(W) rises

logarithmically (; ln W) that is slower than Eq.~2!. This
results in a more rapid growth of^n&DDIS(MX ,Q2) in MX in
comparison witĥ n&DIS(MX ,Q2).

We conclude from formula~15! that ^n&DDIS(MX ,Q2)
should exceed ^n&e1e2

(MX). Moreover, the ratio

FIG. 1. Description of the average multiplicity of charged ha
rons produced in diffractive DIS experiments. Data obtained by
H1 Collaboration@10#. The theoretical results are obtained from E
~15! with different assumptions for the quark/gluon content of t
Pomeron: pure quark~dotted curve!, pure gluon~dashed curve! and
both components~solid curve!.
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^n&DDIS(MX ,Q2)/^n&e1e2
(MX) has to grow inMX at fixed

Q2 ~which corresponds to the rise in 1/b at fixed Q2). All
said above is in good qualitative agreement with the d
from the H1 Collaboration@10#.

In Fig. 1 we show the result of the fits of the H1 data
using our formula~15! ~solid curve!. In order to obtain this
result, we proceeded as follows. For the quantityDP which
enters expression~15! we used

DP~b,Q2!5
DP

q~b,Q2!

DP
g~b,Q2!1DP

q~b,Q2!
, ~17!

whereDP
g andDP

q are, respectively, the gluon and the sing
quark distributions inside the Pomeron that, as mentio
above, obey DGLAP evolution equations@20#. For the dis-
tributions at the initial scaleQ0

254 GeV2 the following
forms were employed:

DP
q~b,Q0

2!5a1b~12b!,

DP
g~b,Q0

2!5b1bb2~12b!b3. ~18!

-
e
.

FIG. 2. Q2 evolution of the quark singlet~a! and gluon~b!
distributions obtained by the fitting procedure described in the t
3-3
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Thus, for the quark distribution we fixed an initial hard pr
file leaving free the normalization parameter, while for t
gluon distribution we have left all parameters free witho
imposing any sum rule. In order to perform the fit, oth
elements are needed. In Eq.~15!, for ^n&e1e2

(MX) we have
used the parametrization

^n&e1e2
~MX!52.39210.024 lnS MX

2

M0
2D 10.913 ln2S MX

2

M0
2D
~19!

with M051 GeV, taken from Ref.@21#. In addition to that,
the experimental data shown in Fig. 1 are given in terms
average values ofMX , b, andQ2 that do not obey strictly
the kinematical relation~14!. In order to be faithful to data
we employed in our fit the parametrization

^b&5
a

~11b^MX&!c
, ~20!

with a51.63, b50.165 GeV21, andc52.202.
The dotted~dashed! line in Fig. 1 corresponds to a pur

quark ~gluon! content of the Pomeron. The solid line give
the fit of the H1 data with parametersa152.400, b1
53.600, b255.279, andb350.204 in Eqs.~18!, which are
evolved to the respectiveQ2 value corresponding to eac
experimental point.

The initial distributions and their evolution withQ2 are
shown in Fig. 2. As can be seen, a superhard profile~peaked
at b;1) was obtained for the gluon distribution at the initi
scale, in qualitative agreement with H1 analysis@22#.

FIG. 3. Q2 evolution of the fractions of the Pomeron momentu
carried by quarks and gluons as predicted from the parametriza
resulted from the fit to the H1 Collaboration data.
03400
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The Q2 evolution of the normalized fractions of th
Pomeron momentum carried by quarks and gluons is p
sented in Fig. 3. It is shown that quarks are slightly predo
nant over gluons at the initial scale, but that this relati
reverses asQ2 evolves. In this case, our results do not follo
those obtained by the H1 Collaboration since their analy
@10# favors a fit in which predominate gluons with>80% of
Pomeron momentum at the initial scale. It must be sa
however, that the results of Fig. 3 are consistent with lim
established in other experiments~see, for instance, Ref.@5#!.

IV. CONCLUSION

We have presented in this paper a description of the h
ron multiplicity obtained in diffractive DIS and recently re
ported by the H1 Collaboration@10#. This description was
derived from a formalism previously developed for ordina
DIS within the framework of the perturbative QCD.

The formula obtained enables us to explain the obser
excess of hadron multiplicity in diffractive DIS
^n&DDIS(MX ,Q2), relative to those in DIS ande1e2 annihi-
lation taken atW5^MX& and As5^MX&, correspondingly.
The more rapid growth of̂n&DDIS(MX ,Q2) is also under-
stood.

It was shown~Fig. 1! that neither a pure quark nor a pu
gluon content of the Pomeron satisfy the data, but tha
mixing of both components in approximately equal share
able to provide a good description of the experimental
sults. The Pomeron structure function that comes out fr
the present analysis consists of a hard distribution for
quark singlet and a superhard distribution for gluons at
initial scale of evolution, in agreement with what has be
reported lately in the literature@22#. This result is remarkably
good if one considers that it was obtained from a very sm
data set~only seven data points!, covering a limitedb range
(0.03,b,0.43) for an equally restrictedQ2 range (22
,Q2,27 GeV2).

Concluding, the most important result presented here
the theoretical framework summarized by Eq.~15!, which
has made it possible to explain anomalous H1 data on ha
multiplicity in DDIS. It also enabled us to extract informa
tion about the Pomeron structure function from such a li
ited data set, without the usual complications and ambi
ities with flux factor normalization andxP dependence.

This conclusion points out the need of more and m
precise DDIS multiplicity data, taken at extended kinema
cal ranges. Such a possibility would much improve the a
lytical capacity of the scheme presented here.
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