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We consider contribution of the subprocess vq — ¢'l1l2 in hadron—hadron interactions. It is a part of one-loop
electroweak radiative corrections for the Drell-Yan production of lepton pairs at hadron colliders. We show that
this contribution must be taken into account aiming at the 1% accuracy of the theoretical description of the
Drell-Yan process. Both the neutral and charged current cases are evaluated. Numerical results are presented

for typical conditions of LHC experiments.
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1. INTRODUCTION

The Drell-Yan-like processes at high-energy hadron
colliders provide an advanced tool for precision studies
of several problems in the phenomenology of elemen-
tary particles. Studies of single Z and W boson pro-
duction with the subsequent decays into leptonic pairs
play a very important role in the physical programs of
the Tevatron [1, 2] and LHC [3, 4]. These processes
have large cross sections and clean signatures in the
detectors. At the LHC, this allows reaching the 1 % ex-
perimental accuracy for the total cross sections of these
processes as well as high precision in the measurements
of differential distributions. In particular, Drell-Yan-
like processes are planned be used at the LHC for lu-
minosity monitoring, W-mass and width measurement,
detector calibration, extraction of parton density func-
tions, new physics searches, and other purposes.

Adequately precise theoretical predictions for single
Z and W production at the LHC are required. For this
reason, we have to scrutinize several effects involved in
the derivation of the theoretical accuracy: QCD and
electroweak radiative corrections, uncertainties in the
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parton density functions, technical precision of Monte
Carlo event generators, etc. In this paper, we consider
a particular contribution of the first-order electroweak
radiative corrections coming from the photon-induced
process

hi+hs = X+y+q—=X+¢+L+b, (1)

where hy » are the initial colliding hadrons, [; and Iy is
a pair of leptons (e.g., u~ and u™, or v, and e™), and
X + ¢ denotes the remaining final-state particles (ty-
pically, they are hadrons). Here, v and ¢ are treated as
partons found in the initial hadrons with certain energy
fractions at a given factorization scale. In this paper,
we use the MRST2004QED [5] parameterization of par-
ton density functions, which in particular provides the
photon content in proton at the next-to-leading order.
We note that the evolution [6] of the parton densities
taking the QCD and QED effects into account simul-
taneously leads to the unique value of the factoriza-
tion scale, and it is therefore impossible to disentangle
the QED and QCD contributions. This leads also to
the fact that the reduction of the factorization scale
dependence can now be reached only by taking both
QED and QCD higher-order radiative corrections into
account, which should be done within the same facto-
rization scheme. Nevertheless, due to the smallness of
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the fine structure constant a in comparison with the
strong coupling constant a,, we can limit ourselves to
the evaluation of only the first-order electroweak cor-
rections [7-16] together with certain higher-order lead-
ing logarithmic contributions [17-19]. At the same
time, the QCD corrections have to be treated at least at
the next-to-next-to-leading order [20-22]. Some numer-
ical results for the inverse bremsstrahlung contribution
to the charged current case (single W boson produc-
tion) were already presented in [23]. We performed
an independent calculation and give a comparison with
the earlier results below. The neutral current case is
considered in addition.

This paper is organized as follows. In the next sec-
tion, we present the derivation of the Drell-Yan process
cross sections in the scheme with massive quarks. The
subtraction of the quark mass singularities is described
in Sec. 3. Numerical results and their discussion are
presented in Sec. 4.

2. INVERSE BREMSSTRAHLUNG WITH
MASSIVE QUARKS

We compute the cross section of process (1) in the
form proposed by Drell and Yan [24], as a convolution
of the parton density functions with the hard subpro-
cess distribution. In our case, the subprocesses are

g+v = ¢+l +1,

(2)

where quarks ¢ and ¢’ are of the same type in the neu-
tral current (NC) case and different in the charged cur-
rent (CC) case. We compute the matrix element of the
NC and CC subprocesses with help of the SANC sys-
tem environment |25, 26]. In the actual calculation, we
start with the massive quark scheme. The matching of
this scheme with the parton density function formalism
is to be performed by means of the subsequent subtrac-
tion of the quark mass singularities from the computed
cross section. We thus evaluate the complete tree-level
matrix elements of the subprocesses in the standard
way keeping the exact dependence on the quark and
lepton masses. The Feynman diagrams for the subpro-
cesses under consideration are shown in Figs. 1 and 2.

We construct the squares of the matrix elements
in the usual way and obtain the parton cross sections
of the subprocesses. These quantities then have to be
convoluted with the parton density functions:
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Fig.1. Feynman diagrams for inverse bremsstrahlung
in the charged-current Drell-Yan subprocess

Fig.2. Feynman diagrams for inverse bremsstrahlung
in the neutral current Drell-Yan subprocess
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where ¢; denotes the cosine of the scattering angle of
the first lepton (another variable can be chosen as well).
The step function ©(cy, x1,x2) defines the phase-space
domain corresponding to the given event selection pro-
cedure. The parton cross section is taken in the center-
of-mass reference frame of the initial partons, where
the cosine of the first lepton scattering angle, ¢;, is de-
fined. Passing to the observable variable ¢; involves the
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Fig.3. The Born-level CC Drell-Yan cross sec-

tion (a) and the relative contribution of the inverse

bremsstrahlung () versus the transverse mass of the
muon—neutrino pair

Jacobian
o¢c 4z
= — = 122 a=umx +xy —c(x) — 22),
86 a (4)
2
é:l—(l—c)ﬂ 3 = sx1x9,
a

where s is the squared center-of-mass energy of the col-
liding hadrons. An analogous formula can be written
for any other choice of a differential distribution and
for the total cross section.

In Eq. (3), we presented the contribution in the case
where the photon is found in the first of the colliding
hadrons and the quark is taken from the other one. Of
course, there is also the contribution with the opposite
choice of the particles, and it is taken into account in
our numerical simulations.

3. SUBTRACTION OF THE QUARK MASS

SINGULARITIES

Because the calculation of the parton cross sections
was performed keeping the quark masses finite, the re-
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Fig.4. The Born-level CC Drell-Yan cross sec-

tion (a) and the relative contribution of the in-

verse bremsstrahlung (b) versus the p* transverse
momentum

sult in (3) depends on the values of the masses. For
high energies, this dependence arises in the form of
large logarithms of the type of In(M?/m?), which give
a considerable numerical effect, while the other mass-
dependent contributions are suppressed by the factor
m2/M?* < 1 and can be omitted (here, M is a typical
energy scale of the parton subprocess). The large log-
arithms represent quark mass singularities. They can
be treated with help of the QED renormalization-group
approach. But they have already been taken into ac-
count in the evolution of the parton density functions.
In the MRST2004QED distributions [5], this has been
done explicitly. But even in any other available par-
ton density function, the QED evolution is implicitly
taken into account because it has not been subtracted
from the experimental data before the parton density
function fitting procedure. In fact, QED corrections to
the quark line in deep inelastic scattering are usually
omitted in the data analysis (see Refs. [27, 28]).

The quark mass singularity of the first type arises
from the right-hand Feynman diagrams in the upper
parts of Figs. 1 and 2 for CC and NC cases, respec-
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Fig.5. The Born-level NC Drell-Yan cross sec-

tion (a) and the relative contribution of the inverse

bremsstrahlung (b) versus the invariant mass of the
muon pair

tively. The singularity originates from the kinematical
domain where the virtual quark propagator is close to
the mass shell. For this situation, there is a convolution
of distributions of two subprocesses: conversion of the
photon into a pair of quarks and the Drell-Yan parton
process

qdq— lils.

In the M S factorization QED scheme, which is defined
in the same way as the QCD one [29], the corresponding
contribution is given by

b1(cr) = Z/l

ai

1
/dxl dxs y(x1, M?)qi(x2, M?) x
0

d5aiti=hl (3)

= X
d61

1
X /dl‘quw(évg,M., mg)
0

X j@(cl,xlxg,xg).,

(5)

where &, 7, and § are calculated in accordance with
Eq. (4) with the replacement x; — xjz3. In the NC

567

do/dPr(u™), pb/GeV

35
30
25
20
15
10

25 30 35 40 45 50
Pr(u*), Gev
Fig.6. The Born-level NC Drell-Yan cross sec-

tion (a) and the relative contribution of the inverse
bremsstrahlung (b) versus the p™ transverse momen-
tum

case, we have ¢’ = ¢ in the above equation. The struc-
ture function Dy~ (x5, M, mq) describes the probabil-
ity to find a quark ¢’ with the energy fraction z3 in
the photon. For the M S scheme at the next-to-leading
order, this function is given by

DMS (2o M 2 M (6
o (@3, Mymg) = 5. nm—Q[xS_l_( —x3)°], (6)
ql

where M is the factorization scale and @), is the quark
charge.

In the NC case, there is one additional source of the
quark mass singularities. It arises from the two lower
Feynman amplitudes in Fig. 2, when the virtual photon
propagator is near the mass shell. In this case, we have
the convolution of the distributions of the processes:

2y — lily and ¢— vq.

The corresponding contribution is



A. B. Arbuzov, R. R. Sadykov

MWITD, Tom 133, BoIm. 3, 2008

Table 1.

Cross sections oo and o, of the respective processes p[g]p[¢'] — v,u™ X and p[ylplg] — vuu™ X and the

corresponding corrections 6 = 0~4 /00 obtained by DK and SANC groups for different Pr,, ranges at the LHC

Pr,,, GeV 25 — 00 50 — 00 100 — oo 200 — oo 500 — oo 1000 — oo
00, pb
DK 2112.2(1) | 13.152(2) | 0.9452(1) | 0.11511(2) | 0.0054816(3) | 0.00026212(1)
SANC 2112.2(1) | 13.151(1) | 0.9451(1) | 0.11511(1) | 0.0054813(1) | 0.00026211(1)
Ovq, %0
DK 0.071(1) 5.24(1) 13.10(1) 16.44(2) 14.30(1) 11.89(1)
SANC 0.074(1) 5.24(1) 13.09(1) 16.43(1) 14.30(1) 11.90(1)
Lo , , Gr = 1.16637- 1075 GeV 2,
da(c1) = Z//dm dzy qi(z1, M=)y (22, M7) % a(0) = 1/137.03599911, a, = 0.1187,
P00

1 -
d'“y'y—)llll z
X/d$3qu(x3-,Mamq) d ~ (S) X
dCl
0

Xj@(cl./l‘lmg,‘fg). (7)
The relevant structure function describes the probabil-
ity to find a photon with a certain energy fraction in
the quark:

< « 1+ (1 — 503)2
(w3, Mymy) = Q) ————2 x

fe s

In accordance with the renormalization formalism,
we now have to subtract contributions (5) and (7) from
the cross section computed in (3). In a realistic situ-
ation, we have to perform this procedure numerically
in order to keep the possibility to impose experimental
cuts. On the other hand, it can be shown analytically
that the terms with the logarithms of the quark masses
cancel during the subtraction procedure.

r3

2

M
ln—2—21nx3—1
q

4. NUMERICAL RESULTS AND
CONCLUSIONS

For the numerical evaluations, we used the same
conditions and the input parameters as in Ref. [23]:
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My = 80.425 GeV,
My = 91.1867 GeV,

Ty = 2.124 GeV,
T, = 2.4952 GeV,

My = 150 GeV, my = 174.17 GeV,
my, = Mg = 66 MeV, m. = 1.55 GeV,
mg = 150 MeV, my = 4.5 GeV,

[Vid| = |Ves| = 0.975, [Vis| = |Vea| = 0.222.
The MRST2004QED set [5] of parton density functions
and the G electroweak renormalization scheme [30]
were used. The cut on the charged lepton rapid-
ity and transverse momentum are [, < 1.2 and
Pr, > 25 GeV. The cut on the missing trans-
verse momentum for the CC case is also imposed:
PTmissz’ng > 25 GeV.

At the parton level for the CC and NC processes,

Y+q—=q +1l+1s,

we performed a comparison with the corresponding dis-
tributions obtained with help of the CompHEP sys-
tem [31] and found a good agreement.

In Table 1, we present the results of compari-
son for the inverse bremsstrahlung contribution to
the CC Drell-Yan process with different cuts on the
charged lepton transverse momentum (see the details
in Ref. [23]). Our results are marked as SANC, they
are compared with the numbers (DK) presented in
Ref. [23]. The small deviations in the results for the
values of the corrections are certainly beyond the 1%
precision level. They are due to some differences in the
schemes of calculations and are induced by higher-order
effects in a.

Table 2 shows the results of comparison for the in-
verse bremsstrahlung contribution to the CC Drell-Yan
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Table 2.

Cross sections oo and o, of the respective processes p[q]p[¢'] — v,u™ X and p[ylplg] — vuu™ X and the

corresponding corrections d,q = 044/00 obtained by DK and SANC groups for different My, ,+ ranges at the LHC

Mty .+, GeV 50 — o0 100 — o0 200 — o0 500 — oo 1000 — oo 2000 — o0
oo, pb
DK 2112.2(1) 13.152(2) | 0.9452(1) | 0.057730(5) | 0.0054816(3) | 0.00026212(1)
SANC 2112.2(1) 13.151(1) | 0.9451(1) | 0.057730(5) | 0.0054813(1) | 0.00026211(1)
Grar %
DK 0.0567(3) | 0.1347(1) | 0.2546(1) 0.3333(1) 0.3267(1) 0.3126(1)
SANC 0.0532(1) | 0.1350(1) | 0.2537(1) 0.3314(1) 0.3245(1) 0.3094(1)
Table 3. Cross sections oo and o, of the respective processes p[q|p[q'] — p 1~ X and p[y]plq] — '~ X and the

corresponding corrections &, = g4/00 for different M 4 - ranges at the LHC

M+, GeV 50 — ¢ 100 — o0 200 — ¢ 500 — o0 1000 — o0 2000 — o0
oo, pb
HORACE 254.64(1) 10.571(1) 0.45303(3) 0.026996(2) 0.0027130(2) 0.00015525(1)
SANC 254.65(2) 10.571(1) 0.45308(3) 0.026996(2) 0.0027131(2) 0.00015525(1)
0ygs %
SANC 0.047(1) 0.449(1) 0.013(1) 0.496(1) 0.619(1) 0.563(1)

process with different cuts on transverse mass of the
muon—neutrino pair. The corresponding numbers for
d~q are below the one-percent level.

Table 3 gives the results for the inverse bremsstrah-
lung contribution to the NC Drell-Yan process with
production of two muons. Different values of the cut
on the invariant mass of the muon pair are considered.
For the Born cross section, we also show the numbers of
HORACE [17, 19], which are in good agreement with
the SANC results.

In Fig. 3, we plot the distributions of the Born-level
cross section and of the relative radiative correction ver-
sus the transverse mass of the muon and neutrino pair
Mr(p*v,) in the CC Drell-Yan process,

Mr(it ) = \/2PruPro(l = cosdu),  (9)
where ¢, is the angle between the muon momentum
and the missing momentum in the transverse plane. In
Fig. 4, analogous distributions in the muon transverse
momentum Pr,, are given.

Figure 5 shows the Born differential cross section of
the NC Drell-Yan process and the relative correction
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d+4 as a function of invariant mass M+ ,- of the muon
pair. Figure 6 gives us results for the Born differential
cross section of the neutral current Drell-Yan process
and the relative correction d,, as a function of the p*
transverse momentum Pr,. The distributions around
the W and Z resonances are plotted. The drop-offs in
the first bins of the correction distributions in the NC
have no physical sense. They arise because the factor-
ization procedure with the longitudinal parton density
functions does not allow applying the experimental cuts
unambiguously. The drop-offs can be shifted by choos-
ing a different cut value. We checked that the rest of
the distributions does not suffer from this problem.
Thus, we presented the photon-induced contribu-
tion to the first-order electroweak radiative corrections
to Drell-Yan processes. In the case of charged-current
scattering, our results are in good agreement with
earlier calculations of other groups. The NC case
was considered in an analogous manner. This inverse
bremsstrahlung contribution should be taken into
account together with all other relevant effects to
reach the accuracy of the theoretical description of
the Drell-Yan process adequate to the precision of
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the forthcoming LHC experiments. The typical size
of the contribution is below one percent, but for the
transverse momentum distribution in CC scattering,
the effect can reach up to 16 % depending on the cut
value. We plan to implement the results of our calcu-
lations into a general Monte Carlo event generator for
Drell-Yan processes, which is under development in
the SANC group.
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