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Abstract.
Theoretical ideas concerning the Pomeron in perturbative QCD are reviewed. The Lipatov equation with asymptotic freedom effects taken into account is recalled and the
corresponding spectrum of eigenvalues controlling the bare Ponieron intercept analysed.
Possible phenomenological implications of the perturbative QCD Pomeron for deep inclastic scattering at the HERA ep collider are briefly discussed.
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1. I N T R O D U C T I O N .
The наше "Pomerou" couccnis tho mechanism of diffractive processes at high energy.
It originated from the Regge pole model developed in the sixties [1]. Within this model
one assumes that the dominant mechanism describing the high energy processes is that
of the Regge pole exchange (Fig.l). Formally the R-egge pole corresponds to a pole of the
partial wave in the crossed t-channel in the complex angular momentum plane. Position
of this pole is described by the trajectory function a(t). The high energy behaviour of
the scattering amplitude corresponding to the Regge pole exchange is :
A{s,t) <x sa{t)

(1.1)

where s is the CM energy squared of the colliding particles while t is the square of the
four momentum transfer.
Combining (1.1) with the optical theorem one gets the following behaviour of the
total cross-section:
ом(а)

ос sai0)-1

(1.2)

The quantitty a(0) is called the intercept. Since, in general, several Regge poles can be
exchanged the scattering amplitudes (and the total cross-sections) are given by the sum
of tenr" given by the formulas (1.1) and (1.2) corresponding to exchange of different
Regge poles.
The Regge pole exchange is to a large extent the generalisation of the one particle
exchange. Thus like the ordinary particles also the Regge poles are characterised by the
quantum numbers like isospin, C-parity etc. Being responsible for diflractive scattering
Pomeron corresponds, by definition, to the vacuum quantum numbers. Other Regge
poles carrying quantum numbers different from those of the vacuum are called Reggeons.
Within the Regge pole model the Pomeron is a pole having the largest intercept. Histor¬
ically it has been introduced as the niechanism responsible for the (approximate) energy
independence of the total cross-sections that would correspond to ap(0) = 1. It should
also be noticed that since the Pomeron corresponds to the vacuum quantum numbers it
gives the same total cross-section for particle and anti-particle interactions i.e. to the
Pomeranchuk theorem which the name "Pomeron" stems from.
The high energy behaviour of scattering amplitudes and so the nature of a Pomeron
may be more complicated than that which corresponds to a simple Regge pole exchange

jiirturc. hi part iculnr the Pomcron should account, for the important experimental fact
tli.it total cross-sections actually increase with the increasing energy [2] .
Very important question which is still not entirely understood is the high energy
behaviour of element ary processes (and so the Pomeron) in quantum chromodynamics.
This problem is complicated by the fact that the complete description of the high energy
behaviour of hndronic ]>rocesses in QCD is not possible without understanding of colour
confinement [3-6]. Much progress has however recently been made in understanding the
high energy behaviour of elementary processes within pcrturbative QCD [7-15]. It is
believed tljiit the results obtained in this field may be used in the description of the socalled semihard procest.es where pcrhirbative QCD is expected to be applicable [17-10].
The seniihard processes arc the hard ones when magnitude of the scale Q2 characterising
the "hardness" of the process is large but much smaller than the total CM energy squared.
One of the processes belonging to this class which will be very soon studied in HERA ep
collider is the deep inelastic lepton - hadron scattering in the limit x = 0 where x is the
canonical Bjorken x variable (see the formula (2.2) of the next Section).
The purpose of this paper is to review briefly some aspects of the Pomeron physics in
p c r t u r b a t i v e QCD. In Sec. 2 we introduce the Lipatov equation for the bare Pomeron.
We discuss its proper! ies analysing numerically the spectrum of eigenvalues of the Lipatov
kernel in I he case when the asymptotic freedom effects are taken into account. The
maximal eigenvalue is directly connected with the bare Pomeron intercept. In Sec.3 we
discuss some of the phonomcnologica] implications of the QCD Poiiieron in particular for
the HERA ep collider. Finally the Sec. 4 contains brief summary and conclusions.

2. LIPATOV EQUATION AND THE BARE POMERON
IN PERTURBATIVE QCD.
When studying the high energy limits of scattering amplitudes in quantum field
Theories within pcrturbative approach one usually proceeds in two steps:
At first one considers die so-called leading log(s) approximation. This approximation
corresponds to retaining only those terms in the pcrturbative expansion which give the
maximal powers of ln(t) where s is the CM energy squared of the process. The sum of
those terms after projecting on the vacuum quantum numbers in the t-channe.' gives the
so called bare Pomeron. The leading log(s) crilerium does not however respect unitarity.
As the result one finds that in gauge field theories the intercept Op of the bare Pomeron
:s above unity. Since <т,о, ос s°'"~i this gives the total cross-sections growing as a power
of energy with increasing energy. This violates the Froissart bound [18] for sufficiently

high energies. In the second step which is in general much more difficult one attempts
to understand how the unitarity is restored.
In the uon-abelian gauge field theories the leading log(s) approximation has been
studied in refs. [7-15]. The physical picture of the bare Pomeron is rather simple: it
corresponds to the sum of ladder-like diagrams with the exchange of the reggeised gauge
bosons (i.e. gluons in QCD) along the ladder. In other words the bare Pomeron is given
by the multiperipheral production of gauge bosons where the multipcripheral production
mechanism is that of the multireggc exchange. Both the gauge vector boson Regge
trajectories and the vertices are theoretically calculable. In QCD one may associate the
produced gluous with gluon jets. The virtual corrections which lead to the reggeisation
of the gluons which are exchanged along the chain can be retranslated into the "nonSudakov" form-factors (19-22].
In what follows we shall consider the deep inelastic charged lepton - nucleon scatter¬
ing with its kinematics defined in Fig.2. In the one-photon approximation this inelastic
scattering is related through the one photon exchange mechanism to the virtual photoproduction process induced by the virtual photon. The total cross section of this process
is related through the optical theorem to the imaginary part of the forward virtual Compton scattering.
We shall consider the virtual Compton scattering in the limit
2pq »

Q2 »

Л2

(2.1)

where Л is the QCD scale parameter and Q2 = - q2 where q is the four momentum
transfer between the leptons (sec Fig.2). The limit (2.1) corresponds of course to the
high energy limit of the virtual Compton scattering. Important point here is that the
magnitude of Q2 is also kept large that will justify the use of perturbative QCD. The
limit (2.1) is also equivalent to the small x limit where the Bjorken variable x is defined

In the leading log(l/x) approximation the structure functions defining the deep inelastic
scattering are given by the ladder - like diagrams (Fig.3) with the reggeised gluon ex¬
change along the ladder. (The leading log(l/x) approximation is equivalent to the leading
log(s) approximation for the virtual Compton scattering amplitude where s = (p + j) 2 ).
In this approximation the small x behaviour of the structure functions is driven by the
gluons which couple to the virtual photons through the quark box diagrams (Fig. 4). The

fundamental quantity in the leading log(l/x) approximation is the imintegrated gluon
distribution Д j , Jfc2) related in the following way to the ordinary (scale dependent) gluon
distribution g(x,Q2):
,

dxg(z,Q2)
(2 3)

'

The deep inelastic structure function f";>(x,Q2) is related to this function through the
following formula:

k\(p)f{x/x;k*)

(2.4)

where the function f2$(x',fcJ,Q2) is the (suitably defined) gluon structure function cor¬
responding to the sum of quark box diagrams of Fig 4. The formula (2.4) is an example
of the nkt factorisation theorem" [23] (k = kt where kt is the transverse momentum of the
gluon). The physical content of this theorem is that the cross-sections of semihard pro¬
cesses in the leading log(s) (or log(l/x) ) approximation can be expressed as the (double)
convolution in the transverse and longitudinal momenta of the universal (unitegrated)
gluon distribution and the corresponding hard cross sections on the partonic level. The
small x behaviour is entirely driven by the unintegrated gluon distribution.
In the leading log(l/x) approximation the formula (2.4) simplifies to give:

2

> <?'№- *')

(2-5)

with the "impact factor" $£'(fc 2 ,Q 2 ) defined by:

^ ^ в ' )

(2-8)

The ladder-like iteration gives the Lipatov equation for the unintegrated gluon dis¬
tribution f(x, Jfc2) [7-17,19-23]:

Jt

x

Уо

*•

In this equation A"(fc'5J are the transverse momenta squared of the gluons, aa is the
strong interaction coupling and /o(fc3) is the suitably defined inhomogeneous term. In
order to study this equation it is convenient to use the moment f(n.k-) of the function
f(x, к") defined as below:

/>.fc3)= fdxx-'fo,?)

(2.8)

Jo
which satisfies the following equation:

(я-1)* Л

^

The leading singuarity ni of f(n, fc2) in the n-plane contrails the small x limit of the
gluon distribution /(r,fc 2 ). This leading singularity is given by the maximal eigenvalue
A™* of the Lipatov kernel A"t i.e.:

n L = 1 + A mar

(2.10)

i
j

with A maI given by the following formula:

|

(2

.n)

The formulas (2.10) and (2.11) give the intercept of the bare Pomeron i.e. o f = n^.
A simple explanation of the relation between the maximal eigenvalue of the Lipatov
6

kernel and the bare Pomeron intercept is given in ref. [24 ]. It can have potentially large
:r.agnifjde af > 1.5 or so. This bare Pomeron controlls the small x-behaviour of the
c.:uon distribution ;(т,к') i.e.:

The relatively unimportant factor l/[fn(l/x)/'' 2 comes from the fact that the spectrum
of the Lipatov kernel is continuous.
Although the Lipatov equation is free from infrared singularities at кг = 0 one does
not expect that the region of low к2 where the connnment effects are importatnt is treated
reliably. The possible way of incorporating the non-perturbative effects in the Lipatov
equation lias been discussed in ref. [25]. Moreover in the large fcs region the asymptotic
freedom effects should be included.
The simplest way to eliminate the low A-2 region is to impose the lower limit cut-off
!;% in the integrals in eqs. (2.7) and (2.9). The asymptotic freedom effects can be taken
into account substituting the running QCD coupling а,{к^) in place of the fixed (i.e. it2
independent) coupling a,. The Lipatov equation then reads:

(n - 1) + т(п - 1)" i , j fe« [

Ife«- *a |

+

(k*

The spec:n;:n of ;he kernel Ki(kl) is now discrete. The maximal eigenvalue can he
shown :o ft.;:?fy the following inequality [2C]:

12.14)
The rr.ost recent discussion of ihe Lipatov equstion is presented in ref. 127].
The cq. /2.7) is ftlso modified accordingly i.e.:

-**|

(A< + 4/fc'V''=J

^

This equation has been studied numerical!}' in refs. [2S - 31]. It turns out that the
effective x~x behaviour emerges relatively soon in the solution of this equation with Л
being dependent upon cut-off kg [30.31]. The magnitude of A is still relatively large
(i.e.< 0.5 or so).
The solution of the eq. (2.15) contains contributions of all eigenvalues particularily
in the region of moderately small values of x. It may therefore be interesting to analyse
the distribution of eigenvalues. To this bfra we have analysed the spectrum of the ker¬
nel A"i(£p) suitably adapting the numerical methods used in [2S-31] where the solution
of the Lipatov equation was approximated by the truncated series of the Tchebyshev
polynomials linear in ln(fc2). (We also impose upper limit cut-off but the results are
very insensitive to its magnitude). In this way the problem is reduced to finding the
eigenvalues of the (finite order) matrix constructed from the kernel A'i(to). The distri¬
bution of eigenvalues (for k% = 2GtV2) is presented in Fig.5. It may be seen that the
leading eigenvalue is very well separated from the non-leading ones. This may explain
the relatively rapid onset of the simple power-law behaviour found in [30, 31]. la Fig.
6 we illustrate the cut-off dependence of the leading eigenvalue A m a l where we plot its
inverse with respect to 1п(Ц/Л2). We find approximate linear dependence suggesting
that A m « oc a,($li).
From Fig.6 one finds A m « 2 1.S4 * 3a,(9.1CA-g)/ff. This should
be compared with the fixed coupling case (2.11) which gives A m o r S 2.77 * За j/sr.
For the very small values of x the indefinite increase of the gluon distributions
enhances the probability of gluon fusion and recombination. This interaction of small
x partons le&ds to screening effects which modify the Lipatov equation in the following
way [15.31]:

dx

' Г л"'2 гд*'-*' 2 )-я*'д- г ),

я*1-k3
(2.36)

The screening effects an; given by the last term in tin: cr[.(2.1G) where the parameter R
corresponds to tin1 (transverse) size of the region within which the partons (i.e. gluons)
are concctrated.
The cq. (2.1G) goes of course beyond the leading log( 1/x) approximation. It is in fact
an example of the unitarisation procedure on the parton distribution level. The negative
screening term tivines the indefinite increase of parton distributions in the small x region
turning it into (approximately) x -independent saturation limit. To be precise the eq.
(2.1G) generates in a self-consistent "vay the .c~A behaviour and simultaneous taming of
tin's behaviour by the non-linear screening term. Its detailed analysis is presented in ref.
[31].
More conventional way to introduce parton screening effects is to include them in
the standard QCD evolution formalism (24, 32). An implementation of both the singular
x~x behaviour and screening effects within this formalism was done in [24] and will be
very briefly discussed in the next Section.

3. POSSIBLE PHENOMENOLOGICAL IMPLICATIONS
OF THE PERTURBATIVE QCD POMERON.

In the previous Section we have discussed the bare Pomcron in perturbative QCD
concentrating on the small x limit of gluon distribution in a hadron. The Pomeron
singularity which corresponds to the exchange of th: gluon ladders diagram is of course
universal and should manifest itself in any elementary process in which the exchange of
the vacuum quantum numbers are possible. The process should also be "hard" i.e. it
should involve some large scale " Q J " for perturbative QCD to be applicable.
The deep inelastic lepton scattering in the limit of small x is the possible "hard"
process where the effects of the perurbative QCD Pomeron should show up. The perturbativc QCD analysis of the parton distributions in a nucleon which incorporated both
the QCD Pomeron as well as parton screening was performed in ref. [24]. The QCD
Pomeron effects were included using the singular parametrisation (i.e. proportional to
х~ л with Л = 1/2) of gluon and sea quark input distributions at the reference scale
Ql = 4GeV2. We label this parametrisation as B _ . The parton screening was next
included by suitably modifying this input parametrisation and by adding the non-linear
9

terms in the evolution equations like the last term in the eq. (2.16). The screening effects
were considered for R = 2GeV*~l and R = HGeV*1. In Fig. 7 we show the results of this
analysis for the structure function F2 in the region of small x which will be soon probed
by the HERA collider. For comparison the result corresponding to the Bg set of parton
distributions based on the non-singular input is also shown.
Presumably the ideal process wliich may test the perturbative QCD Pomeron most
directly is the jet production in deep inelastic scattering in the small x region [33-3G].
The kinematics of the jet should be such that Xjtt "> x and k2 = Q2 where к is the
jet transverse momentum. The jet production in this configuration is expected to be
described by the diagrams of Fig.8. The upper part of this diagram corresponds just
to the (bare) QCD Pomeron. Important point here is that it can be computed entirely
within perturbative QCD including its normalisation which is controlled by the sum
of quark box (and crossed box) diagrams contribution to the virtual photon - gluon
interaction (see Fig.4). By choosing ..ie configuration k2 3 Q2 it is possible to eliminate
the effect of the ordinary QCD evolution (from the scale k2 to Q2) in which transverse
momenta are ordered along the chain. In this configuration one is therefore able to test
directly the complete ladder equation in which the transverse momenta are not ordered.
The detailed theoretical analysis of this process has recently been performed in refs. [35,
36].
The differential structure function XJ °F'(fa?jffi'* ' describing the jet production is
given by the following formula [36]:

За,(п. , |v^_

r /_

l.2\cl •

ił

л2 11

(3 1)

where the sum over parton distributions in a nucleon is:

(3.2)

The function F satisfies the Lipatov equation suitably adapted to the kinematics of Fig.
8 [36].
In Fig.9 we present the prediction for the differential structure function
i—* a'z'a'k^'— obtained in ref. [36]. For comparison we also show the case when

x
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the ladder effects are neglected. In this approximation one sets in the eq. (3.1) in place
of the function F(x/*y,fc 2 ,Q 2 ) the the X/XJ independent impact factor F0(fc!,Q*) cor¬
responding to the sum of quark box and crossed box diagrams. It may be seen from this
Figure that the QCD Pomeron significantly modifies the jet spectrum. Measurement of
jet production in deep inelastic scattering should in principle be possible at HERA.
The perturbative QCD Pomeron should also affect the heavy quark production and
the detailed analysis of this problem is presented in ref. [23].
Important process which may test the partonic content of a Pomeron (and so its
underlying QCD structure) is diffractive production in deep inelastic lepton scattering
i.e. the process: t'(Q2) +p =*• A' +p with large rapidity gap between the proton in a
final state and the hadronic system X [37 -40]. The diffractive production in inelastic
lepton scattering controlls also the nuclear shadowing effects in deep inelastic lepton
scattering on nuclei at small x [41-43]. The partonic content of a Pomeron can also
be revealed in studying the jet production within the diffractively produced system in
hadronic collisions [44, 45].
The QCD Pomeron should also manifest itself in total cross-sections in hadronic
collisions. The natural component of the total cross section which can be associated
with the QCD Pomeron is that which corresponds to the mini-jet production [46, 47].

4. SUMMARY AND CONCLUSIONS

In this paper we have reviewed some of the problems concerning the Pomeron in
perturbative QCD. We have discussed with some detail the ro called bare Pomeron which
emerges from the study of the high energy limit of elementary processes in QCD in the
leading log(s) approximation. In deep inelastic scattering this approximation becomes
the leading log(l/x) approximation where x is the canonical Bjorken x variable. The main
contribution in the small x limit of the deep inelastic scattering comes from the sea quarks
and antjquarks which are driven by the gluons. In the leading log(l/x) approximation the
gluon distributions are given by ladder-like diagrams with the reggeised gluon exchange
along the chain. The sum of these ladder diagrams gives the Lipatov equation which
generates the bare QCD Pomeron. We have briefly analysed the eigenvalue spectrum of
11

the Lipatov equation kernel with the asymptotic freedom effects taken into account. In
the small x limit the perton distributions (multiplied by x) have the z ~ x behaviour where
Л is equal to the maximal eigenvalue Am«r. The bare Pomeron intercept a ? is equal to
1 + A moI . The unique feature of the QCD Pomeron is potentially large magnitude of its
intercept a£ £ 1.5. We have also briefly mentioned the part-on screening effects which
bring the bare Pomeron within the unitarity limits. More detailed discussion of these
effects is given in refs. [16,17, 24, 31, 32, 48].
The choice of problems presented in this paper has been very selective and we de¬
cided to discuss those aspects of the perturbative QCD Pomeron physics which can be
directly accessible to experimental verification particularily at the HERA ep collider.
Our discussion focussed entirely on the Pomeron at t = 0. In particular we have entirely
omitted important issues concerning shrinkage patterns of the diffractive peak. These
problems are discussed in detail in ref. [48]. Moreover our discussion concerned only
properties of the perturbative Pomeron. Possible non-perturbative effects which take
into account non-perturbative modifications of the gluon propagators coming from the
gluon condensate are discussed in refs. [4-6, 25].
In Sec. 3 we discussed some of the experimental measurements which can reveal the
properties of the QCD Pomeron. The measurement of jet production in deep inelastic
lepton scattering at HERA in the kinematical configuration Xj » x and Jfc2 — Q7 will
presumably be the "landmark" measurement in this respect.
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FIGURE CAPTION'S.
1. Regge pole exchange.
2. The kinematics of the deep inelastic scattering and its relation through the optical
theorem to the Compton scattering for virtual photons.
3. The ladder diagram for the deep inelastic scattering in the leading log(l/x) approx¬
imation with reggeised gluon exchanges along the chain. The upper part of the
diagram corresponds to the sum of the quark box and crossed box of Fig. 4.
4. The two diagrams describing the gluon-photon interaction. The
internal lines correspond to quarks.
5. Distribution of eigenvalues of the Lipatov kernel Л"/,(1-ц) for k% = 2Ge\"2.
6. The Tut-of: dependence of the leading eigenvalue Хтлг of the Lipatov kernel A'i {Ц).
7. The structure function F2eJ> as a function of x at Q- = '2QGcV3. The solid line
corresponds to the B_ set of partor. distributions. The dashed and dot-dashed lines
indicate the correction due to parton screening effects with R = 5 GeV~ ł and 2
Gel"" 1 respectively. For comparison the prediction from the Bo set of partons is
shown by the dotted oirve. (Results of this analysis were taken from ref. [24]).
S. The leading log{ij/x) approximation to the deep inelastic scattering containing an
idntiSed jet of longitudinal and transverse momentum Xjp and к respectively. The
upper part of the diagram corresponds to the sum of the quark box and crossed box
of Fig. 4.
15

0. ТЫ dirTorential structure function for deep k-.eb.stio (x, Q2) events wi-.h R:I klen'ir.od
jot (J-J. A--; as a function ofx; for dirTeren: values of .г. г = 1СГ\1СГ3 and 10" 2 , <•:-.:!
fur Q" = bGi\'3. Th-? c'.nshod curve is obtained f;or.i (3.1) with F replaced by the
driving ter:n Fo corresponding to the quark box diagram contribution alone. The
R:agnitude of the cut-ofTde5r.ir.g Fa as wel! as the r.-.?.g:;itudr: of the cut-oft k-$ in the
Lipatov equation is chosen to be equal to 1 d"\'2. Figures (a) г.-.id (b) correspond
to the jet transverse momentum squared A'2 = 5 and 10 GcY2 respectively. (Results
of this analysis were taker, from ref. [36]).
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