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1. Introduction

The production of Drell-Yan lepton pairs at energy of modern colliderssistgect of intense
studies from both experimental and theoretical points of vigw [1]. FirsalbfDrell-Yan pair
production is a unique process which offers a high sensitivity to the gliatibution in a proton.
Second, with help of investigation of Drell-Yan pair production in the LHGMand region it is
possible to study QCD dynamics at very smalup to x ~ 10°), where non-linear gluon inter-
actions are expected to become more and more important, resulting eventiallysiowlt®wn of
the gluon density growth (known as "saturation effectd[]) [J2, 3]. Studprell-Yan process at
TMD level is based on the non-collinear (TMD) factorization theorem fa pinocess, which has
been proven[]J4] fopr << M ( M is lepton pair mass) and the definition for TMDs determined
by requirement of factorization, maximal universality and internal consigthave been done by
Collins [g]. Below we assume it in a wide rangemif for phenomenological purposes.

First application ofkr-factorization approach to lepton pair production has been performed
in [Bl], where authors have considered only diagrams with virtual photehange and concen-
trated mostly on the rather low energies covered by the RHIC and UAL iexgets. Our previ-
ous consideration{J7] has been based on@e) and O(aas) matrix elements, where we took
into account off-shell gluons and bothand Z boson exchanges We have used the Kimber-
Martin-Ryskin unintegrated parton distrubutions. However for a MontdoGanplementation
of kr-factorization, which is realized by the Monte Carlo event generator G [J], the
Ciafaloni-Catani-Fiorani-Marchesini (CCFM) evolution equatipr] [L0yendeen solved and the
CCFM unintegrated gluon distributions have been obtained. Here we deaterthe impact of
some of the details of the behavior of these functions on the descriptiorpefimental data of
Drell-Yan lepton pair production.

2. Theoretical framework

According to thekr-factorization theorem, in order to calculate the cross section of Drell-Yan
pair production one should convolute off-shell partonic cross sectithghe relevant unintegrated
quark distributions in a proton:

o= 5[ 6000 K Ker) 00 K 1), e Ky 1) dadho k. (2.)
IvJ:qg

wheredi (X1, %2, k31, k3;) is the relevant partonic cross section. The initial off-shell partons have
fractionsx; andxy of initial protons longitudinal momenta and non-zero transverse monkafta
andkor.

We take into account here Drell-Yan annihilation subprocesses in the tpaditer only:
g°+q— y*/Z— e +e' . Evaluation of the off-shell matrix elements is rather straightforward
(sm. [1]). We used standard Feynman rules. In order to avoid artifitiglkarities in numerical
calculations, for Z-boson propagator we took Breit-Wigner form. Sinedrlboming partons are
off-shell and obtain mass, proportional to their transeverse momentuanestjitheir polarization

Lin our paper we took into account on-shell quarks in the subprosggse y*/Z — 1*1~ andoag® — y*/Z — 111~
with contrast claimed the papeEl [8].
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tensor should differ from the one, taken for on-shell particles. Irep§fl] the spin density matrix
for the off-shell quark with the momentukn= xP+ kr in massless limit has been taken in so called
in "small x approximation";

Y W(k)iP(k) = xP, (2.2)

whereP is the momentum of the incoming proton (or antiproton). Since the expressismhva
tained in the massless approximation, we neglected the quark masses.
Here, by analogy with effective quark-to-photon vertex for reggeimearks [1P]:
pH [
Pz

H

(2.3)

whereks, ko, PL andP, are the initial quark, antiquark and proton 4-momenta, we constructed ef-
fective reggeized quark-to-Z boson vertex:

M7 (ki ka) = Ty (K1, k2) (9v — 9aV®), (2.4)

wheregy andga are standard vector and axial quark to Z boson coupling constantsisloabe
Ward identity is satisfied:

I"Z‘(kl, ko) (kg + kz)“ = ri,l(kl, ko) (kg + kz)“ =0, (2.5)

and gauge invariance is achieved in our calculations.

It is known that the CCFM equation describes only the distinct evolution oDTgWion and
valence quarks, while non-diagonal transitions between quarks andsyare absent. The TMD
gluon and valence quark distributiorfg(x,k%, u?) and fo(,v) (x,g2, 42) have been obtained J13]
from the numerical solutions of the CCFM equation. In the approximation evtiex sea quarks
occur at the last gluon-to-quark splitting, the TMD sea quark density ateketo-leading loga-
rithmic accuracyas(asInx)” can be writter{[14] as follows:

dz 1 a
19 (x, 2, 12 / /d 2 P2 kE A7) fy(x/2 kR 1), (2.6)

wherez is the fraction of gluon light cone momentum which is carried out by the quemk,
A =gt — ZK1. The sea quark evolution is governed by the off-shell TMD gluon-tarkisplitting
functionPyg(z k%, A?) which reads[[35]

AZ
A2+ 7(1-27)k3

2
) [(1 2?4+ +47(1— z)Z"T (2.7)

qu(Z, k%v AZ) =Tr < A2

whereTg = 1/2. The TMD gluon-to-quark splitting function is obtained by generalizing tibefin
transverse momenta, in the high-energy region, the two-particle irredikehbiels expansiorf [15].
Although evaluated off-shell, this splitting function is univergal [[[§, 16takes into account the
smallx enhanced transverse momentum dependence up to all orders in theitgligg, and

reduces to the collinear splitting function at lowest orderkgr— 0. The scalgu? is defined 4]

from the angular ordering condition which is natural from the point of vidéthe CCFM evolution:

0% = £%/(1-2% +k3/(1-2).
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Figure 1: The differential cross sections of the lepton pair produrctn pp collisions as a function dfle; ¢
calculated at/s= 1.8 TeV. The solid histograms correspond to the CCFM predistiat the default scale
U = Me e, Whereas the dashed histograms correspond to the reshttied in the small-x approximation.
The experimental data are from COF][17] (left panel) and f@[L§] (right panel).

To take into account the non-logarithmic loop corrections we use the appat&n pro-
posed in[[AP]. It was demonstrated that the main part of the non-logarithmfc dorrections
to the quark-antiquark annihilation cross section can be absorbed inféutivaf K-factor: K =
exp(Ce m2a (u2)/21), where the color facto€r = 4/3. A particular choiceu? = p¥/*M?/® has
been proposed [19, 20] to eliminate sub-leading logarithmic terms. We chisse e to evaluate
the strong coupling constant in the expressionefactor.

3. Numerical results

In order to calculate total and differential cross sections for dielectrodyztion a C++ pro-
gram has been written. The multidimensional integratiorf if} (2.1) has beesrped by means of
the Monte Carlo technique, using the routine VEGAS] [21].

The renormalization and factorizaton scales were takemkas U = é Mg, WhereMg: -
is the invariant mass of the electron-positron pair, and the parafetas varied between 1/2 and
2 about the default valu& = 1 in order to estimate the scale uncertainties of our calculations. As
it was mentioned above, we neglected quarks masses. We used sta@dardnula for the strong
coupling constantrs(u?) with n¢ = 4 massless quark flavours angcp = 200 MeV, such that
as(M2) = 0.1232.

In Fig.[1 (left panel) the differential cross section for the dielectrordpotion at Tevatron at
center-of-mass energy’s = 1.8 in theZ-peak region (1 Mgie- < 150 GeV ) is shown. The
rapidity of the produced electron should have bggn< 1. The data was taken by CDF collab-
oration [IT]. Then in Fig[]1 (right panel) we present the results for tirilation for DO data,
taken at/s= 1.8 TeV in the region 126< Mg+~ < 1000 GeV [IB]. The produced electron had
the rapidity|y| < 1.1 or L5 < |y| < 2.5. The solid histograms correspond to the CCFM predictions
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Figure 2: The differential cross sections of the lepton pair prodacin pp collisions as a function opr
calculated at/s= 1.8 TeV. Notation histograms as in Fig. 1. The experimenta da¢ from CDF[22].

10—

E T )
< CDFD—.—I-

190 60 80 100 200

M [GeV1

Figure 3: The assymetry of lepton pair production jxp collisions as a function of th®le. e calculated at
\/s= 1.8 Tev. Notation histograms as in FE]. 1. The experimentad dag¢ from CDF|I:1|7].

with effective vertex [(2]4) and splitting function (2.7) and the dashed histog correspond to

ones in small-x approximation. One can see a good description of the datavildie range of
the invariant masses.

Another result we consider is the data of CDF & /dpr as a function of the transverse
momentum of the Drell-Yan paipr [P3]. The measurements were taken&= 1.8 TeV, in Z-
boson region (66< Mg+~ < 116 GeV), and the produced electron had the rapigity 4.2. The
simulated results are shown on Hb. 2. For convenience, we presemstilesrin the whole range
0 < pr < 200 GeV and the zoomed regionOpt < 50 GeV. One can see that the description of

data becomes worse as we move closer to the pgrand there are the difference between the
solid and dashed histograms at large valpges
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We finish the description of Tevatron results with the measurements by CDIe ébrivard-
backward assymetry of lepton pair producti@pg, taken at,/s= 1.8 TeV, 40< Mg,e < 200
GeV, and in the Drell-Yan pair rapidity regidg| < 2.9 [[L7]. We present our results in F{g. 3.

4. Conclusion

We have considered important process of Drell-Yan lepton pair produictitne framework of
theky-factorization QCD approach. Our consideration was based on the gavayiant amplitude
of quark annihilation subprocess (involving Z-boson exchange) &ENGevolved TMD PDFs in
the proton. We have used the TMD sea quark distribution and investigatel@pleeadence of our
predictions on the gluon-to-quark splitting function. We have obtainedsoredle agreement of
our numerical predictions and the Tevatron data taken by the D0 and Glbarations. Furher
investigations of Drell-Yan process at LHC energies are in progress.
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