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Angular and momentum asymmetry in particle production at high energies
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Angular asymmetry and momentum disbalance for a pair of particles produced at high energy in the central
rapidity region are studied. The asymmetry is substantial for small momenta of produced particles but dimin-
ishes when they rise.

PACS number~s!: 13.85.Fb, 13.85.Hd
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I. INTRODUCTION

The QCD description of the final state in high-energy p
cesses is one of the most important subjects in strong in
action physics. Of special interest is the analysis of the fi
state formation at high energies, where one should resum
contributions logarithmic in energy~Bjorken x). This prob-
lem has drawn considerable interest and was studied
number of recent publications@1,2#.

In the approach traditionally applied for describing t
final state in high-energy hadron collisions, that of colline
factorization, the final state is produced with a zero to
transverse momentum. In particular for a two-particle fin
state this means that these particles leave the collision p
in opposite directions and have equal absolute values of t
transverse momenta. We will refer to such a configuration
symmetric and will consider any deviation from it as asy
metry. The value of the asymmetry can be used as the m
sure of the departure from the collinear factorization show
the limit of its applicability. To quantify the effects related
the nonvanishing total transverse momentum of the fi
state one has to use an approach in which the transv
momenta of incoming partons are not neglected. Let us n
that in a number of recent experiments on diphoton@3#, p0

and direct photon@4# production a substantial discrepan
between the data, and predictions of collinearly factoriz
next leading order~NLO! QCD was observed. Taking int
account the intrinsic transverse momenta of order of 122
GeV substantially improves this situation. The results of R
@4# also show sufficiently broad angular distribution inp0

production.
The paper is organized as follows. In the next section

high energy factorization will be reviewed and compar
with the collinear factorization one. In Sec. III numeric
results for the shape of the final state containing two partic
in the central rapidity region are presented. The derivation
the expressions for the cross sections used in our calcula
can be found in the Appendixes. In Sec. IV we summar
the results and present our conclusions.
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II. COLLINEAR AND HIGH ENERGY FACTORIZATION

Collinear factorization@5# is a method of describing the
strong interaction processes by factorizing the contribution
physical cross sections into the product of partons distri
tions f a(x,k2) parametrizing both the nonperturbative info
mation about the hadron and perturbative evolution star
from some specific initial condition and perturbative cro
sections corresponding to the scattering of the parton flu
In this approach the prehistory of colliding partons is entire
determined by structure functions while partons themsel
are supposed to be on-shell particles. The cross section
two-particle ~jet! production to the lowest perturbativ
~Born! order is

ds

dk2dy1dy2

5x1f a~x1 ,k2!
dŝab

dt
x2f b~x2 ,k2!, ~1!

where the sum over parton typesa,b is assumed andx1,2

5k'(e6y11e6y2)/AS, where AS is an invariant collision
energy.

In this approach it is assumed that

LQCD!k';xAS;AS ~2!

indicating that one can apply perturbative QCD and t
there is only one big logarithm to take into account, that
ln(k2/LQCD

2 ). Resummation of the powers of this logarith
@i.e., ;as

nlnn(k2/LQCD
2 )] leads to structure functions depen

ing on k2 and is performed by Dokshitzer-Gribov-Altarell
Parisi ~DGLAP! evolution equation@6#.

The situation changes at largeS when one reaches th
kinematic region

LQCD!k';xAS!AS. ~3!

Under these conditions another big logarithm ln(1/x) exists.
Resummation of powers of this logarithm can become m
important than the one of ln(k2/LQCD

2 ). The resummation of
the leading energy logarithms for the structure function
described by the Balitskii-Fadin-Kuraev-Lipatov~BFKL!
equation@7#.
©2000 The American Physical Society09-1
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ANDREI LEONIDOV AND DMITRY OSTROVSKY PHYSICAL REVIEW D 62 094009
In this kinematical region the transverse momenta of
incoming parton fluxes can no longer be neglected. To t
them into account a new approach called ‘‘k' factorization’’
was proposed in Ref.@8#. Extensive description of the
method and various applications can be found in Ref.@9#.
Let us note that this method wasde factoused earlier in Ref.
@10#.

The method ofk' factorization is based on considerin
‘‘partons’’ with nonzero transverse momentum and being
contrast to the collinear factorization case, off-mass s
particles. Calculation of physical cross sections require
generalization of the conventional picture of parton flux
described by usual parton structure functions. To this aim
unintegrated gluon distributionf(x,q' ,k) is introduced:

xg~x,k2!5Ek2dq'
2

q'
2

f~x,q' ,k!, ~4!

wheref/q2 is proportional to the probability of finding th
incident parton with longitudinal momentum compone
xpa (pa is a momentum of initial particle! and transverse
momentumq' . It is important to stress that unintegrate
structure function depends not only upon the momentum
particle to which it corresponds,q, but also on the globa
off-mass shellness of the processk2. This is in fact a genera
property of distributions in quantum theory—the probabil
of a particular event depends not only on its parameters,
also on the global characteristics of the event ensemble.

The particular interrelation between the unintegrated
integrated structure functions depends on the evolution e
tion that the integrated distribution solves. For the DGLA
evolution @6# the unintegrated structure function can be e
pressed through the integrated one as follows@23#:

f~x,q' ,k!5S as

2pEx

12q' /kdz

z
Pgg~z!xgS x

z
,q'

2 D CTg~q' ,k!,

~5!

whereTg is the Sudakov form factor@24# for gluon

Tg~q' ,k!

5expS 2E
q'

2

k2as~p'!

2p

dp'
2

p'
2 (

i 5g,q,q̄
E

0

12q' /k

Pig~z!dzD
~6!

@for Pgg in the last expression one should substitutePgg(z)
→zPgg(z) in account of gluons identity#. In a double loga-
rithmic approximation Eqs.~5!,~6! coincide with the DDT
formula @25#.

For BFKL evolution@7# the correspondence between i
tegrated and unintegrated structure functions takes a sim
form

f~x,q'![f~x,q' ,q'!5
]xg~x,q'

2 !

] ln q'
2

. ~7!
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This results from the absence of strongq' ordering in BFKL
ladder.

From the practical point of view, Eqs.~5!,~6! differ sub-
stantially from Eq.~7! only for q'!k implying the presence
of a big logarithmic contribution} lnk2/q'

2 . Therefore we can
in fact use Eqs.~5!,~6! for both types of QCD evolution.

The calculation of a cross section with virtual collidin
particles presents a highly nontrivial problem. The first d
ficulty lies in the correct summation over polarization sta
of the incident off-shell ‘‘partons.’’ Another problem is th
presence of bremsstrahlung from initial and final states
colliding particles. The derivation of the relevant cross s
tions is outlined in Appendix A.

More specifically, the transverse~high energy! factoriza-
tion is based on considering the 2→n12 process cross sec
tion with a large rapidity gap between the two final particl
providing a full rapidity interval for the process under co
sideration which are almost collinear to the incident ones
n particles emitted into the central rapidity region@the so-
called quasi-multi-Regge kinematics~QMRK! @11,12##. Note
that only the amplitude with on-shell and physically pola
ized ingoing and outgoing particles has precise gauge inv
ant meaning and only such expressions can be used in
culating the cross section. Large rapidity gaps provide
separation between quantities related to the incident parti
and those describing the hard cross section of parton pro
tion in the central region.

Let us, for example, consider the processgg→ggg in the
limit of high energy

gg→ggg

dsgg→ggg

d2k'dy

5
4Nc

3as
3

p2~Nc
221!

E d2q1'

q1'
2

d (2)~q1'1q2'2k'!

k'
2

d2q2'

q2'
2

~8!

with q1,25pa,b2pa,b8 .
This equation demonstrates the above mentioned fac

ization of the cross section. The first, second, and third f
tors under the integral correspond topa→pa8 ,q1 splitting,
q1 ,q2→k ‘‘scattering’’ and pb→p28 ,q2 splitting, respec-
tively.

The factors related to the splitting of the incident partic
should further be converted to structure functions. One
do it in two steps. The first step, transformation to the fo
factors, is quite straightforward@13#. In the second step we
have to account for corrections due to radiation along
9-2
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ANGULAR AND MOMENTUM ASYMMETRY IN PARTICL E . . . PHYSICAL REVIEW D 62 094009
directions of incident particles and replace form factors
unintegrated structure functionsw(x,q' ,k) with x deter-
mined by kinematics.

The cross sections for producingn50,1,2 particles in the
central region read

s05
~2p!2

Nc
221

E d2q'

w~x,q'!

q'
2

w~x,q'!

q'
2

x5q'
2 /S, ~9!

ds1

d2k'dy

5E d2q1'd2q2'

w~x1,0,q1' ,k'!

q1'
2

dŝ1

dk'
2

w~x2,0,q2' ,k'!

q2'
2

,

dŝ1

dk'
2

5
4Ncas

Nc
221

d (2)~q1'1q2'2k'!

k'
2

, ~10!

x1,05k'ey/AS, x2,05k'e2y/AS;

gg→gggg,

ds2

d2k1'd2k2'dy1dy2

5
1

p2E d2q1'd2q2'

3
w~x1 ,q1' ,k'!

q1'
2

dŝ2

d2k1'd2k2'

w~x2 ,q2' ,k'!

q2'
2

,

k'5k1'1k2' ,

dŝ2

d2k1'd2k2'

5
2Nc

2as
2

Nc
221

d (2)~q1'1q2'2k1'2k2'!

q1'
2 q2'

2
A,

~11!

x15~k1'ey11k2'ey2!/AS, x25~k1'e2y11k2'e2y2!/AS.

The expression forn50 corresponds to the total cross se
tion in the two gluon exchange~Low-Nussinov! approxima-
tion. Let us note that the kinematics of Eq.~3! is not quite the
09400
y

-

one in Eq.~9!. Having no k' in this process we have to
restrict directly q' . In Eq. ~9! q'5AxS while it is q'

;xAS that is given by Eq.~3!.
The case of one gluon production in the central reg

(n51) was studied in a number of publications, e.g., Re
@13,14#.

A part of the analytical expression forA ~for gg→gg
subprocess! has recently been published in Refs.@12,15#. A
similar quantity for gg→qq̄ subprocess can be found i
Refs. @12,16#. The derivation of the explicit expressions
outlined in the Appendixes A and B. Let us note that t
formula for gg→qq̄ cross section from Ref.@16# coincides
with the analogous formula in Ref.@9# ~in the limit of mass-
less quarks! obtained by direct application ofk' factoriza-
tion.

For practical applications of the equations Eqs.~9!,~11!
we should understand the overall normalization of the o
shell cross sections to the usual on-shell one arising in
linear factorized formalism. The normalization can be d
duced from considering the smallq' limit in Eq. ~11!.
Physically, we have to return to Eq.~2! and choose the struc
ture functions being extremely narrow functions ofq' and
integrate outd2q1' and d2q2' . There is no contradiction
with Eq. ~2! becauseq'!k' . Certainly, we must put
q1' ,q2'50 in ŝ2 Eqs. ~11!, ~B2!, ~B3!. As it is follows
from Appendix A,A is proportional toq1'

2 q2'
2 so this limit

for ŝ2 is correct. After this substitution and integration ov
k2' Eq. ~1! appears with the structure functions from Eq.~4!

and with the correctdŝ/dt. Consequently, normalization o
Eqs.~9!,~11! is also correct. Let us emphasize that the in
gration overd2q1' andd2q2' includes averaging over angu
lar orientations ofq1' andq2' in the transverse plane whe
arriving at the final expression forŝ2. This averaging is
similar to the averaging over initial gluon polarizations
getting the usual expression for the cross section of th
→2 elastic scattering.

III. ANGULAR AND MOMENTUM ASYMMETRY OF
PARTON PRODUCTION AT CENTRAL RAPIDITY

The most interesting predictions of the high-energy fa
torization are of course those going beyond the collinear f
torization framework. The simplest situation corresponds
the production of a single particle in central rapidity regi
described in the first order inas Eq. ~10!. This process was
first studied in Ref.@13# and later in many publications, se
e.g., Ref.@14#.

In this paper we concentrate our attention on another
portant feature of the high-energy factorization. From E
~11! it is obvious that, in contrast with the collinear facto
ization case, the two partons produced in the central rapi
region are not necessarily going in opposite directions~back-
to-back!. Another important issue is that the absolute valu
of the momenta of outgoing partons are not necessa
equal. We will refer to these properties as angular and m
mentum asymmetries, respectively.
9-3
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The same characteristics of the two-particle product
were studied in Ref.@17# in the case where the produce
particles are separated by the large rapidity gap. The ang
and momentum asymmetries considered in Ref.@17# are due
to the presence of BFKL ladder filling the gap between
produced particles. Let us stress, that in this paper we s
the two-particle decorrelation in a relatively small cent
rapidity interval. The rapidity gap, discussed in Ref.@17#, is
thus absent and decorrelation effects are exclusively du
off-shellness of the two generalized parton fluxes merging
a particle-producing vertex.

Our approach is similar to that in Ref.@20#, where a
multi-Regge limit for A was considered, A
5q1'

2 q2'
2 /k1'

2 k2'
2 ~see Appendix B!. In this form A has no

intrinsic angular and momentum correlations~see below!.
Moreover, the contributions fromA and the structure func
tions tos2 @see Eq.~11!# factorize ands2 depends on struc
ture functions only via gluon-gluon luminosity function@23#.
The latter contains practically all information about partic
correlations.

A large number of independent variables in Eq.~11!
makes it difficult to visualize the pattern of particles em
sion. Therefore we will use the less differential ones, in p
ticular the angular asymmetry

ds2

dDf dy1dy2
U

k0

5pE ds2

d2k1'd2k2'dy1dy2

dk1'
2 dk2'

2 ,

~12!

whereDfP@0,p# is the angle between particles. Integrati
over k1' and k2' requires introducing the infrared cuto
limit k0. The shape of asymmetry is sensitive to the cho
value of k0. In the normalization of Eq.~12! and in forth-
coming Eq.~15! we took into account particles identity~even
for quarks we do not distinguish betweenq and q̄).

In order to perform actual calculations one needs
choose the unintegrated structure functions entering E
~9!,~11!. In principle they should be chosen as solutions
the NLO BFKL equation@18# or its nonlinear generalization
@19# ~also taking into account form factors arising from no
compensating real and virtual corrections!. Leaving this
analysis for the future, let us note, that the minimal requ
ment surely has to be that whatever expression for the u
tegrated distribution is used, it should not contradict the
formation from deep inelastic scattering, i.e., that
integrated structure function. This fixes the distribution in t
limit q'5k' , wheref(x,q' ,q')5f(x,q') @see Eq.~7!#.
In our numerical calculations we have used the unintegra
gluon structure functions corresponding to integra
CTEQ5M @21# and Askew-Kwiecinski-Martin-Sutton~AKMS!
@22# fitted as in Ref.@14#. Forq',k' the unintegrated struc
ture functionf(x,q' ,k') was determined according to Eq
~5!,~6!. In the final distributions we sum over gluon an
quark (nf55) pair contributions~in fact, the contribution
due to quark pair production is less than 3% of that due
gluons!.

In Fig. 1 we show differential cross section~12! with
y1,25y07Dy/2 for y050 and DyP@0,2# and with k052
09400
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GeV. From now on figures marked by~a!, ~b! are calculated
with CTEQ structure functions, the marked by~c!, ~d! are
calculated with AKMS structure functions; figures with la
bels ~a!, ~c! correspond toAS51.8 TeV, while those with
labels~b!, ~d! correspond toAS514 TeV.

The most striking feature of this cross section that ma
it different from the collinear factorized one is the appe
ance of the collinear singularity atDy,Df→0. This singu-
larity is just a well-knowns-channel one and is in turn
reflection of the presence of one particle production proc
Eq. ~10!. Moreover, the behavior of the two-particle produ
tion ~11! near the above-described collinear singularity c
be presented in the following decomposed form. Introduc
r 25Dy21Df2, k'5k1'1k2' , z5k1 /k ~sincek1 and k2
are collinear this definition is unambiguous! and taking the
limit r→0, we get

ds2

d2k'dy0drdz
5

ds1

d2k'dy0

1

r

as

p
@Pgg~z!12nf Pqg~z!#,

with one particle production cross section as defined in
~10!. Pgg andPqg are the standard Altarelli-Parisi kernels@6#
~the factor of 2 beforePqg is due to identical treatment o
quarks and antiquarks in our approach!. From Fig. 1 we can
conclude, that the dependence of the asymmetry on the s
ture function is quite pronounced; see corresponding up
and lower panels. For AKMS structure functions the angu
distribution is noticeably wider than for CTEQ ones. This
the reflection of the fact that AKMS structure function
broader than CTEQ one if compared at some fixed value
x. The dependence of angular asymmetry on c.m.s. collis
energy is, as seen from Fig. 1, relatively weak.

In Fig. 2 we take a closer look at the angular asymme
by plotting the two-dimensional cross sections of the plots
Fig. 1 for fixed values ofDy, i.e. study the dependence o
Eq. ~12! on f for different values ofDy where

r~Df!;
ds2

dDf dy1dy2

is normalized according to

E dDf

p
r~Df!51 ~13!

for each value ofDy. A substantial deviation ofr from the
back-to-back shape, for whichr;d(Df2p), is obvious.
From Fig. 2 we see that the asymmetry grows with incre
ing collision energy, although the growth is not pronounc
Using different structure functions affects the shape of
asymmetry distribution much stronger than changing the c
lision energy.

When the cutoffk0 increases, the kinematic interval E
~3! narrows and the two outgoing particles tend to app
back-to-back. This dependence is clear from Fig. 3 wh
r(Df) is shown forDy51 and several values ofk0.

We see that whenk'@qchar, whereqchar is a characteris-
tic transverse momentum carried by the parton fluxes,
are predominantley produced at smalldf5p2Df. This
9-4
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FIG. 1. Cross section Eq.~12!
calculated fork052 GeV, y050
and DyP@0,2#: ~a! with CTEQ5M

structure functions,AS51.8 TeV,
~b! with CTEQ5M structure func-
tions, AS514 TeV, ~c! with
AKMS structure functions,AS
51.8 TeV, ~d! with AKMS struc-
ture functions,AS514 TeV. The
cross sections depicted in all fig
ures are calculated for uninte
grated structure functionsCTEQ5M

@21# and AKMS @22# with con-
stant as50.2. Gluon and quark
contributions ~with nf55) are
added up.
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regime was studied in DLA in Ref.@25#. According to Ref.
@25# the ~normalized! azimuthal asymmetry indf!1 do-
main is given by

r~df!;
1

df

d

ddf
Tg

2~df! ~14!

with Tg(df)5Tg(df k0 ,k0) @see Eq.~6!#. From Eqs.~6!
and~14! it is obvious that the rapid growth ofr with dimin-
ishing df stops atdf* 'exp(2p/6as). Numerically, for
as50.18 ~this value of strong coupling was used inCTEQ5M

calculation fork520 GeV!, df* '531022, in agreement
with Fig. 3. Note that contrary to DLA in our approach th
value ofr for df,df* is not decreasing. The reason is th
in our case there is no scaling leading to Eq.~14!. In Fig. 3
the effect of saturation is manifest not forr(df) itself, but
for its derivative, i.e., for the corresponding characteris
angle.

Turning now to the analysis of the momentum asymme
let us consider the cross section integrated over the ang
variables:
09400
t

c

y
lar

ds2

dk1'dk2'dy1dy2
52k1k2E ds2

d2k1'd2k2'dy1dy2

df1df2 .

~15!

For y1,2560.5 andk1,2'P@2,20# GeV this cross section is
plotted in Fig. 4. From this figure we see that, in a char
teristic event,k1' andk2' are not equal. The dominant tren
can be described as a decrease of the cross section
growingk' . However, for the values ofk1,2' of order of, or
higher than 10 GeV, the correlation pattern is no longer po
erlike. Finally, let us note that the momentum asymme
shows a significant dependence on the choice of the struc
function and on c.m.s. collision energy.

IV. CONCLUSIONS

Angular and momentum asymmetry is a characteris
feature of particle production in the semihard kinematic
gion. When the momenta of produced particles are of
same order as the characteristic transverse momenta ca
by the generalized off-shell partonic fluxes described by
9-5
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FIG. 2. Angular asymmetryr(Df) for k052 GeV, y050, andDy50.5,1,2. Specific parameters for~a!–~d!, same as above.
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unintegrated structure function, the angular distribution
particles shows significant deviations from the conventio
back-to-back picture. The asymmetry dies away when
transverse momenta of produced particles are, corresp
ingly, much larger than the intrinsic ones. The moment
asymmetry pattern is somewhat different due to rapid gro
of the cross section with decreasing momenta. Neverthe
some reflection of momentum balance in the case of r
tively high momenta shows itself through local cross sect
deviation from powerlike regime around the point where
transverse momenta of produced particles are equal.
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APPENDIX A: PARTICLE PRODUCTION IN QMRK

As mentioned before the QMRK regime is that in whic
the incident particles scatter at parametrically small an
producing particle~s! in the central rapidity region. The lead
ing contribution to the scattering amplitude in this kinem
ics has the form~in the Feynman gauge! @12#

A2→n125g2Ga
i 1

1

q1
2

pa
m1Mm1m2

i 1i 2 pb
m2

1

q2
2
Gb

i 2 , ~A1!

whereG is a ~helicity conserving! vertex andi stands for the
adjoint representation index. The incident particles have
tial momentapa and pb and the final onespa85pa2q1 and
pb85pb2q2:
9-6
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FIG. 3. Angular asymmetryr(Df) for y1,2560.5 andk054,8,12,16 GeV. Specific parameters for~a!–~d! are the same as earlier.
ts
pa85~12x1!pa2q1'2
2q1'

2

~12x1!S
pb ,

pb85~12x2!pa2q2'2
2q2'

2

~12x2!S
pa ,

wherepapb5S/2. In the QMRK approximation one neglec
09400
the terms proportional topb in pa8 and proportional topa in
pb8 . Now

q15x1pa1q1' , q25x2pb1q2' ,

andq1
25q1'

2 andq2
25q2'

2 .
9-7
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FIG. 4. Momentum asymmetry Eq.~15! for y1,2560.5. Specific parameters for~a!–~d! same as above.
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The explicit expression forG depends on the nature o
incident particles. For example, if the incident particlea is a
gluon the vertex has the form

Ga
i 52 f aa8

i gaa8e
a~pa!ea8~pa8!,

where f aa8
i is gauge algebra structure constant ande is the

gluon polarization vector. For quark scattering

Ga
i 52tAA8

i ū~pa!
p” b

S
v~pa8!,

wheretAA8
i is now a matrix in fundamental representation

In general, color structure of Eq.~A1! can be presented a
Ta

i 1T . . .
i 1i 2Tb

i 2 where differentT’s are color algebra generato
09400
in appropriate representation~ellipses denote color indices o
particles produced in the central rapidity region!. The corre-
sponding factor in the cross section reads

tr~Ta
i 1T

a

i 18!tr~T . . .
i 1i 2T

. . .
i 18 i 28 !tr~Tb

i 2T
b

i 28!.

Using the well known property of irreducible represen

tions, tr(Ta
i 1T

a

i 18);d i 1i 18, the summation over final and ave
aging over initial color indices can be converted into t
averaging overi 1 and i 2 indices inMm1m2

i 1i 2 in Eq. ~A1! with

appropriate factors included intoG ’s ~and thus into structure
function definition!. As these additional factors are com
pletely independent of the structure ofM we are having un-
ambiguous determination of the factorization of the cro
9-8
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section into structure functions and a generalized cross
tion for the scattering of virtual particles described by the
The correct normalization is, in particular, crucial for getti
a correct limit of collinear factorization in which the har
cross section for the scattering of on-shell particles descr
by the usual~‘‘integrated’’! structure functions should hav
correct color factors built in.

When particles produced include gluons the amplitu
Mm1m2

gets contributions not only from diagrams of 2→n

12 type withn lines attached to thet-channel gluon, but also
from diagrams with bremsstrahlung frompa (pa8) and
pb (pb8) lines. These can be written in the form of Eq.~A1!
but, having no gluon with momentumq1 (q2) in the t chan-
nel, give contribution toM proportional toq1'

2 (q2'
2 ). Thus

the amplitudeMm1m2
has the form

Mm1m2
5Mm1m2

(1) 1
q1

2

x1x2S
Mm1m2

(2) 1
q2

2

x1x2S
Mm1m2

(3)

1
q1

2q2
2

~x1x2S!2
Mm1m2

(4) .

Note that if even one of then particles is a gluon produce
by bremsstrahlung frompa ~or pa8) the corresponding dia
gram contributes toM (2). In the collinear factorization limit
only theM (1) contribution survives.

Our next goal is to show that the amplitudeM can be
rewritten in such a way, that the nonsense polarizati
dominating the fluxes coming to the hard vertex can eff
tively be traded for the transverse ones, providing a basis
interpreting the hard block contribution as a~modified! cross
section. To do this let us consider the amplitudeA2→n12 in
the axial gauge with the gauge vector lying in (pa ,pb) plane,
n5apa1bpb . In this gaugeG ’s do not change and the nu
merator of the gluon propagator is

dmn~q!5gmn2
nmqn1qmnn

nq
1n2

qmqn

~nq!2
.

It is straightforward to check that the following importa
relations hold:

pa
mdmn~q1!52

1

x1
q1',n , pb

mdmn~q2!52
1

x2
q2',n .

~A2!

Let us now inspect how the structure ofpa
m1Mm1m2

pb
m2

changes in this gauge

pa
m1Mm1m2

(1) pb
m2→pa

m1dm1

n1 ~q1!M n1n2

(1) dm2

n2 ~q1!pb
m2 ,

pa
m1Mm1m2

(2) pb
m2→pa

m1Mm1n2

(2) dm2

n2 ~q1!pb
m2 ,

pa
m1Mm1m2

(3) pb
m2→pa

m1dm1

n1 ~q1!M n1m2

(3) pb
m2 , ~A3!

pa
m1Mm1m2

(4) pb
m2→pa

m1Mm1m2

(4) pb
m2 ,
09400
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whereM ( i ) have to be calculated in the new gauge. Now o
can presentM (2), M (3), andM (4) as follows:

M̃m1m2

(2) 52
q1',m1

x2

pa
n1

S
M n1m2

(2) ,

M̃m1m2

(3) 52
q2',m2

x1
Mm1n2

(3)
pb

n2

S
,

M̃m1m2

(4) 52
q1',m1

x2

q2',m2

x1

pa
n1

S
M n1n2

(4)
pb

n2

S
.

Using Eq.~A2! we obtain

pa
m1Mm1m2

pb
m2→

q1'

m1

x1
M̃m1m2

q2'

m2

x2
,

where

M̃5M (1)1M̃ (2)1M̃ (3)1M̃ (4).

The amplitudeA2→n12 projected onto the physical state
of incoming and outgoing particles is, of course, gauge
variant. While gauge transformations do not changeGa,b
~when transforming from the covariant to the axial gaug!
the pa

m1Mm1m2
pb

m2 projected onto the physical polarization
of outgoing particles also remains the same@see Eq.~A3!#.
This proves one can rewriteMm1m2

in the form where the

t-channel gluons having momentaq1' and q2' are having
transverse polarizations in the original covariant gauge w
the amplitude is projected onto the physical subspace.

APPENDIX B: CROSS SECTIONS OF PAIR PRODUCTION
IN HIGH ENERGY FACTORIZATION

Let us introduce the following notations:

s52@k1k2 cosh~Dy!2k1'k2'#,

t52~q1'2k1'!22k1k2eDy,

u52~q1'2k2'!22k1k2e2Dy,

S5x1x2S5k1
21k2

212k1k2 cosh~Dy!,

where k15Ak1'
2 , k25Ak2'

2 and k1'k2' is a dot product
with the 2D Euclidean metric. The combined contribuio
from gluons and quarks~fermions! to gg scattering has the
form @see Eq.~11!#

A5Agluons1
nf

4Nc
3
Afermions. ~B1!

1. gg\gg

Agluons5A11A2 ,
9-9
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A15q1
2q2

2X2
1

tu
1

1

4tu

q1
2q2

2

k1
2k2

2
2

eDy

4tk1k2
2

e2Dy

4uk1k2
1

1

4k1
2k2

2

1
1

S
2

2

s F11k1k2S 1

t
2

1

uD sinh~Dy!G1
1

2k1k2

3S 11
S

s D cosh~Dy!2
q1

2

4s F S 11
k2

k1
e2DyD1

t

1S 11
k1

k2
eDyD 1

uG2
q2

2

4s F S 11
k1

k2
e2DyD1

t

1S 11
k2

k1
eDyD 1

uGC, ~B2!

A25
1

2 H S ~k1'2q1'!2~k2'2q1'!22k1
2k2

2

tu D 2

2
1

4 S ~k2'2q1'!22k1k2e2Dy

~k2'2q1'!21k1k2e2Dy
2

E

s D
3S ~k1'2q1'!22k1k2eDy

~k1'2q1'!21k1k2eDy
1

E

s D J ,

E5~q1'2q2'!~k1'2k2'!2
1

S
~q1

22q2
2!~k1

22k2
2!

12k1k2sh~Dy!S 12
q1

21q2
2

S D .
09400
2. gg\qq̄

Afermions5Nc
2A1 f1A2 f ,

A1 f5H 2
q1

2q2
2

sS F11k1k2sinh~Dy!S 1

t
2

1

uD G
2S ~k1'2q1'!2~k2'2q1'!22k1

2k2
2

tu D 2

1
1

2 S ~k2'2q1'!22k1k2e2Dy

~k2'2q1'!21k1k2e2Dy
2

E

s D
3S ~k1'2q1'!22k1k2eDy

~k1'2q1'!21k1k2eDy
1

E

s D J ~B3!

and

A2 f5H S ~k1'2q1'!2~k2'2q1'!22k1
2k2

2

tu D 2

2
q1

2q2
2

tu J ,

whereE is the same as for gluons. In multi-Regge kinemat
only term leading inDy→` survives and

AMRK5AMRK, gluons5
q1

2q2
2

k1
2k2

2
.
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