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INVERSE BREMSSTRAHLUNG CONTRIBUTIONTO DRELL�YAN-LIKE PROCESSESA. B. Arbuzov a*, R. R. Sadykov b**aBogoliubov Laboratory of Theoreti
al Physi
s,Joint Institute for Nu
lear Rresear
h141980, Dubna, Mos
ow Region, RussiabDzhelepov Laboratory of Nu
lear Problems,Joint Institute for Nu
lear Rresear
h141980, Dubna, Mos
ow Region, RussiaRe
eived August 17, 2007We 
onsider 
ontribution of the subpro
ess 
q ! q0l1�l2 in hadron�hadron intera
tions. It is a part of one-loopele
troweak radiative 
orre
tions for the Drell�Yan produ
tion of lepton pairs at hadron 
olliders. We show thatthis 
ontribution must be taken into a

ount aiming at the 1% a

ura
y of the theoreti
al des
ription of theDrell�Yan pro
ess. Both the neutral and 
harged 
urrent 
ases are evaluated. Numeri
al results are presentedfor typi
al 
onditions of LHC experiments.PACS: 13.40.Ks, 13.85.Qk, 12.15.Lk1. INTRODUCTIONThe Drell�Yan-like pro
esses at high-energy hadron
olliders provide an advan
ed tool for pre
ision studiesof several problems in the phenomenology of elemen-tary parti
les. Studies of single Z and W boson pro-du
tion with the subsequent de
ays into leptoni
 pairsplay a very important role in the physi
al programs ofthe Tevatron [1, 2℄ and LHC [3, 4℄. These pro
esseshave large 
ross se
tions and 
lean signatures in thedete
tors. At the LHC, this allows rea
hing the 1% ex-perimental a

ura
y for the total 
ross se
tions of thesepro
esses as well as high pre
ision in the measurementsof di�erential distributions. In parti
ular, Drell�Yan-like pro
esses are planned be used at the LHC for lu-minosity monitoring,W -mass and width measurement,dete
tor 
alibration, extra
tion of parton density fun
-tions, new physi
s sear
hes, and other purposes.Adequately pre
ise theoreti
al predi
tions for singleZ andW produ
tion at the LHC are required. For thisreason, we have to s
rutinize several e�e
ts involved inthe derivation of the theoreti
al a

ura
y: QCD andele
troweak radiative 
orre
tions, un
ertainties in the*E-mail: arbuzov�theor.jinr.ru**E-mail: srr�nusun.jinr.ru

parton density fun
tions, te
hni
al pre
ision of MonteCarlo event generators, et
. In this paper, we 
onsidera parti
ular 
ontribution of the �rst-order ele
troweakradiative 
orre
tions 
oming from the photon-indu
edpro
essh1 + h2 ! X + 
 + q ! X + q0 + l1 + �l2; (1)where h1;2 are the initial 
olliding hadrons, l1 and �l2 isa pair of leptons (e.g., �� and �+, or �e and e+), andX + q0 denotes the remaining �nal-state parti
les (ty-pi
ally, they are hadrons). Here, 
 and q are treated aspartons found in the initial hadrons with 
ertain energyfra
tions at a given fa
torization s
ale. In this paper,we use the MRST2004QED [5℄ parameterization of par-ton density fun
tions, whi
h in parti
ular provides thephoton 
ontent in proton at the next-to-leading order.We note that the evolution [6℄ of the parton densitiestaking the QCD and QED e�e
ts into a

ount simul-taneously leads to the unique value of the fa
toriza-tion s
ale, and it is therefore impossible to disentanglethe QED and QCD 
ontributions. This leads also tothe fa
t that the redu
tion of the fa
torization s
aledependen
e 
an now be rea
hed only by taking bothQED and QCD higher-order radiative 
orre
tions intoa

ount, whi
h should be done within the same fa
to-rization s
heme. Nevertheless, due to the smallness of564
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ontribution : : :the �ne stru
ture 
onstant � in 
omparison with thestrong 
oupling 
onstant �s, we 
an limit ourselves tothe evaluation of only the �rst-order ele
troweak 
or-re
tions [7�16℄ together with 
ertain higher-order lead-ing logarithmi
 
ontributions [17�19℄. At the sametime, the QCD 
orre
tions have to be treated at least atthe next-to-next-to-leading order [20�22℄. Some numer-i
al results for the inverse bremsstrahlung 
ontributionto the 
harged 
urrent 
ase (single W boson produ
-tion) were already presented in [23℄. We performedan independent 
al
ulation and give a 
omparison withthe earlier results below. The neutral 
urrent 
ase is
onsidered in addition.This paper is organized as follows. In the next se
-tion, we present the derivation of the Drell�Yan pro
ess
ross se
tions in the s
heme with massive quarks. Thesubtra
tion of the quark mass singularities is des
ribedin Se
. 3. Numeri
al results and their dis
ussion arepresented in Se
. 4.2. INVERSE BREMSSTRAHLUNG WITHMASSIVE QUARKSWe 
ompute the 
ross se
tion of pro
ess (1) in theform proposed by Drell and Yan [24℄, as a 
onvolutionof the parton density fun
tions with the hard subpro-
ess distribution. In our 
ase, the subpro
esses areq + 
 ! q0 + l1 + �l2; (2)where quarks q and q0 are of the same type in the neu-tral 
urrent (NC) 
ase and di�erent in the 
harged 
ur-rent (CC) 
ase. We 
ompute the matrix element of theNC and CC subpro
esses with help of the SANC sys-tem environment [25; 26℄. In the a
tual 
al
ulation, westart with the massive quark s
heme. The mat
hing ofthis s
heme with the parton density fun
tion formalismis to be performed by means of the subsequent subtra
-tion of the quark mass singularities from the 
omputed
ross se
tion. We thus evaluate the 
omplete tree-levelmatrix elements of the subpro
esses in the standardway keeping the exa
t dependen
e on the quark andlepton masses. The Feynman diagrams for the subpro-
esses under 
onsideration are shown in Figs. 1 and 2.We 
onstru
t the squares of the matrix elementsin the usual way and obtain the parton 
ross se
tionsof the subpro
esses. These quantities then have to be
onvoluted with the parton density fun
tions:

q

q q0 l1�l2W+


q W+q0 q0
l1l1�l2


q q0�l2W+

q q0 �l2l1W+

W+ �l2
Fig. 1. Feynman diagrams for inverse bremsstrahlungin the 
harged-
urrent Drell�Yan subpro
ess


; Z

; Zq q q 

 q
; Zq 
; Z qqqq

�l1�l1 l1�l1 l1
q

 �l1l1l1l1 �l1Fig. 2. Feynman diagrams for inverse bremsstrahlungin the neutral 
urrent Drell�Yan subpro
essd�pp!l1�l2Xinv brem (s)d
1 ==Xqi 1Z0 1Z0 dx1dx2qi(x1;M2)
(x2;M2)�� d�̂qi
!q0il1�l2(ŝ)d
̂1 J�(
1; x1; x2); (3)where 
1 denotes the 
osine of the s
attering angle ofthe �rst lepton (another variable 
an be 
hosen as well).The step fun
tion �(
1; x1; x2) de�nes the phase-spa
edomain 
orresponding to the given event sele
tion pro-
edure. The parton 
ross se
tion is taken in the 
enter-of-mass referen
e frame of the initial partons, wherethe 
osine of the �rst lepton s
attering angle, 
̂1, is de-�ned. Passing to the observable variable 
1 involves the565
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Fig. 3. The Born-level CC Drell�Yan 
ross se
-tion (a) and the relative 
ontribution of the inversebremsstrahlung (b) versus the transverse mass of themuon�neutrino pairJa
obianJ = �
̂�
 = 4x1x2a2 ; a = x1 + x2 � 
(x1 � x2);
̂ = 1� (1� 
)2x1a ; ŝ = sx1x2; (4)where s is the squared 
enter-of-mass energy of the 
ol-liding hadrons. An analogous formula 
an be writtenfor any other 
hoi
e of a di�erential distribution andfor the total 
ross se
tion.In Eq. (3), we presented the 
ontribution in the 
asewhere the photon is found in the �rst of the 
ollidinghadrons and the quark is taken from the other one. Of
ourse, there is also the 
ontribution with the opposite
hoi
e of the parti
les, and it is taken into a

ount inour numeri
al simulations.3. SUBTRACTION OF THE QUARK MASSSINGULARITIESBe
ause the 
al
ulation of the parton 
ross se
tionswas performed keeping the quark masses �nite, the re-
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Fig. 4. The Born-level CC Drell�Yan 
ross se
-tion (a) and the relative 
ontribution of the in-verse bremsstrahlung (b) versus the �+ transversemomentumsult in (3) depends on the values of the masses. Forhigh energies, this dependen
e arises in the form oflarge logarithms of the type of ln(M2=m2q), whi
h givea 
onsiderable numeri
al e�e
t, while the other mass-dependent 
ontributions are suppressed by the fa
torm2q=M2 � 1 and 
an be omitted (here, M is a typi
alenergy s
ale of the parton subpro
ess). The large log-arithms represent quark mass singularities. They 
anbe treated with help of the QED renormalization-groupapproa
h. But they have already been taken into a
-
ount in the evolution of the parton density fun
tions.In the MRST2004QED distributions [5℄, this has beendone expli
itly. But even in any other available par-ton density fun
tion, the QED evolution is impli
itlytaken into a

ount be
ause it has not been subtra
tedfrom the experimental data before the parton densityfun
tion �tting pro
edure. In fa
t, QED 
orre
tions tothe quark line in deep inelasti
 s
attering are usuallyomitted in the data analysis (see Refs. [27; 28℄).The quark mass singularity of the �rst type arisesfrom the right-hand Feynman diagrams in the upperparts of Figs. 1 and 2 for CC and NC 
ases, respe
-566
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Fig. 5. The Born-level NC Drell�Yan 
ross se
-tion (a) and the relative 
ontribution of the inversebremsstrahlung (b) versus the invariant mass of themuon pairtively. The singularity originates from the kinemati
aldomain where the virtual quark propagator is 
lose tothe mass shell. For this situation, there is a 
onvolutionof distributions of two subpro
esses: 
onversion of thephoton into a pair of quarks and the Drell�Yan partonpro
ess q0q ! l1�l2:In the MS fa
torization QED s
heme, whi
h is de�nedin the same way as the QCD one [29℄, the 
orresponding
ontribution is given byÆ1(
1) =Xqi 1Z0 1Z0 dx1 dx2 
(x1;M2)qi(x2;M2)�� 1Z0 dx3Dq0
(x3;M;mq0)d~�qiq0i!l1�l2(~s)d~
1 �� ~J�(
1; x1x3; x2); (5)where ~
1, ~J , and ~s are 
al
ulated in a

ordan
e withEq. (4) with the repla
ement x1 ! x1x3. In the NC
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Fig. 6. The Born-level NC Drell�Yan 
ross se
-tion (a) and the relative 
ontribution of the inversebremsstrahlung (b) versus the �+ transverse momen-tum
ase, we have q0 = q in the above equation. The stru
-ture fun
tion Dq0
(x3;M;mq0) des
ribes the probabil-ity to �nd a quark q0 with the energy fra
tion x3 inthe photon. For the MS s
heme at the next-to-leadingorder, this fun
tion is given byDMSq0
 (x3;M;mq0) = �2�Q2q0 ln M2m2q0 [x23+(1�x3)2℄; (6)whereM is the fa
torization s
ale and Qq0 is the quark
harge.In the NC 
ase, there is one additional sour
e of thequark mass singularities. It arises from the two lowerFeynman amplitudes in Fig. 2, when the virtual photonpropagator is near the mass shell. In this 
ase, we havethe 
onvolution of the distributions of the pro
esses:2
 ! l1�l1 and q ! 
q:The 
orresponding 
ontribution is567



A. B. Arbuzov, R. R. Sadykov ÆÝÒÔ, òîì 133, âûï. 3, 2008Table 1. Cross se
tions �0 and �
q of the respe
tive pro
esses p[q℄p[q0℄ ! ���+X and p[
℄p[q℄ ! ���+X and the
orresponding 
orre
tions Æ
q = �
q=�0 obtained by DK and SANC groups for di�erent PT;� ranges at the LHCPT;�, GeV 25�1 50�1 100�1 200�1 500�1 1000�1�0, pbDK 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)Æ
q , %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)Æ2(
1) =Xqi 1Z0 1Z0 dx1 dx2 qi(x1;M2)
(x2;M2)�� 1Z0 dx3D
q(x3;M;mq)d~�

!l1�l1(~s)d~
1 �� ~J �(
1; x1x3; x2): (7)The relevant stru
ture fun
tion des
ribes the probabil-ity to �nd a photon with a 
ertain energy fra
tion inthe quark:DMS
q (x3;M;mq) = �2�Q2q0 1 + (1� x3)2x3 ���ln M2m2q � 2 lnx3 � 1� : (8)In a

ordan
e with the renormalization formalism,we now have to subtra
t 
ontributions (5) and (7) fromthe 
ross se
tion 
omputed in (3). In a realisti
 situ-ation, we have to perform this pro
edure numeri
allyin order to keep the possibility to impose experimental
uts. On the other hand, it 
an be shown analyti
allythat the terms with the logarithms of the quark masses
an
el during the subtra
tion pro
edure.4. NUMERICAL RESULTS ANDCONCLUSIONSFor the numeri
al evaluations, we used the same
onditions and the input parameters as in Ref. [23℄:

GF = 1:16637 � 10�5GeV�2;�(0) = 1=137:03599911; �s = 0:1187;MW = 80:425GeV; �W = 2:124GeV;MZ = 91:1867GeV; �Z = 2:4952GeV;MH = 150GeV; mt = 174:17GeV;mu = md = 66MeV; m
 = 1:55GeV;ms = 150MeV; mb = 4:5GeV;jVudj = jV
sj = 0:975; jVusj = jV
dj = 0:222:The MRST2004QED set [5℄ of parton density fun
tionsand the GF ele
troweak renormalization s
heme [30℄were used. The 
ut on the 
harged lepton rapid-ity and transverse momentum are j�`j < 1:2 andPT;` > 25 GeV. The 
ut on the missing trans-verse momentum for the CC 
ase is also imposed:PT missing > 25 GeV.At the parton level for the CC and NC pro
esses,
 + q ! q0 + l1 + �l2;we performed a 
omparison with the 
orresponding dis-tributions obtained with help of the CompHEP sys-tem [31℄ and found a good agreement.In Table 1, we present the results of 
ompari-son for the inverse bremsstrahlung 
ontribution tothe CC Drell�Yan pro
ess with di�erent 
uts on the
harged lepton transverse momentum (see the detailsin Ref. [23℄). Our results are marked as SANC, theyare 
ompared with the numbers (DK) presented inRef. [23℄. The small deviations in the results for thevalues of the 
orre
tions are 
ertainly beyond the 1%pre
ision level. They are due to some di�eren
es in thes
hemes of 
al
ulations and are indu
ed by higher-ordere�e
ts in �.Table 2 shows the results of 
omparison for the in-verse bremsstrahlung 
ontribution to the CC Drell�Yan568
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ontribution : : :Table 2. Cross se
tions �0 and �
q of the respe
tive pro
esses p[q℄p[q0℄ ! ���+X and p[
℄p[q℄ ! ���+X and the
orresponding 
orre
tions Æ
q = �
q=�0 obtained by DK and SANC groups for di�erent MT;���+ ranges at the LHCMT;���+ , GeV 50�1 100�1 200�1 500�1 1000�1 2000�1�0, pbDK 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)Æ
q , %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 se
tions �0 and �
q of the respe
tive pro
esses p[q℄p[q0℄ ! �+��X and p[
℄p[q℄ ! �+��X and the
orresponding 
orre
tions Æ
q = �
q=�0 for di�erent M�+�� ranges at the LHCM�+�� , GeV 50�1 100�1 200�1 500�1 1000�1 2000�1�0, pbHORACE 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)Æ
q, %SANC 0:047(1) 0:449(1) 0:013(1) 0:496(1) 0:619(1) 0:563(1)pro
ess with di�erent 
uts on transverse mass of themuon�neutrino pair. The 
orresponding numbers forÆ
q are below the one-per
ent level.Table 3 gives the results for the inverse bremsstrah-lung 
ontribution to the NC Drell�Yan pro
ess withprodu
tion of two muons. Di�erent values of the 
uton the invariant mass of the muon pair are 
onsidered.For the Born 
ross se
tion, we also show the numbers ofHORACE [17, 19℄, whi
h are in good agreement withthe SANC results.In Fig. 3, we plot the distributions of the Born-level
ross se
tion and of the relative radiative 
orre
tion ver-sus the transverse mass of the muon and neutrino pairMT (�+��) in the CC Drell�Yan pro
ess,MT (�+��) =q2PT;�PT;�(1� 
os���); (9)where ��� is the angle between the muon momentumand the missing momentum in the transverse plane. InFig. 4, analogous distributions in the muon transversemomentum PT;� are given.Figure 5 shows the Born di�erential 
ross se
tion ofthe NC Drell�Yan pro
ess and the relative 
orre
tion

Æ
q as a fun
tion of invariant massM�+�� of the muonpair. Figure 6 gives us results for the Born di�erential
ross se
tion of the neutral 
urrent Drell�Yan pro
essand the relative 
orre
tion Æ
q as a fun
tion of the �+transverse momentum PT;�. The distributions aroundthe W and Z resonan
es are plotted. The drop-o�s inthe �rst bins of the 
orre
tion distributions in the NChave no physi
al sense. They arise be
ause the fa
tor-ization pro
edure with the longitudinal parton densityfun
tions does not allow applying the experimental 
utsunambiguously. The drop-o�s 
an be shifted by 
hoos-ing a di�erent 
ut value. We 
he
ked that the rest ofthe distributions does not su�er from this problem.Thus, we presented the photon-indu
ed 
ontribu-tion to the �rst-order ele
troweak radiative 
orre
tionsto Drell�Yan pro
esses. In the 
ase of 
harged-
urrents
attering, our results are in good agreement withearlier 
al
ulations of other groups. The NC 
asewas 
onsidered in an analogous manner. This inversebremsstrahlung 
ontribution should be taken intoa

ount together with all other relevant e�e
ts torea
h the a

ura
y of the theoreti
al des
ription ofthe Drell�Yan pro
ess adequate to the pre
ision of569
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oming LHC experiments. The typi
al sizeof the 
ontribution is below one per
ent, but for thetransverse momentum distribution in CC s
attering,the e�e
t 
an rea
h up to 16% depending on the 
utvalue. We plan to implement the results of our 
al
u-lations into a general Monte Carlo event generator forDrell�Yan pro
esses, whi
h is under development inthe SANC group.We are grateful to D. Bardin, S. Bondarenko,P. Christova, and L. Kalinovskaya for fruitful dis
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