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New determination of the Pomeron intercept in hard processes
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A method allowing for a direct comparison of data with theoretical predictions is proposed for forward jet
production at DESY HERA. It avoids the reconstruction of multiparton contributions by expressing the ex-
perimental cuts directly as correction factors on the QCD forward jet cross section. An application to the
determination of theeffectivePomeron intercept in the Balitskii-Fadin-Kuraev-Lipatov~BFKL!–leading-order
~LO! parametrization fromds/dx data at HERA leads to a good fit with a significantly highereffective
intercept,aP51.4360.025(stat)60.025(syst), than for proton~total and diffractive! structure functions. It is,
however, less than the value of the Pomeron intercept using dijets with large rapidity intervals obtained at the
Fermilab Tevatron. We also evaluate the rapidity veto contribution to the higher-order BFKL corrections. The
method can be extended to other theoretical inputs.

PACS number~s!: 12.38.Cy, 12.38.Qk, 13.60.Hb, 13.87.Ce
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I. INTRODUCTION

The study of forward jets at colliders is considered as
milestone of QCD studies at high energies, since it provi
a direct way of testing the perturbative resummations of s
gluon radiation. More precisely, the study of one forward
~with respect to the proton! in an electron-proton collider@1#
seems to be a good candidate to test the energy depend
of hard QCD cross sections. It is similar to the previo
proposal of studying two jets separated by a large rapi
interval in hadronic colliders@2#, for which only preliminary
results are available@3#. This test is also possible ing* -g*
scattering@4# but here the statistics and the energy range
still insufficient to get a reliable determination of the phy
cal parameters for hard QCD cross sections. Indeed, the
posed~and favored for the moment being! set-up@1# is to
consider jets with transverse momentumkT of the order of
the photon virtualityQ allowing to damp the QCD evolution
as a function ofkT ~Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi ~DGLAP! evolution @5#! in favor of the evolution in
energy at fixedkT ~Balitskii-Fadin-Kuraev-Lipatov~BFKL!
evolution @6# !.

Since proposal@1# was made, a set of interesting studi
have been performed to check its relevance. On the exp
mental ground, H1@7# and ZEUS@8# have published usefu
results with appropriate cuts~to be displayed later on! at
relatively smallx. On the theoretical ground, the general fo
mulation and some quantitative estimates have been
formed prior to experiments@9# confirming the interest in
such processes. The recent theoretical analyses have
mainly based on the use of Monte Carlo simulations, incl
ing the multiparton cross-sections and starting from the v
ous frameworks in competition@10#. Quite a few analyses
arrive at a satisfactory description of the data, taking i
account the specific parametrizations which are chosen
0556-2821/2000/62~3!/034006~7!/$15.00 62 0340
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deed, the BFKL-based Monte Carlo simulations@10# lead to
quite satisfactory results, while those based on DGLAP e
lution meet some difficulty in describing the data.1

However, there still remains a problem in the interpre
tion of those results. Because of the difficulty in handling t
experimental cuts without introducing in the simulation t
whole set of theoreticaln-parton contributions to the cros
section, it appears difficult to avoid the uncertainties of t
reconstruction~with the parameters and constraints whi
are needed to define the scheme in practice!. It seems thus
difficult to determine unambiguously genuine theoretical p
rameters defining the cross section one is looking at. O
example is the dependence in parameters such as infr
cutoffs, which are nota priori required in the expression o
the totalds/dx jet cross sections. Another illustration is th
so-called ‘‘consistency constraint’’ which appears very u
ful @11# in the expression of next-to-leading corrections
the BFKL formula coming from then-parton contributions,
but again is not expressed in terms of theds/dx jet cross
sections itself. In fact, it does not seem easy, in tho
schemes, to extract with some precision the value of
effectivePomeron interceptaP , i.e., the main theoretical pa
rameter describing the theoretical energy dependence in
process. As we know, this parameter is of primordial imp
tance to evaluate the amount of next-to-leading correcti
in a BFKL framework@12# and to confront itseffective value
with the recent theoretical determinations@13#.

We want to address this problem in a quite different wa
that is on focusing on the jet cross sectionds/dx observable

1Note however, that some more refined versions of DGLAP e
lution including contributions from the resolved off-mass-shell ph
ton can describe the data@10#.
©2000 The American Physical Society06-1
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itself, by a consistent treatment of the experimental cuts
minimizing the uncertainties for that particular observab
Let us remark that our approach is not intended to provid
substitution to the other methods, since the Monte Ca
simulations have the great merit of making a set of pred
tions for various observables. Hence, our method has to
considered as complementary to the others and dedicated
better determination of theeffectivePomeron intercept using
the ds/dx data. As we shall see, it will fix more precise
this parameter, but it will leave less constrained other in
esting parameters, such as the cross-section normalizati

One fruitful outcome of the method proposed in t
present paper is the possibility of comparing the effect
intercept with its determination in other processes involv
QCD at high energy. In fact, using the parameters de
mined from forward jets at HERA, it is possible to compa
with double jet production at Tevatron following Ref.@2# for
which preliminary experimental analyses have been p
formed @3# and find a high value of the intercept (aP51.7
60.160.1 in Ref. @3#!. It can also be confronted with th
effective BFKL analysis of proton structure functions
small-xB j , which give rather low values2 (aP;1.121.21
see Ref.@14#!. However, in those cases, the result may
different, since nonperturbative effects related to the ‘‘so
la
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proton scales are expected to influence the determinatio
parameters.

Thus, the comparison of the effective BFKL parame
aP , obtained for the forward jet production cross sectio
allows for a study of QCD at high energy, aiming at a bet
understanding of the corrections to the leading-order~LO!
BFKL predictions@12,13#.

The plan of our study is the following: in Sec. II, w
introduce the QCD formalism and our method for determ
ing aP . In Sec. III we determine the kinematic correctio
factors to the forward jet cross-section data onds/dx due to
the experimental cuts. In Sec. IV, we perform and discus
~separately and then common! fit to H1 and ZEUS data. This
determines the BFKL parameteraP which is subsequently
used in Sec. IV for a comparison with the two-jet cros
section at Tevatron from the experimental D0 analysis. D
cussions on these results and comparison with the BF
study of ~total and diffractive! structure functions are pre
sented in Sec. V and conclusions and outlook are prese
in Sec. VI.

II. FORMALISM

The cross section for forward jet production at HERA
the BFKL formalism reads@9#
d(4)s

dxdQ2dxJdkT
2dF

5
pNCa2aS~kT

2!

Q4kT
2

f e f f~x,m f
2! SeQ

2 E
1/2 2 i`

1/21 i` dg

2ip S Q2

kT
2 D g

3exp$e~g,0!Y%FhT~g!1hL~g!

g
~12y!1

hT~g!

g

y2

2 G
2exp$e~g,1!Y%cos 2FFhT~g!

g

g~12g!

~g11!~22g!G , ~1!
n
,

a-

at
e
th-
where

Y5 ln
xJ

x
, ~2!

e~g,p!5ā@2c~1!2c~p112g!2c~p1g!#, ~3!

f e f f~x,m f
2!5G~x,m f

2!1
4

9
S~Qf1Q̄f !, ~4!

m f
2;kT

2 , ~5!

2Note, however, that taking into account the full BFKL formu
may lead to higheraP , namely 1.221.3, see Ref.@15#, for total
structure functions and even reach 0.4, see Ref.@16#, for diffractive
proton structure functions.
respectively,Y being the rapidity interval between the photo
probe and the jet,e(g,p) is the BFKL kernel eigenvalue
f e f f is the effective structure function combination, andm f is
the corresponding factorization scale. The main BFKL p
rameter isā, which is the ~fixed! value of the effective
strong-coupling constant in LO-BFKL formulas. Note th
we gave for completion the full BFKL formula including th
azimuthal dependence but we will stick to the azimu
independent contribution with the dominant exp$e(g,0)Y%
factor.

The so-called ‘‘impact factors’’

S hT

hL
D 5

aS~kT
2!

3pg

@G~12g!G~11g!#3

G~222g!G~212g!

3
1

12
2

3
g
S ~11g!S 12

g

2D
g~12g!

D , ~6!
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are obtained from thekT factorization properties@17# of the
coupling of the BFKL amplitudes to external hard probe
The same factors can be related to the photon wave funct
@18,16# within the equivalent context of the QCD dipo
model @19#.

Our goal is to compare as directly as possible the theo
ical parametrization~1! to the data which are collected i
experiments@7,8#. The crucial point is how to take into ac
count the experimentally defined kinematic cuts listed
Table I for the reported three sets of data~two for H1 with
kT53.5 or 5 GeV, and one for ZEUS!.

The main problem to solve is to investigate the effect
these cuts on the determination of the integration variab
leading to a prediction fords/dx from the given theoretica
formula ford(4). The effect is expected to appear as bin-p
bin correction factorsto be multiplied to the theoretical cros
sections for average values of the kinematic variables fo
given x bin before comparing to data~e.g., fitting the cross
sections!.

The idea of our method is threefold:~i! for eachx bin,
determining the average values ofx, Q2, EJ , kT from a
known and reliable Monte Carlo simulation of the cross s
tions. For this sake, we use theARIADNE Monte Carlo pro-
gram @21#; ~ii ! choosing a set of integration variables ov
d(4)s in Eq. ~1! in such a way to match closely the expe
mental cuts and minimize the variation of the cross secti
over the bin size;~iii ! fixing the correction factors due to th
experimental cuts for eachx bin, by a random simulation o
the kinematic constraints with no dynamical input.

The point~i! proposed already in@20# allows a determi-
nation of which average values of the kinematic variab
have to be taken in the theoretical formula~1! for each ex-
perimentalx bin. The point~ii ! comes from the crucial re
quirement to minimize the variation~over thex bin! of the
variables to be retained for the integration. Indeed, since
integration procedure multiplies the central value of the
tegrand by the size of the integration bins, it is compulsory
choose adequate variables which lead to a smooth de
dence of the integrand and of the effect of the kinematic c

This double stringent requirement can be solved for
forward jetds/dx. For this sake we choose

ds

dx
5E FQ6

d(4)s

dxdQ2dxJdkT
2dF

G3DS 1

Q2D DxJDS kT
2

Q2D DF.

~7!

TABLE I. Experimental cuts~H1/ZEUS!.

H1 cuts ZEUS cuts

Ee8.11 GeV Ee8.10 GeV
160<ue8<173 deg.
y.0.1 y.0.1
7<u jet<20 deg. u jet>8.5 deg.
kT jet>3.5 or 5 GeV kT jet>5 GeV
xjet.0.035 xjet.0.036

0.5,
kT

2

Q2
,2 0.5,

kT
2

Q2
,2

1024,x,4. 1023 4.5 1024,x,4.5 1022
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The property of this nontrivial choice is the following. Th
integration variables are chosen in such a way that the
pression in the square brackets@Q6 . . . # in Eq. ~7! is depen-
dent on the ratiokT

2/Q2 and not on each scale separate
Looking at the experimental cuts~see Table I!, it becomes
clear that the choice of this scale-invariant integrand m
mizes the variation of the observable on the bin, while ea
scalekT

2 and Q2 presents large variations and thus wou
generate large integration errors. Indeed, various nume
studies we have performed have demonstrated that it w
sine qua nonstability condition for the fits. The overall azi
muthal integration (DF52p) cancels the second term i
Eq. ~1!.

III. CORRECTION FACTORS

The experimental correction factors have been determi
using a toy Monte Carlo model designed as follows. W
generate flat distributions in the variableskT

2/Q2, 1/Q2, xJ ,
using reference intervals which include the whole of the
perimental phase space~the F variable is not used in the
generation since all the cross-section measurements arF
independent!. In practice, we get the correction factors b
counting the numbers of events which fulfill the experime
tal cuts given in Table I for eachx bin. The correction factor
is obtained by the ratio to the number of events which p
the experimental cuts and the kinematic constraints, and
number of events which fullfil only the kinematic con
straints, i.e., the so-called reference bin.

The correction factors are given in Table II~a! for H1
(kT.3.5 GeV!, Table II~b! for H1 (kT.5 GeV!, and Table
II ~c! for ZEUS bins together with the value of the bin cente
determined with the full Monte Carlo simulation@21#, and
the experimental values of the cross sections.3 We note that
the correction factors are quite different from onex bin to
another and much less than one~in 1023 units!, explicitly
showing that the experimental cuts play an important role
the cross-section measurement, and that these factors
compulsory to be taken into account if we want to get
direct comparison with the theoretical cross sections.
also note that the correction factors are very much differ
from one another at very lowx, showing that the acceptanc
of these bins is quite low. This is also why it is not so easy
be able to get a correct value of the measured cross se
after cuts in those bins. We also get the same order of m
nitude for the correction factors for the H1 and ZEUS e
periments because the experimental cuts are quite sim

3Note that we did not use the full Monte Carlo program to get
correction factors in order to avoid any strong model dependenc
these factors are only due to kinematic effects. It is, however, m
difficult to use a toy Monte Carlo model to get accurate values
the bin centers, and this is why we used a full Monte Carlo progr
for this sake. However, the dependence of the theoretical cross
tion on the bin centers is minimized by our specific choice of kin
matic variables@see formula~7!#.
6-3



ly

de
H
t
s

b

n
1

ith

cal

The
and
ta,

or a
e fit

at
en
m-

w-
rs

ac-
st
ly

t

r-

lso
the

J. G. CONTRERAS, R. PESCHANSKI, AND C. ROYON PHYSICAL REVIEW D62 034006
The differences between both experiments are due main
the fact that the range inx andQ2 is much lower for H1 than
for ZEUS ~the reference bin for H1 goes to lowerQ2 com-
pared to ZEUS!.

IV. FITS

Using the kinematic correction factors determined as
scribed in the previous section, we perform a fit to the
and ZEUS data with only two free parameters. These are
effectivestrong coupling constants in the LO-BFKL formula
ā corresponding to theeffectiveLipatov interceptaP51
14log2āNC /p, and the cross-section normalization. The o
tained values of the parameters and thex2 of the fit are given
in Table III for a fit to the H1 and ZEUS data separately, a
then to the H11 ZEUS data together. Note that one H
point atkT.5 GeV (7.331024), and four ZEUS points (x

TABLE II. ~a! Average values of kinematic quantities and co
rection factors—H1kT.3.5 GeV.~b! Average values of kinematic
quantities and correction factors—H1kT.5 GeV. ~c!Average val-
ues of kinematic quantities and correction factors—ZEUSkT.5
GeV.

x s Q2 Ejet kT Corr. Factor~.1023)

0.00036 202.5 13.9 32.6 4.5 0.270
0.00073 342. 21.5 34.4 5.0 0.993
0.0012 224. 26.9 36.9 5.5 1.14
0.0017 138. 31.4 38.1 5.8 1.11
0.0024 67. 38.1 38.8 6.3 0.921
0.0035 32. 47.0 37.9 6.9 0.711

0.00036 27.5 18.0 35.9 5.5 0.108
0.00073 126. 27.0 36.5 5.8 0.695 *
0.0012 132. 32.2 37.9 6.3 0.895
0.0017 96. 34.8 39.3 6.5 0.979
0.0024 55. 40.1 39.4 6.7 0.870
0.0035 28. 48.2 39.6 7.2 0.696

0.0006 114.0 28.0 36.5 6.3 0.304 *
0.0011 96.2 39.0 38.0 6.9 0.656
0.0019 77.8 50.7 39.9 7.6 0.966
0.0033 34.4 75.6 43.8 8.7 0.996
0.006 14.1 113.6 49.6 10.4 0.995
0.01 6.53 176.4 58.5 12.9 0.896 *
0.018 2.65 244.7 67.3 15.1 0.653 *
0.031 0.65 366.8 78.8 18.8 0.373 *
03400
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54.031024, and the three highest-x points!, were not taken
into account in the fit and are distinguished in Table II w
a star. We will discuss this selection in a little while.

The x2 of the fits have been calculated using statisti
error only and are very satisfactory~about 0.6per point for
H1 data, and 1.0per point for ZEUS data!. We give both
statistical and systematic errors for the fit parameters.
values of the Lipatov intercept are close to one another
compatible within errors for the H1 and ZEUS sets of da
and indicate a preferable medium value (aP51.4–1.5!. We
also notice that the ZEUS data have the tendency to fav
higher exponent, but the number of data points used in th
is much smaller than for H1, and the H1 data are also
lower x. The normalization is also compatible betwe
ZEUS and H1. The fit results are shown in Fig. 1 and co
pared with the H1 and ZEUS measurements.

Let us discuss our selection criteria for the fits. Both lo
estx points for H1 and ZEUS show large correction facto
but only the lowestx point for ZEUS lies a bit above the
prediction, which shows the relevance of the correction f
tors we determined. On the other hand, the three highex
points for ZEUS cannot be described by a BFKL fit probab
because thex value is too high (x.1022). Consider now the
second lowerx point at kT.5 GeV for the H1 experimen

FIG. 1. The H1 data (kT.3.5 GeV,kT.5 GeV!, and the ZEUS
data are compared with the result of the fit. ZEUS data are a
displayed in logarithmic scales in vertical coordinates to show
discrepancy at highx values.
TABLE III. Fit results.

Fit ā aP Norm. (.103) x2(/d.o.f.)

H1 0.1760.0260.01 1.4460.0560.025 29.464.865.2 5.7~/9!

ZEUS 0.2060.0260.01 1.5260.0560.025 26.463.964.7 2.0~/2!

H11ZEUS 0.1660.0160.01 1.4360.02560.025 30.762.963.5 12.0~/13!
6-4
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that we suppressed from the fit@see Table II~b!#. If we in-
clude it in the fit thex2 value goes from 5.7 to 32, which i
due to the small statistical error of this data point~the sys-
tematic error is on the contrary very large!. By comparison,
including the lowestx point for ZEUS changes thex2 from
2.0 to 7.9. In the same way, including the highestx points
still increases thex2 to 67.4, showing clearly that these hig
estx points cannot be described using the BFKL formalis
It is interesting to note that all similar discrepancies app
also in other types of fitting procedures, e.g., in Ref.@22#.

V. COMPARISON WITH OTHER PROCESSES

The final result of our new determination of the effecti
Pomeron intercept isaP51.4360.025~stat.! 60.025~syst.!.
This high value of the intercept leads to the following r
marks. Our analysis confirms the trend observed us
DGLAP based Monte Carlo programs@10# which have dif-
ficulties in reproducing the forward jet cross section due t
low effective Pomeron intercept when bothkT

2 andQ2 scales
are of the same order.

On the other hand, our method allows a direct compari
of the intercept values with those obtained in other exp
mental processes, i.e.,g* g* cross sections at LEP@4#, jet-jet
cross sections at Tevatron at large rapidity intervals@3#, F2

andF2
D proton structure function measurements@14–16#. Let

us first consider the known determinations of the effect
intercepts inF2 and F2

D measurements at HERA@23#. It is
known that the effective intercept determined in these m
surements is rather low4 ~1.2–1.3!. This is the reason why
these data can be both described by a DGLAP o
BFKL-LO fit.5

Now let us consider processes initiated by two ha
probes which allow a more direct comparison between
periments and BFKL predictions. These processes supp
DGLAP evolution by selecting events with comparable ha
scales for both hard probes. Recent data ong* g* cross-
section measurements at the CERNe1e2 collider LEP @25#
lead to a BFKL description with a low effective interce
compatible with the one ofF2 and F2

D at the DESYep
collider HERA (aP51.2–1.3@4#!.6 The fact that similar val-
ues of the intercepts are found could be interpreted by s
able higher-order corrections to the BFKL equation. On
other hand, it is interesting to note that our result based
forward jet measurement at HERA obtained in compara

4It is interesting to note that the ‘‘hard’’ Pomeron intercept o
tained within the framework of two-Pomeron models@24# fits with
our determination. However, our parametrization~1! corresponds to
only one Pomeron.

5Note that in the BFKL descriptions of these data@15,16#, the
effective intercept is taken to be constant, while theQ2 dependence
comes from the BFKL integration@see, for instance, formula~1!#.

6The statistics for these data is still very low. The L3 and OP
Collaborations have released the cuts used to enhance BFKL ef
to get more statistics@25,4#. These data can be both described
BFKL and DGLAP evolution equations.
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Q2 (Q2;10 GeV2) and rapidity (Y;3 –4! domains is quite
different. The value of the intercept is significantly higher

It is also fruitful to compare our results with the effectiv
intercept we obtain from recent preliminary dijet data o
tained by the D0 Collaboration at Tevatron@3#. The mea-
surement consists in the ratioR5s1800/s630 wheres is the
dijet cross section at large rapidity intervalY;Dh for two
center-of-mass energies~630 and 1800 GeV!, Dh180054.6,
Dh63052.4. The experimental measurement isR52.960.3
~stat.! 60.3 ~syst.!. Using the Mueller-Navelet formula@2#,
this measurement allows us to get a value of the effec
intercept for this process7

R5

E
1/2 2 i`

1/2 1 i` dg

2ipg~12g!
ee(g,0)Dh1800

E
1/22`

1/21 i` dg

2ipg~12g!
ee(g,0)Dh630

. ~8!

We getaP51.6560.05 ~stat.! 60.05 ~syst.!, in agreement
with the value obtained by D0 using a saddle-point appro
mation @3#. This intercept is higher than the one obtained
the forward jet study.

The question arises to interpret the different values of
effective intercept. It could reasonably come from the diffe
ences in higher-order QCD corrections for the BFKL kern
and/or in the impact factors depending on the initial prob
(g* vs jets!. In order to evaluate the approximate size of t
higher-order BFKL corrections, we will use their descriptio
in terms of rapidity veto effects@27#. In formula ~1!, we
make the following replacement:

exp„e~g,0!Y…→Sn50
` u„Y2~n11!b…

3
@e~g,0! „Y2~n11!b…#n

G~n11!
. ~9!

The Heaviside functionu ensures that a BFKL ladder ofn
gluons occupies the (n11)b rapidity interval whereb pa-
rametrizes the strength of the NLO BFKL corrections. T
value of the leading-order intercept is fixed toap
51.75 @aS(Q

2510)50.28#, where Q2510 GeV2 is inside
the average range ofQ2 in the forward jet measurement. Th
fitted value of theb parameter obtained using the forward j
data is found to be 1.2860.08~stat.! 60.02~syst.!. Imposing
the same value ofaP with Tevatron data givesb50.21
60.11~stat.! 60.11~syst.!. Note that the theoretical value o
b for the NLO BFKL kernel is expected to be of the ord
2.4, which is also compatible with the result obtained for t

cts

7Formula ~8! is obtained after integration over the jet tranver
energies at 630 and 1800 GeV,ET1

, ET2
. We note that a noninte-

grated formula shows a sizeable dependence onET1
/ET2

, which
could be confronted with experiment@26#.
6-5
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g* g* cross section. A contribution from the NLO impa
factors is not yet known, and could perhaps explain the
ferent values ofb.

VI. CONCLUSIONS

To summarize our results, using a new method to dis
tangle the effects of the kinematic cuts from the genu
dynamical values of the forward jet cross sections at HER
we find that the effective Pomeron intercept isaP51.43
60.025~stat.! 60.025~syst.!. It is much higher than the sof
Pomeron intercept, and, among those determined in h
processes, it is intermediate betweeng* g* interactions at
LEP and dijet productions with large rapidity intervals
Tevatron.

Looking for an interpretation of our results in terms
ge

o-

.

.

s a
-

s.

n

nd

03400
f-

n-
e
,

rd

higher-order BFKL corrections expressed by rapidity gap
toesb between emitted gluons, we find a value ofb51.3,
which is sizeable but less than the theoretically predic
@12# value for the NLO BFKL kernel (b52.4). The observed
dependence in the process deserves~further! more precise
studies@28#.

Last but not least, the derivation of the correction facto
given in Table II is independent of the theoretical input a
could be used to test any model suitable for the jet cr
section.
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