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Abstract The quark and gluon conlent of the Pomeron and lhe notion of a Pomemn stmcture 
function is discussed. The Pommn is argued to be a small object and. as a consequence, small-x 
gluon recombination effects could be sizeable. Ways to measure the Pomeron parton densilies 
in pp and ep collisions are presented. 

1. Introduction 

Diffractive scattering involves the exchange of energy-momentum, but no quantum numbers, 
and is described in terms of Pomeron (If’) exchange [I]. Although Regge theory provides 
a useful formalism, it has not led to a sufficient understandiflg of the Pomeron and its 
interaction mechanism. In a modem QCD language it is natural to consider the strongly 
interacting Pomeron as a partonic system [2 ]  which can be probed in hard scattering 
processes [3]. By assuming the Pomeron to behave essentially as a hadron and introducing 
the concept of a Pomeron stmcture function [3] it is possible to calculate the cross section 
for various diffractive hard scattering processes in Pomeron-hadron and Pomeron-lepton 
collisions [ 3 4 ]  and to simulate the resulting hadronic final states I7.81. From this, one 
can deduce important features that are characteristic of different ideas about the Pomeron 
structure, but the details are uncertain due to the lack of theoretical understanding and 
experimental information. These issues will be discussed in the following, with emphasis 
on the question of quark or gluon dominance in the Pomeron (section 2). the Pomeron size 
(section 3), gluon recombination effects (section 4), probing the Pomeron Structure function 
in deep-inelastic scattering (DIS) at H E M  (section 5). and, finally some concluding remarks. 

2. Quarks or gluons in the Pomeron? 

The main experimental result is the clear observation of diffractive hard scattering 
phenomena through the discovery of high-pl jets in diffractively excited high-mass states in 
pp collisions at CERN [9]. This signals hard parton level scattering in the Pomeron-proton 
collision and, furthermore, a hard parton distribution in the Pomeron is advocated [IO]. 
These. data do not, however, allow a discrimination between a quark and gluon content in 
the Pomeron. The reported diffractive production of bottom mesons by UAl [I l l ,  which 
hrould receive a dominant contribution from the subprocess gg --f b6, hints at a substantial 
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gluon content with a soft momentum distribution in the Pomeron, but could hardly be 
explained by a quark-dominated Pomeron [SI. 

The old suggestion [2] that the Pomeron is mainly composed of gluons has been 
a common assumption. This has some experimental support [I21 from double Pomeron 
exchange (DPE) processes where the production of h(1270) and fi(1720), which may have 
glueball components in their wavefunctions, indicates a gluon-rich environment in Pomeron- 
Pomeron collisions. The thought that diffractive scattering occurs through the exchange of a 
(virtual) glueball may have some theoretical support, since the glueball trajectory, obtained 
from estimated glueball masses, has been claimed to coincide with that of the Pomeron 
1131. 

The Pomeron structure function has also been investigated theoretically. In an analysis 
based on Regge theory a gluon-dominated Pomeron was advocated and its gluon structure 
function discussed [4]. An attempt to derive the Pomeron gluon density distribution based 
on QCO ladder diagrams has been made, resulting in a rather soft gluon distribution function 
[14]. However, in an alternative approach [15] the Pomeron is argued to couple in an 
effectively point-like way to single quarks (similar to a photon) and its structure function 
dominated by a quark-antiquark component (in analogy with the photon structure function) 
with a rather hard momentum distribution. 

To obtain more information one should consider processes that require either a quark 
or gluon component in the Pomeron. Numerical predictions may be obtained by assuming 
altemative forms of the Pomeron structure function, e.g. 

xfS,p(x)  = 6(1 - x ) ~  x ~ ~ / I P ( x )  = 6 ~ ( 1  - X )  x f q j p ( x )  = $ ~ ( 1  - x). (1) 

The first two cases correspond to a Pomeron dominated by many soft gluons (P = SG 
model) or a few hard ones (IP = HG model), respectively, whereas the last case corresponds 
to a Pomeron composed essentially of a quark-antiquark pair (TP = qp model). Whereas the 
first function has some support from the evidence for diffractive heavy-flavour production 
[ I l l ,  the latter two are more compatible with the observed diffractive jet production [lo]. 
Convoluting a ‘flux’ of Pomerons with such Pomeron parton densities and a hard parton 
level scattering cross section will give predictions for testable cross sections 13-81, 

Since heavy-flavour production at colliders is dominated by the gluon fusion process 
gg + QG (and gg --f gQQ), one may use diffractive charm and bottom production in 
hadron collisions to gauge the gluon content in the Pomeron [8]. On the other hand, W and 
Z production in single diffractive pp events at collider energies can, to leading order, only 
occur based on a quark component in the Pomeron. The dominant process is qp -+ WIZ, 
whereas gluon-induced interactions can only occur through supressed higher-order processes 
(gq + q + WIZ). These diffractive W/Z production processes have been calculated [ 161 
based on the Pomeron models corresponding to equation ( I )  and demonstrated to yield 
observably large cross sections at the Tevatron. The difference between a quark- and gluon- 
dominated Pomeron, as shown in figure I(a), is encouragingly large. Due to the uncertainties 
in the models, it is, however, not trivial to draw a firm conclusion from an observed rate of 
WIZ production alone. 

The x-shape of the Pomeron structure function can, furthermore, be obtained in 
diffractive Z production [16j. In the Pomeron-proton collision, with CMS energy &, 
one has for the process qp + Z -+ p+p- the relations r = X ~ X Z  = 5/s4 = 
( ~ 3  + ~ 4 ) ’ 1 s 4  = @/SQ and XF = X I  - x2 = 2(Pq + pq)/,&. where p3, p4 are 
the four-momenta of the final muons. Solving for the incoming parton momentum fractions 
gives ~ 1 . 2  = ( i x p  + -)/2. Applying thii method on muons obtained in a Monte 
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Figure 1. Diffractive production of Zbosons in p6 collisions at f i  = 1.8 R V  as obtained 
[I61 from different Pomeron models: P = qq (full), P = hard gluons (dashed). IP = sol? 
gluons (dolted). (a) Distributions of bansverse momentum of decay muons (Z -* $+p-).  (b)  
Distributions of the momentum fractions XI, x2 for the interacting panons in the Pomeron and 
proton, respectively. The cvrveslhistogram correspond to the distributions used as input (dashed) 
and obtained through the reconstruction (W) from Z -+ &+&-; lhe histog" illustrates the 
slaristical precision with I O  pb-l. 

Carlo event simulation [I61 based on the IP = qfj model gives the result in figure I(b). 
The input Pomeron (and proton) structure function is well reproduced and the statistical 
precision high enough for this kind of measurement to test a qq-model of the Pomeron. 

A major uncertainty for these calculations is the unknown Pomeron structure function. 
The normalization in ( I )  is determined by the momentum sum rule 

This is a natural choice that has commonly been used and also theoretically motivated [41. 
However, the sum rule is not saturated in the model [I51 where the Pomeron behaves 
similarly to a photon, with an effectively point-like coupling to q u d s .  resulting in 
X f d P ( X )  = O.Zr(l - x ) .  

3. The Pomeron size 

There are reasons to believe that the Pomeron is a smaller object than a normal hadron. 
Although there is no well defined strong interaction radius of a hadron, one may use an 
optical model and relate its total cross section to its radius via U - K RZ. This approach was 
used in [6] to estimate the Pomeron radius from various Pomeron cross sections obtained 
based on the factorization between different Pomeron vertices. Single diffraction data gives 
a Pomeron-proton total cross section of about 1 mb, i.e. much smaller than a typical hadron- 
proton cross section. The analysis is simplified if two identical particles are considered and 
one should therefore consider the Pomeron-Pomeron total cross section upp. This can be 
obtained from data on double Pomeron exchange (DPE) processes or from the triple Pomeron 
vertex, which in Regge theory is related to the single diffractive cross section. Consistent 
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results are obtained in the interval upp = 0.1-0.3 p b  which leads to a Pomeron radius 
of R p  c 0.1 fm. Since this is obtained by comparing with the proton-proton total cross 
section it depends on the assumption that the Pomeron has the same ‘blackness’ as the 
proton, which introduces an uncertainty in that a small Pomeron cross section may partly 
result from a larger ‘transparancy’ and not only from a smaller size. The value is, however, 
in reasonable agreement with the value 0.17 fm obtained fiom exclusive p-production in 
DIS 1171. 

Further evidence for a small Pomeron can be obtained from a recent QCD sum-rule 
calculation of the gluon form factor in the proton [18]. The resulting radius 0.2435 fm 
of the gluon system is considerably smaller than the proton radius. It is also reasonable to 
relate this size to the Pomeron, in particular when considering the QCD gluon ladder diagram 
representation of the Pomeron [ 141. 

4. Gluon recombination in the Pomeron 

If the Pomeron is essentially a gluonic object (glueball?) of small size it leads to the 
possibility of studying gluon dynamics at high densities. In such an environment QCD 
predicts the occurence of gluon recombination, i.e. the process gg -+ g. This new 
phenomenon, which has not yet ‘been observed, leads to a reduction of the gluon density as 
compared to the conventional GLAP evolution, where only splittings (e.g. g -+ gg) occur. 
The recombination is incorporated in the GLR equation [I91 based on multi-ladder or ‘fan’ 
diagrams in QCD. This equation considers only pure gluon dynamics, which should dominate 
at small-x, and is particularly applicable to the Pomeron. but is difficult to use numerically. 
A more convenient form for the gluon density evolution (but without the parton transverse- 
momentum dependence as in GLR) is given by I201 

i.e. the Altarelli-Parisi equation is modified by the second term due to the gluon 
recombination, which depends on the size R of the object. Numerical estimates [211 for the 
inclusive proton structure function show that the recombination, or screening, effect is quite 
small in the HERA kinematic range and therefore hard to observe. It has been speculated 
[22] that the proton may contain hot spots, i.e. smaller regions with a higher-than-average 
gluon density (possibly around the valence quarks), such that an effectively smaller radius 
should be used, resulting in a larger recombination term. 

Applying (3) to the Pomeron [61 with Ra = 0.1 fm results in a large gluon recombination 
effect, as shown in figure 2(a). The starting gluon distribution at Qi is chosen here rather 
conservatively. A distribution which is larger at small fractional momentum z in the Pomeron 
would give an even larger recombination term in (3) due to the quadratic gluon density 
dependence. Although one may question the applicability of (3) when the magnitude of the 
nonlinear correction term becomes comparable to the leading linear one, it illustrates the 
possibility of reaching high gluon densities in the Pomeron resulting in the occurance of 
new QCD effects. The gluon recombination effect is in any case much larger than in the 
proton, even when assuming the hot-spot scenario, as illustrated in figuie 2(b). In contrast 
to the proton, where gluon recombination only occurs at very small x, it occurs at larger 
momentum fractions in the Pomeron. 



Deep-inelastic scattering-structure functions working group 1637 

Figure 2. The gluon distributions in (a) the Pomemn and (b) the proton [6l. The indicated 
initial distributions at Q' - 4 GeV2 (dotted curves) we evolved with Qcs to Q' = 50 GeVz 
using standard Altarelli-Pans, (dashed curves) and including the gluon recombination term 
(full curves), which is also applied for a hot-spot-dominated proton (dashed-dotted curve). The 
momentum fraclions z and x in the Pommn and proton are related by z = x / x p ,  where a 
typical Pomemn momentum fraction xp = 0.05 is used for comparison. 

Q -. . 

5. Probing the Pomernn in DIS 

The cleanest way to probe the Pomeron and measure its structure function should be provided 
by deep-inelastic ep scattering at HERA. In fact, 'diffractive-like' events with large rapidity 
gaps in the proton beam direction have already been observed 1231. With Qz 2 10 GeVZ 
this is presumably the first evidence for a genuine photon-Pomeron interaction, since 
contributions from the photon having fluctuated into a hadronic state should then be highly 
suppressed. 

Relying on the Pomeron factorization hypothesis, the process proceeds by the 'emission' 
of a Pomeron from the proton followed by electron-Pomeron DIS. Although any electroweak 
boson exchange ( y ,  2, W) should be possible, we will here only consider the dominant 
electromagnetic cross section (neglecting R = OL/UT) [6] 

du(ep+ epX) 4rrcrz { = - 1 - y + - F.~"(x, Q2; x p ,  I). drp&dXdQ2 xQ4 (4) 

The inclusive proton structure function F2 is replaced here by a corresponding diffractive 
one, F.ffh, including the dependence on xp = 1 - pl,r/plii and t = (pi - pf)* for the 
longitudinal momentum fraction and squared momentum transfer carried by the Pomeron. 
This function can be factorized [6] 

(5)  
X 

FF"(x, Q2; XP, t )  = fp/p(xp, t ) F F ( - ,  Qz) 
XP 

into the Pomeron flux (obtainable from data on diffractive scattering) and the Pomeron 
structure function F f ( z  = x / x p ,  Q2)  = E, e; [ zqy (z ,  Q2) + zqF(z,  Qz)]. 

If the Pomeron is dominantly a gluonic object, these quark distributions have to be 
obtained from gluon-to-quark conversion in QCo. The simple lowest-order formula for the 
box diagram of yg -+ qq gives an order-of-magnitude estimate, whereas an improvement 
can be obtained by integrating the Altarelli-Parisi equation or the Mueller-Qui equation 
1201 which takes gluon recombination into account. However, the usual strong ordering of 
parton virtualities or transverse momenta may not apply at small x and a better formula is 
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where the dependence on the gluon virtuality k2 is taken into account. P2 is a generalized 
splitting function compared to the simple leading log case with a dependence on longitudinal 
momentum alone. For the derivative of the gluon distribution one can directly insert the right- 
hand side of equation (3) and obtain a result for Ff with or without the gluon recombination 
term. A detailed investigation of this approach is presented in [6]. 

The resulting expectations for FT(x, Q2) are illustrated in figure 3. A large effect of the 
gluon recombination can be seen, actually relatively large compared to that for the gluon 
distribution at the same x and Q2 due to the integration of the effect from small k2 in (6). 
Since the conditions used for figure 3 correspond to a kinematic region accessible at HERA 
and the error bars represent the statistical errors from about a months running at design 
luminosity with full acceptance, this demonsnates the feasibility of these measurements. 
Ideally, one should have the diffractive cross section in bins of x ,  Qz, xp and t in order 
to investigate fully the Pomeron structure function through a QCD analysis. This should 
give the parton densities in the Pomeron and, hopefully, show better agreement with QCD 
when the gluon recombination is included. The Pomeron size parameter may then also be 
determined. 
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Figure 3. The dependence on A (or :. since I = I / X P )  and Q' 01 'he Pomemn svuclulc function 
FT 161. The spccificd initial gluon dirvlbuoon ai Qi = 4 GeV? ;S evolved using Almlli-Parisi 
(unfilled symbols) and including gluon recombinvion (filled s)mblr). The hlrirticd enor b m  
reprcscnl IO pb-' using he c m s  seuion (4) at HEM for he region 0.04 < xp < 0.06, 
r ,  < 0.2 GeV'. p2 = 20 I 2 GeV'. AX = O.WI. 
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6. Concluding remarks 

A partonic sbvcture of the Pomeron seems established and some information is available 
on the Pomeron’s parton distribution at rather large x .  However, its behaviour at small x 
is unknown, as is whether it is dominated by quarks or gluons. One may question whether 
the normal concept of a structure function applies to a virtual object like an exchanged 
Pomeron. To investigate this it would be interesting to do DIS at I E R A  on a pion, tagged 
through a forward neutron detector [Z], since the real particle counterpart is then known. 
The small pion size may then give a sizeable gluon recombination effect, although not as 
large as expected for the Pomemn. Another question, which might be related, is the validity 
of factorization, which applies in ‘soft’ Regge theory and has been argued [4] to hold also 
for diffractive hard scattering. Calculations of such processes rely on the factorization of 
the cross section into a ‘flux’ of Pomerons ‘emitted’ by the proton and the probability of 
finding a parton in the Pomeron. This simple concept of the Pomeron structure function 
can, therefore, only be used if factorization is valid and the Pomeron flux is unambigously 
defined. This is.essentially the requirement for being able to treat the Pomeron as a more 
or less normal hadronic state. 

The recent UA8 result [ 101 of a very hard &function like component in the Pomeron 
structure function demonstrates that essentially the whole Pomeron may take part in the hard 
scattering process. This has been interpreted in favour of the Donnachie-Landshoff model 
[26], but it may also be interpreted as a coherent interaction of a gluonic Pomeron [27]. It 
is argued 1271 that this coherent interaction breaks factorization and becomes increasingly 
important at larger t ,  where it coexists with the simple non-coherent process involving a 
particle-like Pomeron that can be described by a structure function. In electroweak diffractive 
scattering at large Qz, as accessible at HERA, the coherent part is not expected to contribute 
[27] and, therefore, the treatment in section 5 should then be applicable. 

Although our understanding of the Pomeron has improved much since the introduction 
of diffractive hard scattering, major problems are unsolved. As discussed, important 
information can be obtained through diffractive production of jets, heavy flavours and W E  
in pp colliders, as well as a DIS measurement of the Pomeron structure function at HEM. 
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