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The results on the structure of proton and pomeron, obtained during
the years 1993-1994 by the ZEUS experiment are presented. The proton
structure function Fa(z, Q?) was measured in the deep inelastic scattering
(DIS) down to z value of 3.5 x 10~% and Q? down to 1.5 GeV? and it was
found that the fast increase of this function with & decreasing persists
in this region. Predictions based on DGLAP dynamics (GRV(94)) repro-
duce the data. The proton diffractive structure function was measured
using the sample of diffractive DIS events and the comparison with QCD
inspired models was made. The parton structure of pomeron is studied
and the presence of the soft and hard partons is necessary to describe
the data. The study of the diffractive dissociation in photoproduction
revealed also the partonic nature of pomeron and allowed the rough esti-
mation ((30 — 80)%) of the gluon content of the pomeron.

PACS numbers: 12.38.Qk, 14.20.Dh

1. Introduction

Since the completion in 1991, the HERA collider has become a major
source of information on the structure of particles such as proton, photon
and pomeron. The two experiments H1 and ZEUS has played since then a
decisive role in establishing the experimental evidence for these structures.
The subject of this conference is just the structure of the main “bricks” of
the matter and in my talk I shall present some of the results obtained in

* Presented at the Cracow Epiphany Conference on Proton Structure, Krakéw,
Poland, January 5-6, 1996.
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Fig. 1. Exchange diagram for DIS events. v = E, — Eer, Q% = —¢% = (e — €)%
W? = (p+4q)? and p, e, €, q are the four-vectors of corresponding particles. xp; =
Q?/2Mv. Mx is the mass of the hadron system coming from the fragmentation of
the struck quark.

this field by the ZEUS collaboration. The presented data were collected
basically during 1993-1994 running period.

HERA offers the investigation of the particle structure in the extended
(compared to other experiments) ranges of Q? and zg; (in further denoted
by z ) kinematical variables — see Fig. 1 for definitions. The main idea is to
probe the particle structure at the possibly small distances. Assuming that
electron is a pointlike particle, by bombarding the proton with electrons one
can resolve the proton structure at distances of the order of AX ~ A/Q,
what at HERA means AX down to 10718 cm. The expectation is that at
these small distances a new phenomena may show up. The challenge for
experimentalists is to stretch the accessible intervals of Q% and z as much
as possible. ZEUS has explored three possibilities of such extensions:

e the installation of the new detector in the rear of the central detector,
very close to the beam pipe (so called Beam Pipe Calorimeter — BPC);

e toinclude in the analysis the events with the radiation of bremsstrahlung
photon by initial electron;

e to move the interaction vertex in the incident proton direction.

The effects on Q2 vs z plot of the shifting of the interaction vertex and
of including the measurements with the BPC are shown in Fig. 2.

For the neutral current interactions (which at HERA energies dominate
over the charged current) two classes of events have to be distinguished;

e deep inelastic ep scattering (DIS) in which a large Q? virtual photon
probes the structure of the proton and

e photoproduction reactions in which an almost real photon (Q% ~ 0)
scatters on the proton or on its constituents.
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Fig. 2. Extensions of Q% vs z region. The full curves mark the boundaries for
different conditions.

In my talk I shall concentrate on the results obtained by the ZEUS
Collaboration on the structure of proton as observed in DIS events and on
pomeron structure as observed in the diffractive DIS and photoproduction
interactions.

2. Proton structure
2.1. Proton structure function Fy(z,Q?)

The diagram (Born term) for the deep inelastic scattering is shown in
Fig. 1 together with the definition of relevant quantities. Assuming that the
contributions from Z° (6Z9), radiative corrections (6r) and longitudinally
polarized photons (6Ff) are small the one photon double differential cross
section can be written in the form [1]:

d’c  2ma?(1+ (1-y)?)
dzdQ? zQ4

For the moderate z and Q? values the exchanged virtual photon sees the
charged partons inside the proton and:

Fy(z,Q%) = aSqel (2, Q%) (2.2)

B(z,Q)(1-6-FL+62)(1+6,). (21)
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where summation runs over constituent partons and f,(z, Q?) is the parton
density function. If the electron-parton scattering is pointlike Fo should not
depend on Q? and thus it can depend only on the dimensionless variable z =
Q?/2Muv. This is known as the Bjorken scaling hypothesis [2]. In the parton
model of Feynman [3] one can interpret this hypothesis as a demonstration
of the elastic scattering of the virtual photon on the parton of mass m i.e.
= @Q%/2mv and then =z = m/M is the fraction of proton momentum
carried by the interacting parton (in the proton infinite-momentum frame).
The Bjorken scaling is not obeyed in reality. The analysis of 1993 data
confirmed that one observes clear Q2 dependence and that F(z, Q2) steeply
rises with z decreasing and the parameterization of this function in the form:

F3(2,Q%) = (1~ 2%)* [0.35 4 00172~ (0:35+0:1610810 @) (2.3)

works very well [1].

The recent results of F;(z,Q?) measurement for extended Q? vs z re-
gion are shown in Fig. 3 [4]. The earlier observations are confirmed. Two
MC curves are shown in this plot GRV(94) [5] and DL [6]. While DL fails
to reproduce data at small Q%, GRV( 94) based on DGLAP parton evo-
lution [7] works remarkably well. In Fig. 4 the comparison of Fy(z,Q?)
measured by different experiments is shown for 3.5 x 10™° < z < 0.1 and
1.5 GeV? < Q? < 50000 GeV2. The agreement between experiments is very
good and F; is very well described by GRV(94). It would be very interest-
ing to check if the prediction based on BFKL evolution equations [8] also
describe the data in the extended Q? and z intervals.

2.2. Virtual photon-proton total cross-section o}

For Q2 # 0 the relation between aggtp and Fy(z,Q?) can be written in

the form [9]:

.47r a? 4M?2? + Q2
ToT = 5 — Fy(z,Q?). (2.4)
Remembering that W2 = M? + Q%(1/z — 1), o0 can be studied as a
function of W? total 4 * p c.m. energy. For small z holds the relation:

. 4ma?
Ttot = 02 —— B (W,Q%). (2.5)
Compilation of atot values for different values of Q% from lower energy

experiments [10] and from ZEUS [4] is shown in Fig. 5. The dashed line in
this figure separates the two different regions:
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Fig. 3. Recent ZEUS results on F» structure function. SVX-shifted vertex, ISR —
initial state radiation — see text.
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e to the left of this line, the life-time of virtual photon is very short com-
pared to the interaction time and for higher Q2 cross section increases
with W and may be reminiscent of the threshold behaviour when Q2

approaches W? value;

o to the right of dashed line life-time of virtual photon exceeds the inter-

action time and virtual photon can be treated as physical particle.
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Fig. 5. Energy dependence of o). for different Q7 values.

In the region where virtual photon can be treated as physical particle
the energy dependence of the cross sections at Q2 # 0 and Q? = 0 is very
different. If interpreted as due to the pomeron exchange one would have
to introduce two different pomeron trajectory intercepts «(0) ~ 1.05 for
real photons and ~ 1.4 for larger Q2. One could talk about the soft (real
photoproduction) and hard pomeron (virtual photon). Where the transition
between the two occurs and whether it is smooth or abrupt - this needs
further investigation. The 1/Q? dependence of the cross section (see 2.5) is

well confirmed experimentally (see Fig. 6) [1].
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2.3. Gluon content of the proton

The Bjorken scaling violation may be interpreted as indication of the
virtual photon scattering on the low energy ¢ — ¢ pairs coming from gluons
which can be revealed at deeper penetration. The gluon momentum density
can be extracted from the Q? dependence of F;. The GLAP evolution
equations lead to the scaling violation in the form [7]:
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where P;; are the gluon splitting functions into 75 parton pair and zg(z, Q?)
is the gluon momentum density function.
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Fig. 7. Gluon momentum density function z4g(z4, @?), extracted using the method
of Prytz and EKL — points. Also shown i s the NLO GLAP fit — full curve with
shaded area reflecting the fit errors. M RS D_ and MRS DD gluon parametrizations
are shown with dotted -dashed curves.

ZEUS extracted this function [11} using the method of Prytz [12] and
Ellis et al., [13] and the results are shown in Fig. 7. Both methods leads to
the results which are in perfect agreement. The gluonic structure function
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rises with decreasing z4 in close resemblance to the behaviour of F3 for
quarks.

In a more direct way one can extract the gluon momentum density from
the vector meson production cross section, since according to Ryskin [14]
and Brodsky et al., [15] these cross sections are proportional to (z49(z4, @%))%.

3. Diffraction and pomeron structure

Since a long time the events with so called “large rapidity gap” — LRG
were observed in the high energy hadron-hadron and lepton-hadron inter-
actions. At HERA they are observed in both DIS and photoproduction
reactions. They can be identified by filing the particle rapidities (or pseu-
dorapidities) according to their increasing or decreasing values and looking
for the large difference of rapidities of the adjacent particles. Those events
in which this largest difference exceeds certain value are called LRG events.
Traditionally they are believed to be the demonstration of the diffractive
type dissociation of one or both colliding particles which leads at high en-
ergy to the kinematical separation of the particles coming from different
initial particles. In the effect the two groups of particles are observed one
to the left and the other to the right of the gap on the rapidity scale. The
mechanism involved is believed to be the exchange of the pomeron trajec-
tory. In ep collisions the gap usually occurs between the final proton or its
fragments and the hadronic system coming from the dissociation of virtual
photon. The diagram for such a process is shown in Fig. 8 together with
definition of relevant quantities.

Fig. 8. Exchange diagram for DIS diffraction. Definition of variables as in Fig. 1,
X is the hadron system produced in 4*IP collision and has mass Mx.

Usually the selection of the LRG events is made with the help of quan-
tity Mmax which is the maximum value of the pseudorapidity of particles in
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the event (z axis of the coordinates system is defined along the incoming
proton momentum and therefore the pseudorapidity is positive and maximal
for a particle emitted in this direction).

3.1. Diffractive dissociation in DIS

In Fig. 9 the distributions of 7yax and of Mx vs Wpa are shown
for the DIS sample [16] . In 7pmax distribution a clear shoulder around
Tmax = 1.5 is observed and it is not described by the standard DIS MC
[17]. The other curves in this figure correspond to MC’s which include the
diffractive contribution [18, 19] and they do describe the data. Using these
MC’s and fitting the 7max distribution one can extract the contribution of
the diffractive events which amounts to ~ (10 — 15)% and does not depend
on W, z or Q2 [20]. It is interesting to notice that LRG events have very
hard Er distribution extending to the values of 15 GeV. The transverse
energy is measured either with respect to the beam direction (F7 in ep
system) or with respect to the virtual photon direction (E% in y*p system).
In both systems for higher transverse energies practically all events have
at least one jet — see Fig. 10. This could be considered as the evidence
that the virtual photon undergoes hard scattering on some constituents of
exchanged pomeron.

The LRG criterion is not the only one to select the diffractive dissoci-
ation events. It is also known since a long time that the mass Mx distri-
bution is quite different in the diffractive and non-diffractive interactions.
This offers another possibility to disentangle the two contributions.

In the following both approaches will be discussed for DIS sample.

3.1.1. Proton diffractive structure function

For this analysis the DIS events were selected on the basis of LRG
criterion. The basic cuts were: Jmax < 2.5 and cos@y < 0.75 (O being
the polar angle of the hadron system My ). The v*p diffractive cross section,
integrated over t and neglecting F, Z° exchange and radiative corrections
can be written in the form [20]:

d3 o dift 2o

dBdQ%dzp — BQ*

where z = Bz and 3 is the fraction of the pomeron momentum carried
by the interacting parton from pomeron, while zpp is the fraction of the

(1+(1- 92 F™6,Q% e, (3.1)

! Subscript “DA” means that these quantities were determined using the so
called “double angle method” i.e. using the emission angle of the scattered
electron and produced hadron system My
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Fig. 9. Distributions of gmax and Mx vs Wpya for DIS events.

proton momentum carried by the pomeron. In Fig. 11. the diffractive FZ,D(3)
function is shown for different 3 values as function of zp for ZEUS [20] and
H1 [21] for different Q? values. The agreement of the two experiments
is perfect and the same power law dependence of the function on zp is
observed for fixed intervals of Q% and 3.

In the model of Ingelman and Schlein [22] the factorization of FZD ) into
the flux of pomerons f(zp) and the pomeron structure function F%P (8,Q%)
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is assumed and then:

D
Fy P (8,Q% op) = flaw)FY (8,Q7) (3.2)
and the parameterizations:

fem~ () (3.3

P

and
)

Fy(8,Q%) = b(B(1- ) + =——, (3:4)
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describe the data very well. In Fig. 12 F2D () is shown as the function
of zp together with the fit of dependence (3.3) which yields the value for

a = 1.30 + 0.8(stat) 393 (sys) independent of Q% and 3 [20].
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Fig. 11. zp dependence of the proton diffractive structure function.

The integrated over zp structure function FZD(S) (denoted by F2D ) is
shown in Fig. 14. as a function of A and Q2. No Q? dependence is observed
The parameterization of this integrated function in the form: b(8(1 - 8) +
(e(1 — B?))/2 works well — see Fig. 13 (full curve). For the pomeron one
needs the contribution both from soft ¢(1~32) and hard b(3(1 — 3)) partons
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Fig. 12. Fit of formula (3.3) to the 2jp dependence of the proton diffractive structure

function - F2D(3)

(dashed curve in Fig. 13). Assuming that hard contribution is due to quarks
this would mean that quarks alone are not sufficient to account for pomeron
structure.

3.1.2.The mass distribution of the diffractively produced system

In the diffractive and non-diffractive interactions the Mx distributions
have different shapes [23]:

o for diffraction one has:

dN 1
dinMZ " (MZ)"
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Fig. 13. B and @Q? dependence of the integrated over Xp diffractive structure
function — denoted by FP.

e while for non-diffraction:

dN

—_— e~ b 2y) . 3.
din M2 exp (b(ln M%)) (3.6)

The shape (3.5) for diffractive interactions was observed experimen-
tally in pp interactions [24] and n ~ 0 was found. It is well reproduced
by POMPYT [18] or Nikolajew-Zacharov [19] MC. The exponential fall-off
towards smaller M}Z( values for non-diffractive events is well reproduced by
non-diffractive MC2. The unfolding of the true M% distribution from the

% This MC is based on codes listed in reference [17) and models the QCD cascade
according to the colour dipole model including boson-gluon fusion — so called
CDMBGF.
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observed one was done with the help of these MC’s. One then expects that
non-diffractive contribution dominates at higher Mg{ values while diffrac-
tive interactions are important at small M% values (see Fig. 9b). Then the
procedure was to fit the high mass region with the exponential form, extrap-
olate the fit to the low mass region and treat this as the estimation of the
non-diffractive contribution in the low mass region. After subtraction of the
non-diffractive contribution one assumes that only diffractive contribution
is left and then one can fit it with the formula:

ANdff

=D+t (3.7)
X X
The second term allows for contribution of other than pomeron exchanges.
Using this method the contributions of the diffractive events were estimated
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Fig. 14. Energy dependence on the diffractive do/dMx cross section.
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for several W energy intervals. The calculated do/dM% is shown as function
of W for 3 M% intervals and two Q? values in Fig. 14. The fit of these cross
sections with the expected energy dependence for the pomeron exchange:

do’giﬁ.p—»XN(MX9 Wa Qz) ~

Five (w2)zer=2), (38)

yields for the pomeron trajectory the value averaged over t:
ap = 1.23 £ 0.02(stat) £ 0.04(sys) . (3.9)

This value is clearly larger than the “soft” pomeron known from hadron-
hadron interactions or from photoproduction of p mesons. This may indi-
cate that also the hard scattering component is present in diffractive DIS
mechanism.

3.2. Diffractive dissociation in photoproduction

The LRG events are observed also in photoproduction processes t.e.
for processes with small photon virtuality Q2 ~ 0. In practice this means
Q? < 4 GeV?. Their main demonstration is the observation of the low
pseudorapidity shoulder in nmax distribution similarly as this is observed
for DIS sample. Also the other features of these events are reminiscent of
those in DIS — see Fig. 15 [25]. Neither 7max nor W distributions for entire
sample of photoproduction sample cannot be described by non-diffractive
MC like PYTHIA [26]. The MC based on the pomeron exchange mechanism
like POMPYT [18] does describe small y,ax shoulder and W distribution
for events with ngpmax < 1.5 as can be seen from Fig. 15. In this figure the
expectation from purely gluonic and purely quarkonic pomeron are shown
and both agree with the data for LRG (max < 1.5). The LRG events have
steeply falling Mx distribution and hard E7 spectrum. 8.6% of events
with E7 > 5 GeV have at least one jet with E’?J‘ft > 4 GeV — see Fig. 16.
It is thus suggestive that also in photoproduction one deals with the hard
scattering of the photon or its constituents with the colourless object inside
proton.

The structure of the pomeron is still an open question, which has to be
answered by experiment. One of the ways is to study the jet production. In
the QCD approach the cross section for the jet production depends on the
three basic factors:

e the flux of pomerons from the proton as a function of zp and ¢;
e the parton densities in the pomeron;
e the matrix element for jet production.
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It is assumed that the jet production occurs in hard interaction of the
parton from pomeron with either photon (direct contribution) or with its
constituent (resolved contribution). In this QCD approach the jet cross
section is sensitive to the assumed parton density in the pomeron.
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The sample of events selected for the jet cross section analysis [27] are
the LRG events with nmax < 1.8 and @2 < 4 GeV? with median Q2 = 1073
GeV?2. The jets were required to have transverse energy larger than 8 GeV.
The jet production cross section as a function of jet pseudorapidity do /dn®*
is shown in Fig. 17 together with non-diffractive PYTHIA and diffractive
POMPYT MC predictions assuming different forms of the parton distribu-
tions inside pomeron. Three types of the parton densities in pomeron were
considered:

e hard gluon — G, /p = 6(B(1 ~ B);
e soft gluon — Bfgpp = 6(L— B)Z%;
e and hard quark — Bf, /p = (6/4)8(1 - ).

B is the fraction of the pomeron momentum carried by the constituent
parton. The densities are normalized in such a way that they satisfy

1
/dﬂziﬂfi/IP(ﬂ) =1,
0

for the considered partons. It is clear from the figure that the shape pre-
dicted for non-diffractive production is excluded as well as diffractive soft
gluon. Both diffractive hard gluon and hard quark have shapes very similar
to the data but they differ in magnitude and the hard gluon fits the data
best.
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An interesting exercise is shown in Fig. 18, where the results obtained
in the jet production analysis and the proton diffractive structure function
analysis are combined. On one hand the integral of the structure function

F2D(3)(,3,:c1p,Q2) over # and zp is proportional to the quarks momentum
sum Xjp, and assuming that the fraction of gluons in pomeron is ¢, the
pomeron momentum sum is ¥;p, = Ep(l — ¢g) and it can be calculated
for each ¢4 value. On the other hand releasing the condition Lpp = 1 and
assuming hard gluon ¢4 and hard quark (1~ ¢4) contributions only, one can
calculate Ep from the POMPYT fit to the jet production cross section for
each ¢4 value. The results are shown in Fig. 18. The shaded bands in this
figure correspond to the experimental uncertainties. The two bands overlap
in the region of 0.4 < ¢4 < 0.7 and Ep ~ 1 indicating a substantial fraction
of gluons in the pomeron.

4. Conclusions

The proton structure function Fp(z,Q?) has been measured by the
ZEUS experiment using the deep inelastic scattering sample of events for
Q? values down to 1.5 GeV? and z down to 3.5 x 1075, The rise of this
function with decreasing z value is persistent for the entire studied range of
z and Q2. The data are well reproduced by the perturbative QCD calcu-
lation based on DGLAP evolution equations — GRV(94) model and agree
very well with H1 and lower energy fixed target experiments. For low Q?
values Donnachie-Landshoff predictions based on the Regge type approach
are excluded.

For small 2 values F»(z,Q?) can be related to the total y*p cross section
— o, 7 and studied as the function of energy W (c.m. energy for y*p
system). The energy dependence of this cross section for Q% > 2 GeV?
is much stronger than for the real photoproduction. In the Regge type
approach this indicates that the pomeron intercept ap (0) is for this higher
Q? higher than that for real photoproduction and found in earlier hadron-
hadron studies.

The gluon momentum density function in the proton has been extracted
from the Q? dependence of F(z,Q?%) and it is found that it rises fast with
decreasing gluon momentum in close resemblance to the quark momentum
density function.

A sizable fraction of events of the deep inelastic scattering is of diffrac-
tive type i.e. the large rapidity gap (LRG) is observed for them. In high
E7T events the jet production is observed, indicating that one deals with the
hard scattering. Using these events the diffractive proton structure function

F2D(3)(3:]p,ﬁ,Q2) was measured. Assuming that the mechanism involved is
the pomeron exchange, in the perturbative QCD this function factorizes into
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the pomeron structure function F%P (B,Q%) and the flux of the pomerons in
the proton f(ap). The pomeron flux can be parameterized as the power
function of zjp while the pomeron structure function depends on its con-
stituent partons densities. The distributions of kinematic variables for these
events are well described by POMPYT or Nikolajew—Zacharow MC’s. In
POMPYT both the soft (mainly gluons) and hard (mainly quarks) contri-
butions to the parton density have to be assumed. Only hard contribution
is not sufficient to describe the data.

Study of the mass of hadronic system (M x) produced in DIS reveals the
contributions from both the diffractive and the non-diffractive mechanisms.
My distributions are quite different for diffractive and non-diffractive in-
teractions. This allows the extraction of the diffractive contribution and
calculation of the diffractive cross section, for different intervals of W. W
dependence of these cross sections is well described by ~ (W?)(2&P~2) and
fits to the data yield ap = 1.23 & 0.02(stat) & 0.049(sys). This value av-
eraged over t is much higher than that for “soft” pomeron known from the
hadron-hadron interactions.

LRG events are observed also in the photoproduction (Q? < 4 GeV? and
median Q? = 1072 GeV?). Again for high E7 events the jet production is
observed and they can be interpreted as due to the hard scattering of quasi-
real photon (direct contribution) or its constituent (resolved contribution)
with the partons inside pomeron. In the pertubative QCD the jet production
cross section depends on three essential factors: the flux of pomerons in the
proton, the parton density in the pomeron and the matrix element of hard
interaction. Copmarison of the POMPYT with the data shows that one
needs the hard parton distributions inside pomeron, the best description is
obtained assuming the hard gluons.

Combining the results obtained in the study of diffraction in DIS (on
proton diffractive structure function) and in the study of diffraction in pho-
toproduction one is able to estimate the overall gluon fraction in pomeron
and the result is that gluons carry between 30% and 80% of the pomeron
momentum.
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