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Non-linear QCD effects in the pomeron parton dynamics
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The x- and Q%-dependence of the parton structure function of the pomeron is investigated based on perturbative
QCD. We demonstrate that a large gluon content and small size of the pomeron leads to strong non-linear QCD cffects
in the Q%-evolution as described by the Gribov—-Levin-Ryskin equation. In diffractive electron-proton scattering at
HERA this phenomenon should be observable and is predicted to be of larger magnitude than the corresponding

non-linear cffect in the proton structure function.

Diffractive processes are assumed to proceed
through the exchange of a so-called pomeron (P).
Since this involves a strong interaction, it is natu-
ral to ask whether the pomeron can be understood
as an object composed of partons. If so, it may bc
possible to probe its parton structure through a hard
scattering process as suggested in ref. [1]. The UAS
experiment at the CERN pp collider has observed [2]
high-p, jets in diffractively excited high mass statcs
and this hard scattering phenomenon, in what is ef-
fectively pomeron—proton collisions, cannot be under-
stood without the assumption of a parton structure of
the pomcron. Furthermore, assuming the pomeron to
be a purely gluonic object described by a gluon mo-
mentum density distribution [1], the data [2] scemed
to prefer a soft distribution and be in reasonablc agrec-
ment with this model [1]. A similar evidence comces
from diffractive production of bottom mesons as ob-
served by UA1 [3], where again a soft gluon distri-
bution in the pomeron was preferred.

In this letter we consider the pomeron structure in-
clusively, i.c., regardless of the hadronic final state,
by studying its structure function in deep inelastic
scattering (DIS). This is analogous to the well-known
DIS measurements of the proton structure function
and may be achicved, as illustrated in fig. la, by
electron-proton scattering with the extra condition
that the proton has to be scattered quasi-clastically to
ensure the diffractive nature of the interaction. The

exchanged pomeron will then be probed by the elec-
tron and its parton content can be measured, like in
normal DIS, as a function of momentum fraction x
and resolution Q%. We expect perturbative QCD to
be applicable, as for the proton structure function,
and we calculate the resulting scaling violations. In
particular, we consider the connection between the
pomeron and QCD at small x [4]. We therefore focus
on the non-linear QCD effects caused by the screen-
ing taking place with high parton densities at small
x, as described by the Gribov-Levin~Ryskin (GLR)
equation [5], and compare with standard Gribov—
Lipatov—Altarelli-Parisi evolution [6].

The process we have in mind proceeds as illustrated
in fig. 1a. A pomcron is emitted from the proton in the
lower vertcx with a small squared momentum transfer
tand with a fraction x¢ = 1-Xx; of the proton momen-
tum. This pomeron then interacts with the clectron
in a large momentum transfer process, described by
the usual DIS variables Q2 = —¢* = —(pc — per )?
and (Bjorken) x = Q%/2P, - q, and produces the
hadronic final state X of mass Mx. This type of fac-
torisation assumption [1,7] is based on the success
of pomcron phenomenology for diffractive dissocia-
tion and elastic scattering [8]. Thus, the pomeron
is treated as a quasi-hadron and we will further fol-
low the old suggestion [9] that it is dominantly com-
poscd of gluons. This approach has been uscd widely
[1,7,10,11], but is not free from objections [12,13].
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Fig. 1. Probing the pomeron structure by diffractive deep
inelastic electron-proton scattering. (a) General diagram
with produced hadronic system X well separated in phase
space from the gquasi-clastically scattered proton. (b) The
squared scattering amplitude in terms of perturbative QCD
ladders. The cut (dashed linc) 1s made to illustrate the
diffractive final state.

Neglecting, for simplicity, any quark component in
the pomeron, its parton structure is then described
by a gluon density distribution g(z, Q*), where z =
x [xy 1s the momentum fraction of the parton in the
pomeron.

In ordinary QCD ecvolution of DIS structure func-
tions (Altarelli-Parisi equations) only the splitting of
partons arc taken into account, i.e., the processes q —
qg, g — qq and g — gg. With the increasing parton
density at small x, however, the inverse recombina-
tion processes should also become important and pre-
vent the otherwise unbounded increase of the parton
density functions. The gluon recombination effect is
incorporated in the GLR equation [5], which is de-
rived in perturbative QCD from more complicated
Feynman diagrams where the evolution ladders form
fan diagrams. Only gluons are here taken into account,
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since they dominate the proton structure function and
its evolution at small x. This approximation should
be adequate for our application to the pomeron since
we have assumed it to be a purely gluonic object. In
ref. [11] an approach was introduced to obtain the
pomeron structure function from the GLR equation
by making the identification of deep inelastic scatter-
ing on the pomcron (fig. 1a) with the fan diagram in
fig. 1b.

The evolution of the gluon momentum distribution
can, when quarks are neglected, then be written in the
comprehensible form [14,15]

9zg(z, Q%)
81n Q2

_ as(Q )
= 52 yg(y Q%) Py (y>

81 (Q%)
- léaRzQz H(ymax"z)/

[vew.@M]". (1)
The first term represents the normal Altarelli-Parisi
splitting g — gg and is hence linear in the gluon field.
The sccond term gives the novel non-linearity since
the joining of two gluons requires a two-gluon distri-
bution which can be approximated by the single gluon
distribution squared. The ncgative sign of this term
leads to a reduction, or screening, of the gluon density
at small z. As a reflection of the higher twist nature (in
the sense of parton-parton interaction) of this gluon
rccombination term it contains a factor 1/ Qz, whose
dimension is balanced by a free parameter R repre-
senting the sizc of the object.

Numerical estimates of this screening effect on the
proton structure function have been made [15,16].
They are found to be rather small in the kinemati-
cal domain of HERA and it is not yet clear whether
they can be observed. The rcason for this small-
ness is threefold (cf. eq. (1)): x-valucs much smaller
than 10~% are not measurablc at HERA, the gluon
distribution in the proton is not large cnough and
the proton radius is not so small. Whereas the first
two ingredients can hardly be changed, it has been
speculated that a smaller cffective radius could oc-
cur in the casc of so-called hot spots [17,18], i.e
smaller regions within the proton wherc the parton
density is higher than the average. This may occur in
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some quantum fluctuations, perhaps associated with
dressed valence quarks [17] giving an effective radius
around 2 GeV~', instead of thc normal proton radius
5 GeV~!, which would amplify the screcning term cor-
respondingly [15]. Altcrnatively, correlations of jets
in DIS hadronic final states may be used to investi-
gate the QCD evolution in a restricted region of the
proton [18,19]. '

When applying eq. (1) to the pomeron it is immedi-
atly clear that the screcning term could play an impor-
tant role if the pomeron has a large gluon component,
as assumed here, and has the small radius that seems
likely. In the approach to the pomeron used here one
could naivly view the pomeron as a part of the pro-
ton and hence guess that its dimension is a fraction
of the protons. Having to do with diffractive scatter-
ing one could intuitively expect that this fraction is
small enough in order not to destroy the proton wave-
function when the pomeron is emitted. This is similar
to an argument in ref. [20] where the proton is pic-
tured as a disc and diffractive scattering is claimed to
take place at the cdge of the disc in order to keep the
proton wavefunction intact. It is therefore natural to
associate a small interaction radius with the pomeron.

To get a quantitative cstimate of the pomeron ra-
dius we relate it to pomeron scattering cross-scctions
using an optical model which trcats a particle as a
disc giving the geometrical relation ¢ ~ 7R?. Bascd
on the assumption of factorisation between different
pomcron vertices, the pomeron-proton total cross-
scction can be extracted from a Regge analysis [21,7]
of elastic and single diffractive cross-section data. The
resulting value of about | mb is much smaller than the
proton—proton cross-section and thercfore shows the
smallness of the pomeron radius compared to the pro-
ton radius of 0.8 fm. This proton radius is obtained
from a proton-proton total cross-scction of around
40 mb, which apply at intermediate energies, using
o = 2mR? and it agrees with the more properly de-
fincd proton radius obtained through a form factor
analysis at non-relativistic cnergies.

Since the geometrical interpretation is simplified
in the case of two identical particles, we consider
the pomeron-pomeron cross-scction oy. Based on
Regge theory this cross-section [21,22] is related to
the triple pomeron vertex and can therefore obtained
from data on diffractive dissociation giving g =~
0.14 mb [22]. The pomeron—pomeron cross-scction
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also enters as a factor in the cross-section given by
Regge theory [21,22] for the double pomeron ex-
change process, which contains an cffective pomeron~
pomeron collision. From the double pomeron ex-
change cross-section, which has been calculated based
on its relation to other diffractive processes (23] and
measured [24], one can thus extract thc pomeron—
pomeron cross-section. These different methods to
obtain o give consistent results varying between 0.1
and 0.2 mb. From the ratio of the pomeron-pomeron
to the proton-proton cross-section we can therefore
conclude, independently of the proportionality fac-
tor between cross-section and squared radius, that the
pomeron should be at least a factor 10 smaller than
the proton, i.e., the pomeron radius should not ex-
ceed 0.1 fm. However, there is still some uncertainty
in this optical analogy since the pomeron need not
have the same “blackness™as the proton. Thus, the
small pomcron cross-section may partly result from
a larger “transparancy”and not only from a smaller
sizc.

In the following we will use R = 0.1 fm =
0.5 GeV~! as a representative value for the pomeron
radius. We note that it is in fair agreement with
the value ¢ fm used in an analysis of exclusive p-
production in DIS [25]. With the pomeron a factor
10 smaller than the proton, the non-linear term in eq.
(1) should bec enhanced by a factor 100. An addi-
tional enhancement comes from the large gluon con-
tent, which also enters squared. This increase is partly
compensated by the fact that not so small momentum
fractions can be reached in the pomeron as in the pro-
ton. In ep collisions the range of Bjorken-x is given
by the scattered electron and should be the same for
normal DIS and diffraction. Thercfore, the rclevant
values of z in eq. (1) applicd to the pomeron is at
least an order of magnitude larger than x, since

Z=X/X|:, (2)

where the pomeron should take a fraction xe < 0.1 of
the proton momentum to ensure the diffractive nature
of the scattering.

To make numerical estimates based on ¢q. (1) we
need to specify the gluon distribution in the pomeron.
Since this is a major unccrtainty we illustrate its in-
fluence on the results by using as an Ansatz both a
soft gluon distribution
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zg(z,0%) = 6(1 - z)° (3) is a non-negligible theoretical problem, it has no scri-

b ous consequences for the main results and conclusions
and a hard one in this paper since it is likely to be compensated at
z2g(z,08) =2(1 - z), (4) large x, i.e., in a region which is of little interest in

where we have chosen Q2 = 10 GeV?. This is also in
line with earlier investigations of the pomeron struc-
ture [1,10]. The soft distribution corresponds to the
pomeron as a many-gluon system and has some sup-
port from experiment as mentioned, although a more
recent UAS analysis seems to favour a harder distribu-
tion [26]. The hard distribution, eq. (4), would apply
for a pomeron with fewer gluons and, being smaller
at small z, could takc into account possible gluon re-
combination effects already in the starting distribu-
tion [15]. It should be noted that the initial distribu-
tion 1s accessible to experimental measurements and
this uncertainty can therefore eventually be removed.
We note that the normalisation of thesc distributions
is based on the assumption that the momentum sum
rule is fulfilled, i.e.,

1

/dzzg(z,Qg) =1. (5)

0

Although this seems reasonable and can be given some
motivation [7] it is by no means clear that this rela-
tion must hold [12,11,26].

Starting with a gluon distribution that fulfills the
momentum sum rule in eq. (5) at Qé, the evolution
in Q? will result in a lower value of the gluon momen-
tum integral at a higher Q. The linear evolution con-
serves momentum, but since we here allow the process
g — qQ somc¢ momentum is transferred to quarks. For
example, at Q7 = 50 GeV? the linear evolution has
reduced the gluon momentum integral to 0.86 (0.89)
for the soft (hard) distribution. The non-linear evo-
lution term does not conserve momentum and this
cannot simply be attributed to the neglect of quarks.
This term is in fact an approximation valid only at
small x and therefore momentum conservation can-
not be taken into account explicitly. For this rcason
we have applied an upper cut-off on the integral which
we have chosen to be ymax = 0.1 but our results do not
depend sensitively on this. The inclusion of the non-
linear ecvolution term results in a gluon momentum
integral of 0.74 (0.86) for the soft (hard) distribu-
tion at Q% = 50 GeV?. Although this momentum loss
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our study.

In fig. 2 we compare the initial gluon distributions
with those evolved to Q> = 50 GeV? (chosen large
cnough to give a sizeable effect and still within the
rcach of HERA) using standard linear evolution alone
and with the inclusion of the non-linear term, i.e.,
eq. (1). Fig. 2a corresponds to gluon distributions in
the pomeron, as discussed above, and fig. 2b to the
gluon distribution in the proton which we¢ have taken
as xg(x) = 4.5(1 - x)¥ at Q% = 10 GeV? [27].
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Fig. 2. The x-dependence of the gluon distributions in the
pomeron (a) and in the proton (b). The initial distri-
butions at Q2 = 10 GeV?2 (full lines) are evolved with
QCD to Q? = 50 GeV? using standard Altarelli-Parisi
(dotted lines) and using the complete ¢q. (1) including
the non-lincar term (dashed curves). For the pomecron
the upper threc curves arc based on the initial distri-
bution zg(z) = 6(1 — z)> and the lower curves on
zg(z) = 2(1 — z), whereas for the proton the initial distri-
bution is xg(x) = 4.5(1 — x)%. The non-linear evolution
for a proton dominated by hot spots, as discussed in the
text, is shown with a dashed-dotted line. The momentum
fractions z in the pomeron and x in the proton are rclated by
z = x/xo and the pomeron momentum fraction x¢ = 0.05
is taken into account in the horizontal scales to facilitate a
direct comparison,
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Fig. 3. The Q2-dependence of the gluon distributions in the pomeron (a), (b) and the proton (c), (d) for x = 5 x 10~¢
(a), (c) and x = 1 x 10=3 (b), (d). The curves describe linear (full) and non-linear (dashed) evolution as well as the case
of hot spots in the proton (dash-dotted). Initial distributions and choice of x¢ as in fig. 2.

Similarly, we show in fig. 3 the Q*-dependences at
two x-values. In order to compare the gluon distri-
butions in the pomeron and in thc proton we have
used xp = 0.05, i.e., centrally in the diffractive region
x> < 0.1, such that the momentum fraction z in the
pomeron can be translated to x = 2‘—02. These figures
demonstrate very clearly the large non-linear cffects
that arise in the pomeron. Even with the hard gluon
distribution, which gives a smallcr effect in absolute
terms, it is still much larger than the corresponding
effect on the gluon distribution in the proton. In rel-
ative terms the rcduction of the gluon distribution is
~40% (~20% )atx = 1073, ie,z = 2x 1072, and
0? = 50 GeV? for the soft (hard) gluon distribution
in the pomeron. This should be compared with ~ 1%
in the proton under normal conditions, but could be-
come ~ 6% if the hot spot scenario turn out to be valid
such that an effective radius of R = 2 GeV~! should
be used in eq. (1). Thus, also the hot spot hypothesis
leads to smaller non-linear effects than should occur
in a gluon-dominated pomeron with a small sizc as
discussed above.

In case of the pomeron, the size of the non-linear
term tend to become so large that one may in fact
question the applicability of eq. (1). One would ex-
pect eq. (1) to become unreliable when the non-linear
term is larger than the linear one, since this indicates

that further correction terms or non-perturbative ef-
fects could be of importance. Even if the limit where
eq. (1) ceases to provide an adequate approximation
is not clear, it secms that this limit must be present
somewhere in the kinematical region considered here
since it covers both the region where the non-lincar
term is negligible and where it is larger than the linear
term. Thus, it should be possible to determine exper-
imentally at HERA where eq. (1) is applicable and,
in addition, get information concerning the region be-
yond. This should add ncw insights to the problem of
QCD at small x.

Whereas the effect of the non-linear term in the pro-
ton structure function may not be large enough to be
clearly observable at HERA, it scems that the larger
cffect in the pomeron should be observable. Prelim-
inary results from an ongoing study [28], where the
gluon distribution of this papcr is turned into an F;
structure function for the pomeron, indicatc that the
diffractive ep cross-section is large enough to give use-
ful statistics and sensitive cnough to show the effect
of the non-linear evolution.

To conclude, we have assumed that the pomeron
is dominantly composed of gluons and argued that it
has a considerably smaller size than a proton. Given
this, we have estimated the perturbative QCD evo-
lution of the gluon distribution in the pomeron and
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demonstrated the importance of the non-linear scrcen-
ing cffects due to gluon recombination. These small-x
effects have been predicted for the proton structure
function, but not yet verified experimentaily. We have
found that they are much larger in case of the pomeron
and may be observed for the first time in diffractive
ep scattering at HERA. Our aim has not becn to give
accuratc numerical predictions, in fact therc are sev-
eral uncertainties as pointed out, but rather to intro-
duce and give the main cxpectations for a new process
where the novel non-lincar QCD cffects at small x can
be investigated.

We are grateful to J. Bartels and E. Levin for
intercsting and helpful discussions. This work was
supported by the Swedish Natural Science Rescarch
Council under contract F-FU 8342-306.
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