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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 numbgs): 13.85.Fb, 13.85.Hd

I. INTRODUCTION II. COLLINEAR AND HIGH ENERGY FACTORIZATION

Collinear factorizatio{5] is a method of describing the
; ) . . ~ = strong interaction processes by factorizing the contribution to
Cesses IS one of the most important subjects In strong inte bhysical cross sections into the product of partons distribu-
action physics. Of special interest is the analysis of the fin ions f,(x,k?) parametrizing both the nonperturbative infor-

state_forr_natlon at h'gh energies, wh_ere one shou_ld resum tr}ﬂation about the hadron and perturbative evolution starting
contributions Iogarlthmlc n engrg@BJorken x). This prpb— . from some specific initial condition and perturbative cross
lem has drawn considerable interest and was studied in & ions corresponding to the scattering of the parton fluxes.
number of recent pubhcgpor[sl.,Z]. . - In this approach the prehistory of colliding partons is entirely
i In the "’?ppr_oa‘:h traditionally appl_le_d for descnbmg thedetermined by structure functions while partons themselves
final state in high-energy hadron collisions, that of colhnearare supposed to be on-shell particles. The cross section for

factorization, the final state is. produced with a zero t.Otaltwo—particIe (jet) production to the lowest perturbative
transverse momentum. In particular for a two-particle final Born) order is

state this means that these particles leave the collision point

The QCD description of the final state in high-energy pro-

in opposite directions and have equal absolute values of their q da

transverse momenta. We will refer to such a configuration as T st (x¢,K2) Tab, s (X,,k2) 1)
. . . . . 2 1talAls d 21b\A2, ’

symmetric and will consider any deviation from it as asym- dk“dy,dy, t

metry. The value of the asymmetry can be used as the mea-

sure of the departure from the collinear factorization showingyhere the sum over parton typesb is assumed and; ,

the limit of its appllcablllty To quantify the effects related to = kl(ety1+ etyz)/\/é, where \/é is an invariant collision
the nonvanishing total transverse momentum of the finagpergy.

state one has to use an approach in which the transverse | thjs approach it is assumed that

momenta of incoming partons are not neglected. Let us0 note,

that in a number of recent experiments on diphdt®h = e N

and direct photori4] production a substantial discrepancy Aqeo<ks xS~ S @
between the data, and predictions of collinearly factorize
next leading ordefNLO) QCD was observed. Taking into
account the intrinsic transverse momenta of order of21
GeV substantially improves this situation. The results of Ref
[4] also show sufficiently broad angular distribution ?

qndicating that one can apply perturbative QCD and that
there is only one big logarithm to take into account, that is
In(kzlAéCD). Resummation of the powers of this logarithm
li.e., ~a2ln”(k2/AéCD)] leads to structure functions depend-
production. ing onk? and is performed by Dokshitzer-Gribov-Altarelli-

The paper is organized as follows. In the next section th&arsi (D,GLAI,D) evolution equatiori6].
high energy factorization will be reviewed and compared . The situation changes at largewhen one reaches the
with the collinear factorization one. In Sec. Il numerical Kinematic region
results for the shape of the final state containing two particles
in the central rapidity region are presented. The derivation of Agcp< kL~X\/§< Vs. (©)
the expressions for the cross sections used in our calculations
can be found in the Appendixes. In Sec. IV we summarizeéUnder these conditions another big logarithm Irfléxists.
the results and present our conclusions. Resummation of powers of this logarithm can become more
important than the one of Ih%/AéCD). The resummation of
the leading energy logarithms for the structure function is
*Email address: leonidov@td.Ipi.ac.ru described by the Balitskii-Fadin-Kuraev-Lipato{BFKL)
TEmail address: ostrov@td.Ipi.ac.ru equation[7].
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In this kinematical region the transverse momenta of theThis results from the absence of stramgordering in BFKL
incoming parton fluxes can no longer be neglected. To takéadder.
them into account a new approach calldd “factorization” From the practical point of view, Eq$5),(6) differ sub-
was proposed in Ref[8]. Extensive description of the stantially from Eq.7) only for q, <k implying the presence
method and various applications can be found in Ref. of a big logarithmic contributionclnkzqu. Therefore we can
Let us note that this method was factoused earlier in Ref. in fact use Eqs(5),(6) for both types of QCD evolution.
[10]. The calculation of a cross section with virtual colliding
The method ofk, factorization is based on considering particles presents a highly nontrivial problem. The first dif-
“partons” with nonzero transverse momentum and being, inficulty lies in the correct summation over polarization states
contrast to the collinear factorization case, off-mass shelbf the incident off-shell “partons.” Another problem is the
particles. Calculation of physical cross sections requires @resence of bremsstrahlung from initial and final states of
generalization of the conventional picture of parton flux ascolliding particles. The derivation of the relevant cross sec-
described by usual parton structure functions. To this aim afions is outlined in Appendix A.
unintegrated gluon distributiosh(x,q, ,k) is introduced: More specifically, the transvergbigh energy factoriza-
tion is based on considering the-h+2 process cross sec-
k2dg? tion with a large rapidity gap between the two final particles
XQ(X,k2)=J — (X0, k), (4)  providing a full rapidity interval for the process under con-
a. sideration which are almost collinear to the incident ones and
n particles emitted into the central rapidity regifihe so-
yvhgre dlg? is prop_ortional .to the probability of finding the ¢gjled quasi-multi-Regge kinematit®MRK) [11,12]. Note
incident parton with longitudinal momentum componentthat only the amplitude with on-shell and physically polar-
XPa (Pa is @ momentum of initial particleand transverse jzed ingoing and outgoing particles has precise gauge invari-
momentumg, . It is important to stress that unintegrated gnt meaning and only such expressions can be used in cal-
structure function depends not only upon the momentum ofy|ating the cross section. Large rapidity gaps provide a
particle to which it correspondsj, but also on the global separation between quantities related to the incident particles
off-mass shellness of the procéss This is in fact a general  and those describing the hard cross section of parton produc-
property of distributions in quantum theory—the probability tjon in the central region.
of a particular event depends not only on its parameters, but | et ys, for example, consider the process—ggg in the
also on the global characteristics of the event ensemble.  |imit of high energy
The particular interrelation between the unintegrated and
integrated structure functions depends on the evolution equa- P,
tion that the integrated distribution solves. For the DGLAP
evolution[6] the unintegrated structure function can be ex-
pressed through the integrated one as follp2&:

ag (1-a./kdz X
o0, .k>=(ﬁfx Zpagzx| 5,07 | JTola K,
5
whereTg is the Sudakov form factdr4] for gluon gg—ggg
Tg(a, k) dogg—ggg
2
F{ szas(pﬂ dpi s 1—ql/kP 2 ) d<k, dy
=exp — — ig(2)dz
o 27 p? i=g.0.q 70 N _ 4NZa f d?qy, 8@(qq, +aa —k,) d?a,, ®)
() m(Ne-1)J) a3, k 03,
[for Pyq in the last expression one should substitBg(z) With 01 5= Pa,b— Pap-
—2Py4(2) in account of gluons identily In a double loga- This equation demonstrates the above mentioned factor-
rithmic approximation Eqs(5),(6) coincide with the DDT ization of the cross section. The first, second, and third fac-
formula[25]. tors under the integral correspond pg— p;,q; splitting,

For BFKL evolution[7] the correspondence between in- q;,9,—k “scattering” and p,—p5,q, splitting, respec-
tegrated and unintegrated structure functions takes a simpléively.

form The factors related to the splitting of the incident particles
should further be converted to structure functions. One can
Ixg(x,°) do it in two steps. The first step, transformation to the form
d(X,q9.)=d(X,q,,9,)= > (7)  factors, is quite straightforward.3]. In the second step we
aulen have to account for corrections due to radiation along the
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directions of incident particles and replace form factors byone in Eq.(9). Having nok, in this process we have to

unintegrated structure functions(x,q, ,k) with x deter-
mined by kinematics.

The cross sections for producimg=0,1,2 particles in the
central region read

2 2 X, X,
‘70:(2)f ) lso( qu) ¢( 2m) x=qIS, ()
Ne—1 'n °n
d(Tl
d’k, dy
®(X1,0,011 ,K,) da’l ©(X2,0,02; ,K; )
= | d®qy,d%qy, ’ — : ,
f a3, dk} a5,
diy  aNgag 5(ay, + oy —k,) 0
d  N2-1 k? ‘
X10=K, €'/ \/é, X 0=k e/ \/5;
P, p'
k1 -
k
2
pb | / plb‘
99—9999
d0'2
d?ky, d*k,, dy,dy,

1
z_zf d?qy, d?gy,
T

XSD(Xl'Qnakﬂ da’z @(X2,02, ,K,)
9f,  d%kydke, g3
K, =k, +ky ,

do, _2N§a§ 5(2)(Q1L+Q2¢—ku—k2L)A

d%ky, d%k,,  NZ-1 9%, 03,

11

x1=(Kp, €1+ kp, €92)//S, x,=(ky e V1+ky €792)/4/S.

restrict directlyq, . In Eq. (9) g, = xS while it is q,
~x+/S that is given by Eq(3).

The case of one gluon production in the central region
(n=1) was studied in a number of publications, e.g., Refs.
[13,14.

A part of the analytical expression fod (for gg—gg
subprocesgshas recently been published in Ref$2,15. A

similar quantity forgg—>qa subprocess can be found in
Refs.[12,16. The derivation of the explicit expressions is
outlined in the Appendixes A and B. Let us note that the

formula for gg—qq cross section from Refl16] coincides
with the analogous formula in R€i9] (in the limit of mass-
less quarkks obtained by direct application &, factoriza-
tion.

For practical applications of the equations E(®.,(11)
we should understand the overall normalization of the off-
shell cross sections to the usual on-shell one arising in col-
linear factorized formalism. The normalization can be de-
duced from considering the smadl, limit in Eq. (11).
Physically, we have to return to E(R) and choose the struc-
ture functions being extremely narrow functionsgf and
integrate outd?q,, andd?q,, . There is no contradiction
with Eq. (2) becauseq, <k, . Certainly, we must put

41, .02, =0 in o, Egs. (1), (B2), (B3). As it is follows
from Appendix A,.A is proportional tog3, g3, so this limit

for o, is correct. After this substitution and integration over
k,, Eq.(1) appears with the structure functions from E4j.

and with the correctio/dt. Consequently, normalization of
Egs.(9),(11) is also correct. Let us emphasize that the inte-
gration overd?q,, andd®q,, includes averaging over angu-
lar orientations ofj;, andq,, in the transverse plane when

arriving at the final expression fo&rz. This averaging is
similar to the averaging over initial gluon polarizations in
getting the usual expression for the cross section of the 2
—2 elastic scattering.

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

The most interesting predictions of the high-energy fac-
torization are of course those going beyond the collinear fac-
torization framework. The simplest situation corresponds to
the production of a single particle in central rapidity region
described in the first order ing Eq. (10). This process was
first studied in Ref[13] and later in many publications, see,
e.g., Ref[14].

In this paper we concentrate our attention on another im-
portant feature of the high-energy factorization. From Eq.
(11) it is obvious that, in contrast with the collinear factor-
ization case, the two partons produced in the central rapidity
region are not necessarily going in opposite directitraxk-
to-back. Another important issue is that the absolute values

The expression fon=0 corresponds to the total cross sec-of the momenta of outgoing partons are not necessarily

tion in the two gluon exchangé.ow-Nussinoy approxima-
tion. Let us note that the kinematics of E8) is not quite the

equal. We will refer to these properties as angular and mo-
mentum asymmetries, respectively.
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The same characteristics of the two-particle productiorGeV. From now on figures marked lfg), (b) are calculated
were studied in Ref[17] in the case where the produced with CTEQ structure functions, the marked kg), (d) are
particles are separated by the large rapidity gap. The angulaalculated with AKMS structure functions; figures with la-
and momentum asymmetries considered in REf] are due  bels (a), (c) correspond to/S=1.8 TeV, while those with
to the presence of BFKL ladder filling the gap between theabels(b), (d) correspond tQ/§: 14 TeV.
produced particles. Let us stress, that in this paper we study The most striking feature of this cross section that makes
the two-particle decorrelation in a relatively small centralit different from the collinear factorized one is the appear-
rapidity interval. The rapidity gap, discussed in Réf7], is  ance of the collinear singularity adty,A$—0. This singu-
thus absent and decorrelation effects are exclusively due f@rity is just a well-knowns-channel one and is in turn a
off-shellness of the two generalized parton fluxes merging inteflection of the presence of one particle production process
a particle-producing vertex. Eq. (10). Moreover, the behavior of the two-particle produc-

Our approach is similar to that in Ref20], where a tion (11) near the above-described collinear singularity can
multi-Regge  limit for A was considered, A  be presented in the following decomposed form. Introducing
=q3,95, /K%, K3, (see Appendix B In this form A has no  r2=Ay2+A¢?, k, =k,, +ky, , z=K,/K (sincek; andk,
intrinsic angular and momentum correlatiofsee below.  are collinear this definition is unambigugusnd taking the
Moreover, the contributions froml and the structure func- limit r—0, we get
tions too, [see Eq(11)] factorize andr, depends on struc-
ture functions only via gluon-gluon luminosity functi¢®3]. doy doy
The latter contains practically all information about particle
correlations.

'I“; Iar.?e(zj'f?un?tbter of in?ep‘:ﬂde”ttt"a”a?'es i_nlE(ql) _with one particle production cross section as defined in Eq.
makes it difficult to visualize the pattern of particles emis- _Parici
sion. Therefore we will use the less differential ones, in par-ghog' ;%%;nngggbaer]%:gje Stiasng?: élt%reerl:;ifg rﬁég?r;neéﬁ of
ticular the angular asymmetry - A9 -
quarks and antiquarks in our approadirom Fig. 1 we can
conclude, that the dependence of the asymmetry on the struc-
do, 5 112 ture function is quite pronounced; see corresponding upper
= dki, dk
ko

1 ag
- = —[Pgg(2)+2n;Pyy(2)],
d?k, dygdrdz d?k, dyg ' 7 [Pag(2) Pqag(2)]

d0'2
dA ¢ dy,dy,

d?k,, d%k,, dy,dy: 21 and lower panels. For AKMS structure functions the angular
LE Rl a2 distribution is noticeably wider than for CTEQ ones. This is
the reflection of the fact that AKMS structure function is

. . . _broader than CTEQ one if compared at some fixed value of
whereA ¢ <[0,7] is the angle between particles. Integration X. The dependence of angular asymmetry on c.m.s. collision

l(?vgtr l':u T?]nd kﬁl req;ures |ntrotdu<_:|ng thgt_lnfrtziretzg cur':off energy is, as seen from Fig. 1, relatively weak.
IMIt Ko. The Shape ol asymmelry IS Sensitive 1o the chosen Fig. 2 we take a closer look at the angular asymmetry

valu_e ofko. In the norrr_lalization of Eq(1_2) ar_ld in_forth- by plotting the two-dimensional cross sections of the plots in
coming Eq.(15) we took into account particles identitgven Fig. 1 for fixed values ofiy, i.e. study the dependence of

12

for quarks we do not distinguish betwegrandaq). Eq. (12) on ¢ for different values ofAy where
In order to perform actual calculations one needs to

choose the unintegrated structure functions entering Egs. do,

(9),(11). In principle they should be chosen as solutions to p(Ad)~ dA 4 dy,dy,

the NLO BFKL equatiorj18] or its nonlinear generalizations
[19] (also taking into account form factors arising from non-is normalized according to
compensating real and virtual correctipnd.eaving this
analysis for the future, let us note, that the minimal require- dA¢
ment surely has to be that whatever expression for the unin- f — pae)=1 (13
tegrated distribution is used, it should not contradict the in-
formation from deep inelastic scattering, i.e., that onfor each value ofAy. A substantial deviation ob from the
integrated structure function. This fixes the distribution in theback-to-back shape, for which~ 8(A¢— ), is obvious.
limit g, =k, , where ¢(x,q, ,q,) = &(x,q,) [see Eq.(7)]. From Fig. 2 we see that the asymmetry grows with increas-
In our numerical calculations we have used the unintegrateihg collision energy, although the growth is not pronounced.
gluon structure functions corresponding to integratedJsing different structure functions affects the shape of the
CTEQ5M[21] and Askew-Kwiecinski-Martin-Sutto(AKMS) asymmetry distribution much stronger than changing the col-
[22] fitted as in Ref[14]. Forq, <k, the unintegrated struc- lision energy.
ture functiong(x,q, ,k,) was determined according to Eqs. = When the cutoffk, increases, the kinematic interval Eq.
(5),(6). In the final distributions we sum over gluon and (3) narrows and the two outgoing particles tend to appear
guark (h{=5) pair contributions(in fact, the contribution back-to-back. This dependence is clear from Fig. 3 where
due to quark pair production is less than 3% of that due t@(A ¢) is shown forAy=1 and several values &,
gluons. We see that whek, > Qcnar, Whereqens, IS a characteris-

In Fig. 1 we show differential cross sectidd2) with  tic transverse momentum carried by the parton fluxes, jets
Y1,=Yo+Ay/2 for yo=0 and Aye[0,2] and with ko=2 are predominantley produced at smalp=m7—A¢. This
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1.4 ! i : !
1 ’2 T dG/dA¢dy1 dY2 o : h 81~ dC/dA¢dy1 dy2 ------- \\
104~ mb i mb
’ X 61
0,81 ; ; ‘
0,61 ; H k 44
0414
2 -
0,21
0,0 0- s FIG. 1. Cross section Eq12)
0,5 0,5 _ N calculated forky=2 GeV, y,=0
Ay AY 15N S - - and Ay e[0,2]: (a) with cTEQsM
x 2,0 0 /4 /2 34 structure functlonsJ§= 1.8TeV,

(b) with cTEQsM structure func-
A tions, JS=14TeV, (c) with
AKMS structure functions, V'S
=1.8TeV, (d) with AKMS struc-
ture functions,\/S=14TeV. The

a b

1.4 : ; - ; ; cross sections depicted in all fig-
124-JB i do/dApdy,dy, - i N 81 do/dAsdy. dy, ) ures are calculated for uninte-
’ mb N mils 2 g grated structure functionstEQsm
1,012+ 6 - : SRS [21] and AKMS [22] with con-
0.8 4 i N stant @g=0.2. Gluon and quark
’ > contributions (with n;=5) are
0,61 ; 4 added up.
0,41~
2. ...........

0,2 4
0,0- i 0

051 NN 0
Ay 13\\ Ay 15

200 w4 a2z 344 = 2000 4 a2 G4«
Ad Ad
c d
regime was studied in DLA in Ref25]. According to Ref. do, do,
[25] the (normalized azimuthal asymmetry inf¢<1 do- —=2k1k2f d¢,dg,.
main is given by dky, dk;, dy,dy; d?ky, d%ky, dy;dy, 5
15

1 ) Fory; ,==*0.5 andk; , €[2,20] GeV this cross section is
P(‘S‘ﬁ)wﬁ WTQ( 5¢) (14 plotted in Fig. 4. From this figure we see that, in a charac-
teristic eventk,, andk,, are not equal. The dominant trend
can be described as a decrease of the cross section with
with Tq(6¢)=Ty(S¢ Ko, ko) [see Eq.(6)]. From Eqgs.(6)  growingk, . However, for the values df, ,, of order of, or
and(14) it is obvious that the rapid growth @f with dimin-  higher than 10 GeV, the correlation pattern is no longer pow-
ishing 6¢ stops até¢* ~exp(—m/6as). Numerically, for  erlike. Finally, let us note that the momentum asymmetry
as=0.18 (this value of strong coupling was useddmeEQ5M  shows a significant dependence on the choice of the structure
calculation fork=20 GeV), 6¢* ~5x 1072, in agreement function and on c.m.s. collision energy.
with Fig. 3. Note that contrary to DLA in our approach the
value ofp for < 8¢* is not decreasing. The reason is that
in our case there is no scaling leading to Ety). In Fig. 3
the effect of saturation is manifest not fp(d¢) itself, but
for its derivative, i.e., for the corresponding characteristic Angular and momentum asymmetry is a characteristic
angle. feature of particle production in the semihard kinematic re-
Turning now to the analysis of the momentum asymmetrygion. When the momenta of produced particles are of the
let us consider the cross section integrated over the angulaame order as the characteristic transverse momenta carried
variables: by the generalized off-shell partonic fluxes described by the

IV. CONCLUSIONS
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——Ay=05 o0
----Ay=10 ’

0,0 T T T 0,0 0,0 T T T 0,0
0 /4 /2 3n/4 T 0 /4 /2 3n/4 T
Ad Ad
a b

0,0 T T T 0,0 0,0 T T T 0,0
0 /4 /2 3n/4 T /4 /2 3n/4 T
Ad Ad
c d

FIG. 2. Angular asymmetrp(A ¢) for ky=2 GeV, y,=0, andAy=0.5,1,2. Specific parameters f@@—(d), same as above.

unintegrated structure function, the angular distribution ofThe work of D.O. was partially supported by the INTAS
particles shows significant deviations from the conventionalvithin the research program of ICFPM, Grant NO. 96-0457.
back-to-back picture. The asymmetry dies away when the

transverse momenta of produced particles are, correspond-

ingly, much larger than the intrinsic ones. The momentum APPENDIX A2 PARTICLE PRODUCTION IN QMRK

asymmetry pattern is s.omewhat d!fferent due to rapid growth  Ag mentioned before the QMRK regime is that in which
of the cross section with decreasing momenta. Neverthelesge incident particles scatter at parametrically small angle
some reflection of momentum balance in the case of relaproducing particlés) in the central rapidity region. The lead-

tively high momenta shows itself through local cross sectionng contribution to the scattering amplitude in this kinemat-
deviation from powerlike regime around the point where thej.g nas the forntin the Feynman gaugé12]

transverse momenta of produced particles are equal.

Po o=l S pimie plerle, (AL
—n ’
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5 —— k,= 2GeV 1s
’ ----k,=10 GeV

------- k, = 20 GeV
4 -4

0 T T T T T T 0
0 nl4 /2 3n/4 x
Ad
3 3
— k,= 2GeV
---- k, =10 GeV
------- k, = 20 GeV

0 o4 a2 3nd m
Ad

FIG. 3. Angular asymmetrp(A ¢) for y; ,= +0.5 andk,=4,8,12,16 GeV. Specific parameters faj—(d) are the same as earlier.

! 2q§L
Pa=(1—X1)Pa—0dy — mpb,

! quL
Pp=(1=X2)Pa—02 — mpa,

the terms proportional tp,, in p, and proportional tg, in
p; . Now

01=X1Patd1, 02=XoPpt+ 0z,

wherep,p,=S/2. In the QMRK approximation one neglects and qf=qfl and q§=q§L .
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0,1+

0,014

1E-3

do/dk, dk, dy,dy,, mb/GeV’

1E-4

1E-56

0,1-

0,014

1E-3

do/di, dk; dy,dy,, mb/GeV>

1E-4

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Ky, GeV k,,, GeV
c d

FIG. 4. Momentum asymmetry E¢L5) for y; ,= +0.5. Specific parameters f¢a)—(d) same as above.

The explicit expression fol' depends on the nature of in appropriate representatigellipses denote color indices of
incident particles. For example, if the incident partiales a  particles produced in the central rapidity regiohhe corre-
gluon the vertex has the form sponding factor in the cross section reads

[o=2f 0 Gaar€*(Pa) € (P}), r(TIT ) (T2 7102 r(Ti2712),

wherefiaa, is gauge algebra structure constant anig the

- . Using the well known property of irreducible representa-
gluon polarization vector. For quark scattering

tions, tr(TLlT'ai)~5‘lii, the summation over final and aver-
aging over initial color indices can be converted into the
averaging ovei; andi, indices inM'Ml'lfL2 in Eq. (A1) with
P o ) appropriate factors included infd's (and thus into structure
wheret, ,, is now a matrix in fundamental representation. fynction definition. As these additional factors are com-
In general, color structure of E¢AL) can be presented as pletely independent of the structure Mfwe are having un-
T'lT'l'ZT|2 where differentT’s are color algebra generators ambiguous determination of the factorization of the cross

i o0 o= by
['=2t, p U(Pa) 5 v (Py),
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section into structure functions and a generalized cross sewhereM () have to be calculated in the new gauge. Now one

tion for the scattering of virtual particles described by them.can presenM®, M®), andM® as follows:

The correct normalization is, in particular, crucial for getting

a correct limit of collinear factorization in which the hard ~ Qi 4, Pt

. ) . ) (2) _ 1 Fa

cross section for the scattering of on-shell particles described M, = =

by the usual“integrated”) structure functions should have

correct color factors built in. vy
When particles produced include gluons the amplitude &3 q2i'“2M(3) p_b

M, u, 9€tS contributions not only from diagrams of-h Ka1k2 X1 M2 S7

+ 2 type withn lines attached to thiechannel gluon, but also

from diagrams with bremsstrahlung from, (p,) and @y ii,p, Y21, p_;l @) p_f,z

P, (pp) lines. These can be written in the form of EA.1) Mty X, X, S "2 S’

but, having no gluon with momentum, (g,) in thet chan-

nel, give contribution tVl proportional tog?, (q2,). Thus  Using Eq.(A2) we obtain

the amplitudeM fytty has the form

(2)
X2 S Mis

2

M1 qﬂz
2 2 Yy pa_ Mg 2L
M, =m0 I ye B e Pa ™My P "= S Mgy S
Fakta H1B2 X XS P12 X XS H1k2
2 2 where
o MLy Y WL @B L {14
(X1x,8)2  H1#2 M=MB+ M@+ M +M&),

Note that if even one of tha particles is a gluon produced ~ The amplitudeA, .., projected onto the physical states

by bremsstrahlung fronp, (or p.) the corresponding dia- ©f incoming and outgoing particles is, of course, gauge in-
gram contributes t&1?). In the collinear factorization limit variant. While gauge transformations do not chargg,
only theM® contribution survives. (when transforming Trom the covariant tq the aX|a.I ga?uge
Our next goal is to show that the amplitutié can be  the p;*M, . pp? projected onto the physical polarizations
rewritten in such a way, that the nonsense polarizationsf outgoing particles also remains the safgee Eq.(A3)].
dominating the fluxes coming to the hard vertex can effecThis proves one can rewrit! fytto in the form where the
tively be traded for the transverse ones, providing a basis fotchannel gluons having momentg, andgq,, are having
interpreting the hard block contribution agraodified cross  transverse polarizations in the original covariant gauge when

section. To do this let us consider the amplitwle.,.> in the amplitude is projected onto the physical subspace.
the axial gauge with the gauge vector lying p,(pp) plane,

n=ap,+bpy. In this gaugd™s do not change and the NU- \ppENpIX B: CROSS SECTIONS OF PAIR PRODUCTION

merator of the gluon propagator is IN HIGH ENERGY FACTORIZATION
d.(q)= B n.g,+d.,n, .04, Let us introduce the following notations:
D=0, - o

s=2[kyk, cosi{Ay) =k, Ky, ],
It is straightforward to check that the following important

— 2 A
relations hold: t=—(ds. —ki ) —kikpe™,
1 1 u=—(qy, —kp )2 —kike 2,
plaLdMV(Ql): - X_lqu_,v! pgd,uv(qZ): - X_ZQZJ_,V .
(A2) 3 =xX,S=k3+k5+ 2k k, cosHAY),
Let us now inspect how the structure pflMﬂlﬂzpfj2 where k; = \/kzh, k2=\/k22l and kq, ko, is a dot product
changes in this gauge with the 2D Euclidean metric. The combined contribuion
from gluons and quark&ermiong to gg scattering has the
paIMD, ph2—phid;t (MY, d2(a1)ph?, form [see Eq(11)]
HIp () pt2_ gtz (2) gv2 2 N¢
Pa M"1”'2pb Pa M'“l"Zd:“z(ql)pb ' A:Agluons+ _3-’4fermions- (BY)
C
PaIM ), Pp2—phd,t (q)ME), ph?, (A3)
1.99—gg

M 4) o o (4) M
Pa'M Py = Pa My, P

Agluons: A+ Ay,

094009-9



ANDREI LEONIDOV AND DMITRY OSTROVSKY

2.2 Ay —Ay
Afn®4——+jL%%—e T
tu  4tu klk2 4tk1k2 4Uk1k2 4k1k2

+1 2 1+k.k ! 1) inh(Ay) |+ !

ST kol TG sinh(Ay) 2k,K,

> qi ko 4|1

— —— _TaTAy |-

X| 1+ S coshi{Ay) 7s 1+ I(1e i

2
q2 kl —Ay 1
4s (1+ kze t

), (B2)

1 | ((ku—qlﬁka—qlnz—kiki)z

k 1
+(1+ —leAy)— -
ks, u

+

k 1
kq u

A2=3 tu

_}( (Ko, =01, )2 —kekoe 2 _ E)
4\ (ko, =0y, )2 +kokoe™®Y S

% ( (Ky, =01, )%~ klkzeAy E)
(Kpy =0, )2+ kikpetY S

1
E= (1~ 20 ) (ki ko) — 5 (Al a3) (K=K

qi+q§)
— |

+ 2k1k25r(Ay)( 1-

PHYSICAL REVIEW D 62 094009

2.9g—qq
Asermions™ NgAlf + Aot s

2.2
4192 . 11
Alf:[zg 1+k1k25|nk(Ay)(?—a)
_((ku_Chl)z(ka_qn)z_kikg)2
tu

+1(<ku—qn>2—k1k2e-ﬁy E)

2\ (K —qu, )P+ kike Y S

X( (Ky, — Qg )%~ klkzeAy n E
(Kpy =01, )2+ kikey S

] (B3)

and

(ke —91)4 (ko —1,)2—K2k3\ 2 0293
.Azf: - y
tu tu

whereE is the same as for gluons. In multi-Regge kinematics
only term leading imMy—o survives and

q5q3

Avrk = Awmrk, gluons— T 5 5 -
kik3
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