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Electroweak radiative corrections to neutral-current Drell-Yan processes at hadron colliders
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We calculate the complete electrowe@«) corrections top(b)—>l*l’x (I=e,w) in the standard model
(SM) of electroweak interactions. They comprise weak and photonic virtual one-loop corrections as well as
real photon radiation to the parton-level procesqas—> v, Z—I1"17. We study in detail the effect of the
radiative corrections on tHe | ~ invariant mass distribution, the cross section inZHeoson resonance region,
and on the forward-backward asymme#yg at the Fermilab Tevatron and the CERN Large Hadron Collider.
The weak corrections are found to increaseZt®son cross section by about 1%, but have little effect on the
forward-backward asymmetry in thé peak region. Threshold effects of th&# box diagrams lead to pro-
nounced effects ilgg atm(I "1 )~ 160 GeV which, however, will be difficult to observe experimentally. At
high dilepton invariant masses, the nonfactorizable weak corrections are found to become large.
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[. INTRODUCTION more, in order to properly calibrate tt¥®boson mass and
width using the available LEP data, it is desirable to use
Drell-Yan production in hadronic collisions,p(b) exactly the same theoretical input which has been used to
=117 X (I=e,u), is an interesting process for a number of extractM, andI'; at LEP, i.e. to include the reducible and
reasons. Low mass Drell-Yan production is of interest beirreducible O(g*m?/M3,) corrections to the effective lep-
cause of the sensitivity to parton distribution functionstonic weak mixing parameter, $ifl;;, and theW mass,My,
(PDF9 at smallx values[1,2]. In the Z-boson resonance [15], in the calculation. Hereg is the SU(2), coupling con-
region, measurement of tieboson mas$1, and widthI", stant, andm, is the top quark mass.
and comparison with the values obtained at the CERN" In this paper we present a complete calculation of the
collider LEP helps to accurately calibrate detector compo
nents which is important for the determination of iWeamass
[3-5]. Measuring the forward-backward asymmefyg in

electroweakO(«) corrections top(b)ﬂy, Z—1*1~ which
also takes into account thé)(g“mf/M\zN) corrections to
_ ) . sirg; andM,y. For the numerical evaluation, we use the
the vicinity of theZ pole[6] makes it possible to extract the Monte Carlo method for next-to-leading-ordLO) calcu-

effecilv? weak mixing angle. The ratR of the W—>.| v and ._lations described in Ref16]. With the Monte Carlo method,
Z— 1717 cross sections can be used to extract information

. . it is easy to calculate a variety of observables simultaneously
on the width of the boson[7,8]. Finally, above the&Z peak, . .
one can search for physics beyond the standard rm&de) and to simulate detector response. The QED corrections are

such as extra neutral gauge bospals effects of large extra taken from Ref[13] and the collinear singularities associ-
dimensiong10.11], or 3omgosite uarks and le to%&] " ated with initial state photon radiation are removed by uni-
. P d P versal collinear counter terms generated by “renormalizing”

either the dilepton invariant mass distribution or the forward-the parton distribution functiongl7—19, in complete anal-
backward asymmetry.

With the anticipated large data sets of-20 fo? for ogy to gluon emission in QCD. Final state charged lepton

run Il of the Fermilab Tevatron and 100 b per year at the mass e.ffect.s arerin(‘iluded in our calcrlqtion iﬂ the lll‘pllowin_g
CERN Large Hadron CollidefLHC), it is very important to approximation. The epton mass regularizes the collinear sin-
fully understand and control higher order QCD and elec_gularlty associated with final state photon radlatlor]. The as-
y g . . .
troweak corrections to Drell-Yan production. A complete cal-Sociatéd mass singular logarithms of the formsm),
culation of the full O(a) radiative corrections topp ~ Wheres is the squared parton center of mass energyrand
—, Z—171~ has not been carried out yet. In a previousis the Charged Iepton mass, are included in our calculation,
calculation, only the QED corrections had been include8]  but the very small terms cID(m,Z/%) are neglected.

while “genuine” weak corrections were ignored. At the  The technical details of our calculation are described in
Tevatron(LHC), the expected statistical uncertainty on fhe Sec. Il. The electroweak corrections consist of the set of
boson cross section for 2 ) (10 fb~!) is approximately electroweak loop contributions, including virtual photons,
0.2% (0.05% per lepton channel. In contrast, the genuineand of the emission of real photons. To regularize the ultra-
weak corrections in th& peak region are expected to be of violet divergences associated with the virtual corrections, we
O(1%) in magnitude and grow with the di-lepton invariant use dimensional regularization in tlsl-SHELL renormaliza-
mass,m(I"17), similar to difermion production ire*e™~ tion schemg20]. After a brief summary of the calculation of
collisions[14]. It is thus necessary to include these correcthe QED correctiond13], analytical expressions for the
tions when data and SM prediction are compared. Furthemenuine weak corrections are presented. InZipele region,
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the leading universal electroweak corrections can be ex- (12+02)
pressed in terms of effective vector and axial vector cou- > |A3|2=8 Q§Q|2(477a)ZT,
plings. These corrections can thus be taken into account in S

the form of an effective Born approximatidiEBA) where

the tree level vector and axial vector coupling constants in 02
the expression of the Born cross section are replaced by the 2 |AZ|*=8
effective vector and axial vector couplings. The remaining
non-factorizable weak corrections are small in theole
region, but become important at high di-lepton invariant
masses due to the presence of large Sudakov-like elec-
troweak logarithms of the form [m(I*I7)/My] (V=W2) > 2R&A%A4%*)=16Q,Q a,a (47a) [vqu(t2+U?)
[14]. In Sec. Il we also present a numerical comparison of

the full O(«) cross section and the forward-backward asym- o Re)((g;)

metry at parton level with that obtained in the EBA and the —aqa(t?—u?)] ———, (4)
Born approximation. Such a comparison is helpful to gain S

insight into how the weak corrections affect measurable

|x(s)|?
§2

[(v3+ad)(vf+af)(t?+u?)

—4vaquia(t2—u?)],

guantities. B wit

Numerical results fopp collisions atys=2 TeV and for 3
pp collizsior;s atys= 14 TeV are plresented in Sec. Ill. When Vi =5e g (13-252Qy), a= fC , ®)
O(g*m?IM§,) corrections to sifdy; and M,y are taken into SwCw SwCw

account, the weak corrections increase thdoson cross o _ ) 3
section by about 1% but have little effect @y in thez ~ Parametrizing theZff (f=1,q) couplings. HereQ; andly
pole region. Threshold effects of th& box diagrams are denote the charge and third component of the _vveak isospin
found to lead to small but pronounced effects in the forwardduantum numbers of the fermiofy and s,=sinéy, ¢,
backward asymmetry am(l*1~)~160GeV. At large di- =C0Sty With 6y being the weak mixing anglev=a(0) is
lepton invariant masses, the weak corrections reduce the dif’® electromagnetic fine structure constant. The pole iZthe
ferential cross section by)(10%). The effect onAgg is boson propagator is regularized by assuming a comglex
somewhat smaller. Finally, our conclusions are presented iROSON mas$/:
Sec. IV. .
. S
)((S):47Taﬁ. (6)
Il. ELECTROWEAK RADIATIVE CORRECTIONS (s—Mg)

TO NEUTRAL CURRENT DRELL-YAN PROCESSES ) ]
In a perturbative calculation of thé propagator, a Dyson

The parton-level differential Born cross section for resummation of one-particle-irreducik&Pl) (renormalized
charged lepton pair production via photon ahdoson ex- 7 self-energies is performed. The imaginary parthf is
change in quark-antiquark annihilatioh<e, 1), related to theZ decay widthI', by unitarity while the real

L part is given by
ap)+ap)—y, Z—17(ky)+1(ko), (N A
ReMZ(s=M3)=M3. (7)
is given by
In the ON-SHELL renormalization schem@0] which we use,
. 1 o the physicalz boson mas$/;, is equal to the renormalized
do(o)zszfl—z > A+ AY(s 1,0, (2)  mass.
The Dyson resummation introduces the problem of defin-
) ) ing the mass and width of th&boson, and a gauge invariant
where the sum is taken over the spin and color degrees fescription of the scattering amplitude, order-by-order in
freedom of the initial and final state fermions, amh&,; de- perturbation theory. As discussed in detail in Réfl], the
notes the two-particle phase space element. The factor 1/]@(a2) contributions to the imaginary part (Mg must be
results from summing and averaging over the quark spin anghken into account for a description of tAeesonance at the

; 0
color degrees of freedom. The matrix eIemeAﬂsand Az one-loop level. A consistent expansion of M to O(a?)
describe the photon arkiboson exchange processes at |OW-P/ie|dS

est order in perturbation theory. In terms of the kinematical
variables of the parton system A A
B |m|v|§(§,)=|m(Ez(é)[1+ReHZ(M§)]
s=(p+p)? t=(p—ky)? u=(p-k)? (3

_ 2 o [RPOP
the squared Born matrix elements for massless external fer- JFE(ZZ)(S)_T
mions are s+37(s)

. (8
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37 andi(zz) in Eq. (8) are the transverse parts of the renor-O(a) QED corrections tajg—y, Z—I"1" can be further

. - divided into gauge invariant subsets corresponding to initial
_ _ 3 z
malized one- and two-loop corrected 1Pself-energieslI and final state radiation. Since the incoming quarks are as-

[see Eq.(18)] and 3*77* [see Egs.(B1)-(B3)] are the sumed to be massless in the parton model, initial state photon
(renormalized self-energy insertions into the and photon  ragjation results in collinear singularities. These singularities
propagators. The last term in E@) takes into account that are ynjversal to all orders in perturbation theory and can be
the photon and’ boson do not propagate independently be-ghgorhed by a redefinitiofrenormalization of the PDFs
yond Ieaging order in perturbation theory. The evaluation of[17]. This can be done in complete analogy to the calculation
ImM? ats=M} corresponds to a Laurent expansion arouncef QCD radiative corrections. As a result, the renormalized
the complex pole and leads to a description of heeso-  parton distribution functions become dependent on the QED
nance in terms of a constant width, i.eMZ=M’  factorization scaleuoep Which is controlled by the well-
—iM ZF(Z°+1) . At LEP energies the dependence of the one- known Gribov-Lipatov-Altarelli-Parisi (GLAP) equations
and two-loop contributions to the imaginary part of the ZPI [23]. These universal photonic corrections can be taken into
self-energy can be approximated by account by a straightforward modificatidi8,19 of the
standard GLAP equations which describe gluonic corrections
only. The modification consists of an additional term which

~_ S ~
Im3%(s)= —Im2%(M2) is proportional to the electromagnetic fine-structure constant,
Mz «a, resulting in modified distribution functioan(x,,uéED)
. for quarks with flavorf. The gluon distributiorg(x,uéED) is
Ims 2 (3)= ilmiz (M2) 9 only affected indirectly by QED corrections through terms of
@) M2 @87z O(aag). The QED induced terms in the GLAP equations

lead to small, negative corrections at the per-mille level to
A . . . - 2
s thatM2=M2—i(3/M)T'P*) . Both descriptions are re- the distribution functions for most valuesxoand ugep [24]-

2 2

lated by a transformation of the parameters of theeso- ~ ONly at largex=0.5 and largeugep= 10°GeV* do the cor-
nanceM; andT',, and the residue of the complex pole, and féctions reach the magnitude of 1%. _
are thus equivalenf22]. In the following, we use the In order to treat theé)(«) initial state QED corrections to
s-dependent width anproach. The one-loob correddsb-  Crell-Yan production in hadronic collisions in a consistent
son zecay widthl"(0+%p is diécussed in Apgendix A way, QED correction_s should be inc_orporated in the global

Z ) ' fitting of the PDFs, i.e. all data which are used to fit the

The electroweakO(«) corrections to neutral-current

. arton distribution functions should be corrected for QED
Drell-Yan processes naturally decompose into QED an ffects. Current fit§25,2€ to the PDFs do not include QED
weak contributions, i.e. they form gauge invariant subsets !

K rrections. The missin ED corrections introduce an un-
and thus can be discussed separately. The observable N gQ

ton is obtained b luting th ; rtainty which, however, is probably much smaller than the
Cross section Is obtained by convoluting the parton Crosfﬁresent experimental uncertainties on the parton distribution

section with the quark distribution functiorfg;(x,Q?) (S functions.
=X1X2s) and summing over all quark flavos Absorbing the collinear singularity into the PDFs intro-
) duces a QED factorization scheme dependence. The squared
— 2y f— 2 - matrix elements for different QED factorization schemes dif-
do(s) % fo P (fyax1. Q0 as(x2. Q%) (A= 0)) fer by the finite O(«) terms which are absorbed into the
N A R A PDFs in addition to the singular terms.
X[do®*N(s,t,u) + dogep( woenS )], (10) For our calculation, we have taken t&%a) QED correc-
. tions from Ref[13]. The calculation presented in REL3] is
with (A,B)=(p,p) for the Tevatron andg,p) for the LHC. based on an explicit diagrammatic approach. The collinear
do®* comprises the NLO cross section including the Singularities associated with initial-state photon radiation are
factorized into the parton distribution functions as described

weak corrections andoqep describes the QED part, i.e. bove, but QED corrections are not taken into account into

virtual and real photon emission off the quarks and charge@le GLAP evolution of the PDFs. Thé(a) QED correc-

leptons. The part(_)n distribution_ functions depend on thE"tions are implemented both in the QED modified minimal
QCD renormalization and factorization scales, and u¢, subtraction (MS) and deep inelastic scatteringDIS)

which we choose to be equal, = u;=Q. The radiation of

collinear photons off quarks requires the factorization of theSchemes, which are defined analogously to the UE&{|27]
arising mass singularities into the PDFs which introduces &nd DIS[28] schemes used in QCD calculations. All numeri-

QED factorization scalg:qep as will be explained in more cal calculations in this paper are performed using the QED
detail in the next section. DIS scheme. The QED DIS scheme is defined by requiring

the same expression for the leading and next-to-leading order

structure functionF, in deep inelastic scattering. Sin€g

data are an important ingredient in extracting PDFs, the ef-
QED radiative corrections consist of the emission of realfect of the O(«) QED corrections on the PDFs should be

and virtual photons off the quarks and charged leptons. Theeduced in the QED DIS scheme. The collinear singularities

A. QED corrections
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FIG. 1. Born and higher-order weak contributionsqﬁ—> v, Z—1*1~ in symbolic notation. The dark blob indicates the inclusion of all
1PI contributions to the photon antipropagators.

associated with photon radiation from the final state leptorBorn matrix eIementsAgyz, the y, Z and yZ self-energy

lines are regulated by finite lepton masses. insertions, including a leading logarithmic resummation of
the terms involving the light fermions, and the one-loop ver-

B. Non-QED corrections and the effective Born approximation  tex corrections, as shown in Fig. A(y?;l) can be expressed

The non-QED corrections consist of self-energy contribuj”( terms of effective vector and axial-vector couplings,
tions to the photon ani propagators, vertex corrections to 9v/a = (f=1,d), such that the squared matrix elements for

the /Z-1*1~ and /Z-qq couplings(see Fig. 1 and box massless external fermions can be expressed in the form

diagrams with two massive gauge bosdsse Fig. 2 Since
we neglect all nonlogarithmic fermion mass terms, there is

no Higgs boson contribution to the box diagrams and vertex (47a)?
corrections. The calculation of the radiative corrections is >, |A*]2= ———x8{(|g¥"|*+1g%'1?)
performed in the 't Hooft—Feynman gauge. To regularize and [1+Rel?(s)]%s?
remove the arising ultraviolgUV) divergences we use di-
mensional regularization in then-sHELL renormalization X(|gy 92+ g} %% (t2+ u?)
scheme as described in RE20].
In the following we closely follow Refd.29] and[30], in —4Rd gy (9x")*]
particular for the treatment of additional higher-order correc- L
tions. For an accurate description of tAeresonance, it is XRG[g\V,’q(g,K'q)*](tz—uz)}, (12

important to take these corrections into account. The NLO
differential cross section at the parton level, including weak
O(a) and leadingd(a?) corrections, is of the form

)]2
S 1agr o= L gy ek
da-(0+1):dp2fi22 |ACTDL ATDI2(5 1) [1+Rell%(s)]%s
S 1A i

X (19712 +gx ) (12 +u?)

+d0ped(S,1,U). (11)
—4Regy'(93)*]

Here,dfrbOX describes the contribution of the box diagrams 24 T e~
shown in Fig. 2. The matrix elements\’; ¥ comprise the XRe gy H(ga®)* (12 —u?)}, (13

FIG. 2. Box diagrams contributing taq
-7
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(47a)|x(3)I?
[1+Rd1”(s)][1+ Rel%(s)]s?
X9y gy + RO * I(2+ %) —[gR'(90")* + 97" (9R)*]

X[gRUgyDH* +g7(grN* (- u?)}, (14)

2 2REAP IR = 16 Rex (5107 (a%)* + 05" (gx")*]

with where ﬁf“/e,m denotes the fermion-loop contribution to the

photon vacuum polarizatior)((é) is expressed in terms of
the physicaW andZ boson masses, ttiewidth measured at
LEP, and the Fermi constaf®,,,

95" (s)=a;+G5'(9),

78,7 78,7 m(s)
gy (S)=vi+Fy(s)+ Q¢ m R 36 M2&? s 20
=4 M = = ,
A A 15 x(s) Mo sz a2
9x(s)=-GX'(s), where
»HS =0.—F2f(3). M2
gy (8)=Q¢—Fy(s) 3\,:( —M—\;v) (21)
z

F2" and G2 denote the renormalized vector and
axial-vector form factors which parametrize the weak correcFinally, the vertex and self-energy corrections are taken into

tions to the §,2)ff vertices.ITX, X=1y,Z,vZ, describe the ~account by replacing
renormalized photorZ and (y,Z) self-energy insertions,

Mz .
. vﬁv?f:g o (15—2Qssirtoly), f=1,q, (22
~ . X(s) w Mw
(s)=——, (16)
5 where
S yzn 1 RegZ(M2)
S L) iRl = - (23
Ee=—"" a7 AR Regg (M2))
. is the effective electroweak mixing parameter for leptons at
P Y R DS O the Z peak. siRf. has been measured at LEP and the SLAC
(s) VY )| (18) Linear collider(SLC). The effective weak mixing parameter
s—M3 s+27(s) ; . .
for up- and down-type quarks is approximately given by
The box contributiorday,, cannot be absorbed in effective sin? 64~ sin6L— 0.0001, (24)
couplings. However, in th& resonance region, the box dia-
grams can be neglected and the NLO cross sectigi ¥ sir? 9%~ sir? 64— 0.0002. (25

is of Born structure. For more details about the self-energies,
form factors and box contributions we refer to Appendixes BAbove theZ peak region, the effective Born approximation
and C, respectively. In Appendix C we also describe the inbecomes insufficient for two reasons: the effective couplings

clusion of leading higher-ordeirreducible QCD and elec-  are not static but grow as functions sf and the box dia-
troweak corrections connected to theparameter. grams are no longer negligible. Their contribution increases
In the Z resonance region, the dominant contributions tostrongly with energy and they contribute significantly at high
the non-photonic electroweak corrections can be taken intghvariant masses of the lepton pair.
account by redefining several quantities appearing in the ex-
pression of the Born cross section given in E2). In the
resulting effective Born approximatiqiEBA), the fine struc-
ture constantg, is replaced by the running electromagnetic

coupling, a(s)

C. Numerical discussion of the non-QED corrections
at the parton level

Before we present results at the hadron level, we discuss
the observables of interest at the parton level, where many
o characteristics of the weak corrections manifest themselves.
a—a(S)=———, Aa(s)=—Rdl},(s), 19 For the numerical evaluation we chose the following set of
1-Aa(s) SM input parameterg31]:
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FIG. 3. The relative corrections to the total
cross sections fonu—e*e” anddd—e*e™ (a)
in the vicinity of theZ resonance, antb) at high
parton center of mass energies.
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G,=1.1663X 10°° GeV 2, a=1/137.0359895, result of Ref[34] to 0.2 MeV for 75 Ge\ W M ;<350 GeV.

(26) For the numerical discussion we choose
M,=91.1867 GeV, as=asM3)=0.119,

My=120 GeV, (28
m,=0.51099907 MeV, which is consistent with current dire¢85] and indirect
boundq 36], and work in thes-dependent width scheme. The
Z-boson decay width is calculated including electroweak and
QCD corrections as described in Appendix A. The NLO pre-
diction for theZ boson width is also used in the calculation
of the lowest-order and EBA predictions. For the input pa-
rameters listed in Eq26) we obtain for the effective lep-

The fermion masses only enter through loop contributions ggonic Vzﬁag mixing angle of Eq23) .Slnzaeﬁ_ 0.23167, and
=1""""=2.4932 GeV for the width of th& boson.

the vector boson self-energies and as regulators of the col-Z2 _ v ;
linear singularities which arise in the calculation of the QED ' the following we discuss the impact of the weak cor-
contribution. Non-zero light quark masses are only used ifections on the tc&al cross sections and the forward-backward
the calculation of the vector boson self-energies. The lighesymmetries fouu(dd)—y, Z—e"e™ as a function of the
quark masses are chosen such that the value for the hadronigrton center of mass energg. Almost identical results are
contribution to the photon vacuum polarization for five ac-obtained for theu ™ .~ final state. We compare the full NLO
tive flavors,A 3} (M%) =0.028[32], which is derived from  oqit g6(0+1) of Eq. (12), with the Born predictionds©®
low-energye”e” data with the help of dispersion relations, of Eq. (2), and the result obtained in the EBA. In Fig. 3 we
is recovered. show the relative corrections®*V/o,—1, in percent, to

The W mass and the Higgs boson mabk,, are related i —
via loop corrections. A parametrization of tiémass which, ~the total cross sections for the processes—e’e” and

for 65 GeV<M <1 TeV, deviates by at most 0.4 Mev dd—e*e” in the Z resonance regiofFig. 3a, and at high
from the theoretical value including the full fermionic two- parton center of mass energi€sg. 3b. o, is either taken to

loop contributions is given in Re{33]. Here we use the pe the Born cross section!?), or the EBA prediction for the

parametrization of Re{.34] total cross sectionggga. The weak corrections are seen to
enhance the total cross section by 10-12% below, and by

m,=0.105658389 GeV, m,=1.777 GeV,
m,=0.0464 GeV, m,=15 GeV, m=174 GeV,

my=0.0465 GeV, m.=0.15 GeV, m,=4.7 GeV.

0 MH M H . ~ .
My=My—0.05811 100 Ge\ —0.00781rf 100 Gev 5-7% at and above th&peak. The kink at\/g~ 350 GeV in
the solid and dotted lines is due to the top quark threshold in
s AalP)(M2) the running coupling,«(s). Since this enhancement is
—0.085 0.118_1 —0.518 0.028 mainly caused by universal electroweak corrections, i.e. the

running of @ and corrections connected to theparameter,
t 2 the EBA represents a good description of the NLO result in
+0.537 | o—==] —1 (27 A 0+1) 7 .
175 Ge theZ resonance regioro(®" Y/ oo— 1<1%). The diference
between the full NLO result and that obtained in the EBA is
with MJ,=80.3805 GeV, which was used in the analysis ofa measure for the effects of the non-universal corrections. At
the LEP data. The parametrization of Ef7) reproduces the higher parton center of mass energies the strong deviation of
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FIG. 4. The relative corrections to the
forward-backward asymmetry at parton level for
uu—e*e” anddd—e*e” (a) in the vicinity of
the Z resonance an¢b) at high parton center of
mass energies.
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the EBA cross section from the NLO result is essentially due As can been seen from Fig. 4b, the weak corrections also
to the contribution of the box diagrams and to a lesser extenkad to a sharp peakdip) in Arg for uu—e*e™ (dd
due to the energy dependence of the effective couplings. The

e . —=e*e”) in the vicinity of the W"W~ threshold, \/§
deviation of the EBA cross section from the NLO result at%160 GeV. The peak/dip is due to the—A nature of the

large values ofVs is the result of large Sudakov-like elec- coupling of theW to fermions and a threshold effect in the
troweak logarithms of the form I8(M2) (V=W,Z) [14]. It WW box and vertex diagrams. Figure 5 Show#\gg

is much more pronounced fouu—ee~ than for dd  =ARs —Afs" in more detail in the region around the
—e*e” which is due to the different Feynman diagrams W' W™ threshold. The solid lines sho@Arg including the
which contribute to the two initial states. In addition to the full set of Feynman diagrams contributing to the non-
box diagrams withZz boson exchange, only the crossel+ photonic weak corrections. Disregarding W box dia-
rech W box diagram contributes for up-typ@own-type  grams removes a large portion of the peak/digshed lines
quarks in the initial stat¢see Appendix € As a result, for ~The remaining effect is due to initial and final state vertex
dd—e*e, the contribution from the box diagrams is less corrections involving two virtual’v bosons. Fouu—e*e~
significant and the deviation of the EBA cross section fromthese interfere destructively whereas toi—e* e there is

the NLO result is not as large. constructive interference. The effect of the initial and final
The forward-backward asymmetry at the parton level isstate vertex corrections involving two virtual bosons
given by therefore is more pronounced fditype quarks in the initial
state. Unlike thewW box diagrams, th& box graphs have
" (s)-aB(s) . F(B)2 o-52) .~ do .. only a very small effect on the forward-backward asymme-
FB=>F =~ 2g . © (s)=J . dt —(s,1), try. This is due to the small vector coupling of tAdoson to
o (s)+o7(s) —si2(-s)  dt the charged leptons. The effect of removing théox dia-

(29) grams from the set of Feynman diagrams describing the non-
photonic weak corrections is shown by the dotted lines in

with do=do(®,dogga,da® 1) vyielding the Born, EBA  Fig. 5.
and NLO predictions ofArg, respectively. In Fig. 4 we show
the differencesArs®— AZS™ and Ags°— Azg” for the parton lll. PHENOMENOLOGICAL RESULTS
level processeau—e*e” anddd—e* e in the vicinity of
the Z peak(Fig. 4a and at large parton center of mass ener-
gies (Fig. 4b). In the Z peak regionAgg is strongly reduced We shall now discuss the phenomenological implications
by the weak corrections. The reduction is more pronouncedf the O(«) genuine weak corrections to di-lepton produc-

for the dd subprocess. In the vicinity of the boson peak, tion at the Tevatron p{E collisions aty/s=2 TeV) and the
the EBA again provides a very good approximation. Due toLHC (pp collisions ats=14TeV). We first discuss the
the s dependence of the effective couplings and the contriimpact of the non-universal weak corrections on the lepton
butions from the box diagrams, the difference betwag’ pair invariant mass distribution and the total cross section in

EBA . iy . . = the Z pole region. We then consider how the forward-
andAgg™ rapidly increases in magnitude fg’g> 100 Gev. backward asymmetnAg, is affected by these corrections.

At very high values of Vs, the weak corrections tail  The universal weak corections are taken into account in the
—e'e” (dd—e*e”) considerably diminisHenhancgthe form of the effective Born approximation described in detail
forward-backward asymmetry. in Sec. Il B. The SM parameters used in our numerical simu-

A. Preliminaries
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ol RS AR RERRS 0.005_....|....|....|....
| a) ui-e*e” | L b) dd-se*e”
solid: with box diag. i i solid: with box diag. ]
dots: no ZZ box diag. 4 0.000— dots: no ZZ box diag. _ .
. dash: no WW box diag. J " dash: no WW box diag. ] FIG. 5. The relative corrections to the
2m 0010 F~ 2] forward-backward asymmetry at the parton level
| . in the region around thew-pair production
£ —0.0051— threshold,\/E:ZMW, for (@) uu—e*e™ and(b)
0 - dd—e*e™. The solid line showsAgs—AEEA
£ o005 [ when the full set of Feynman diagrams contrib-
< 1 -o0.010 uting to the non-photonic weak corrections is
r taken into account. The dashddotted lines
I show Agg— AEB” when theW(Z) box diagrams
0.000 _ _0.015-_ are disregarded.
120 140 160 180 200 120 140 160 180 200
VB (GeV) VB (GeV)
lations are listed in Eqs(26)—(28). To compute the cross AR(e,y)=\[An(e,v)P+[Ad(e, 7)]?, (31)

section we use the Martin-Roberts-Sterling, set( RRSR2
of parton distribution function§37], and take the renormal- g
ization scaleu, and the QED and QCD factorization scales,
Moep and ugcep, to beu?= MéED: M(ZQCD: S. AR(e,y)<R.=0.07, (32
To simulate detector acceptance, we impose the following
transverse momentunp{) and pseudo-rapidity#) cuts ( similar to the resolution expected for ATLA®O]. Recom-
=e, u): bining the electron and photon four-momentum vectors for
small opening angles of the two particles greatly reduces the
pr(1)>20 GeV, [n(1)]|<2.5. (30) effect of the mass singular logarithmic terms associated with
final state photon radiatiofi3].
Muons are identified in a hadron collider detector by hits
These cuts approximately model the acceptance of the CDiR the muon chambers. In addition, one requires that the
Il [38] and D@ [39] detectors at the Tevatron, and the associated track is consistent with a minimum ionizing par-
ATLAS [40] and CMS[41] detectors at the LHC. Uncertain- ticle. This limits the energy of a photon to be smaller than a
ties in the energy measurements of the charged leptons in thgitical valueE? for small muon-photon opening angles. At
detector are simulated in the calculation by Gaussian smeaghe Tevatron we impose B,<E!=2 GeV cut for photons
ing of the particle four-momentum vector with standard de-traversing the same calorimeter cell as the muon. At the
viation o~ which depends on the particle type and the detECLHC, f0||owing Ref. [40], we require the photon energy to
tor. The numerical results presented here were calculatege smaller tharEl=5 GeV if AR(u,7)<0.3. The cut on
using o values based on the CDF Il and ATLAS specifica- the photon energy increases the size of the QED corrections
tions. , , for m(u"u")>100 GeV[13].
The granularity of the detectors and the size of the elec- e impose the cuts and lepton identification requirements

tromagnetic showers in the calorimeter make it difficult toyescribed above in all subsequent numerical simulations, un-
discriminate between electrons and photons with a smafegss explicitly noted otherwise.

opening angle. In such cases we recombine the four-
momentum vectors of the electron and photon to an effective
electron four-momentum vector. The exact recombination
procedure is detector dependent. For calculations performed
at Tevatron energies we recombine the four-momentum vec- QED corrections are known to have a profound impact on
tors of the electron and photon to an effective electron fourthe shape of the di-lepton invariant mass distributiag].
momentum vector if both traverse the same calorimeter cellDue to the mass singular terms associated with final state
assuming a calorimeter segmentation aofnXA¢  photon radiation, the differential cross section is reduced in
=0.1x15° (¢ is the azimuthal angle in the transversethe Z peak region by about 10% for electrons, and by about
plane. This procedure is similar to that used by the Collider20% for muons in the final state. Below ttZeresonance
Detector at FermilagCDF) Collaboration in run |. The seg- region, final state photon radiation enhances the cross section
mentation chosen corresponds to that of the central part dfy up to a factor 1.5 with the maximum effect occurring at
the run | CDF calorimeter. At LHC energies, we recombinem(l*17)~75 GeV. Form(I*1~)>100 GeV, QED correc-

the electron and photon four-momentum vectors if theirtions reduce the™e™ (u* u ™) differential cross section by
separation in the pseudorapidity-azimuthal angle plane,  about 5% (12—-15%). In contrast to final state photon radia-

B. Weak corrections to the di-lepton invariant mass
distribution and the Z boson cross section
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S L the final state are mostly due to the different lepton identifi-
i < pp-117(7) ] cation requirements. The slight dip visible at(I™17)
Lo1r= Vs—2Tev | ~160 GeV is caused by th&/ pair threshold effect dis-

1 cussed in Sec. Il C.

Since the non-universal weak corrections are not uniform
in the Z peak region, they are expected to shift théoson
mass extracted from data upward by several MeV. This is
much smaller than the effect caused by QED corrections but
may not be negligible in future hadron collider experiments.
In order to make a more quantitative prediction of the shift in
M due to the weak corrections, detailed simulations which
r ~ fully take into account detector response need to be per-
formed. These are beyond the scope of this paper.

oot + o+ v Loy The ratio, R, of the W—Ilv andZ—|"1~ cross sections
0 100 150 R00 can be used to extract information on the width of Ve
m(1*17) (GeV) boson[7,8]. Since the QCD corrections ¥ andZ produc-
. tion are very similar, they cancel almost perfectly in Weo

FIG. 6. The ratiddo™)/dm(1"17)1/[do%Pdm(I"I")]asa 7 cross section ratio; the)(as) corrections toR are of
function of the dsi-lepton invariant mass at the Tevatron in Zhe O(1%) or less, depending on the set of parton distribution
peak regiono”(“”) denotes the full NLO cross section, an@®  functions used42]. In addition many experimental uncer-
represents the cross section which includes the factorizable 9|e@ainties, such as the luminosity uncertainty, cancel in the
troweak corrections in the form of the effective Born approximationcrgss section ratio. Accurate knowledge of how electroweak
together with theD(a) QED corrections. The cuts and lepton iden- ~qrrections affect th&/— | v and the di-lepton cross sections
tification requirements imposed are described in Sec. Il A. in the Z resonance region is thus very important.

) _ o _ The effect of the non-universal weak corrections on the
tion which significantly changes the shape of the di-lepton |~ inyariant mass distribution is also reflected in the total
invariant mass distribution, initial state QED corrections aregross section in th& resonance region. In Table | we list the
uniform and small £ +0.4%). The distortion of the Breit- g5 section ratios

Wigner shape of th& resonance curve due to final state

QED corrections causes tl& boson mass extracted from 50

data to be shifted by about100 MeV for electrons, and KEW=—0or, (33
—300 MeV for muons, in the final staf8,4]. g

Based on the results obtained a}t the parton leset Sec. (the “EW K factor”) and
I C), one expects that the non-univer§é¥la) weak correc-
tions are small in the vicinity of th& resonance. Figure 6 o QED
shows the ratigdo ) /dm(1*17) /[ do?Edm(1 *17)] at KQEP=
the Tevatron, where-®(@”) denotes the full NLO cross sec-
tion, and oFP represents the cross section which includesithe “QED K factor”) for 75 Gev<m(l*1 7)< 105 GeV (
the factorizable electroweak corrections in form of the effec-=e, u) at the Tevatron with and without taking the cuts and
tive Born approximation together with th®(«) QED cor-  lepton identification requirements described in Sec. Il Ainto
rections. Very similar results are obtained at the LHC. Foraccount. Similar results are obtained at the LHC. One ob-
m(1*17)<50 GeV, the nonuniversal corrections are veryserves that the genuine weak interactions increase the cross
small and negative. In th& peak region, they enhance the section by about 1.0%. Approximately one-half of the en-
differential cross section by up to 1.2%. Finally, for hancement is due to th&(g*m?/M3,) corrections to siff
m(I"17)>130 GeV, the non-universal weak corrections be-andM,. In contrast, the QED corrections decrease the cross
come negative and rapidly increase in magnitude. The smaflection. The size of the QED corrections to the cross section
differences between the results for electrons and muons idepends on the flavor of the final state lepton and whether

solid: 1=e
dash: 1=u

1.00

0.99

40®®) /dm(1*17)]/[doe®® /dm(1*17)]

O.EBA (34)

TABLE |. The cross section ratiokEW=g0e")/GEBA and KQEP= 5QEDGEBA for pn | *|~ ()
(I=e, u) at Js=2 TeV with 75 Ge\k m(l1*17)<105 GeV. Shown are the predictions with and without
taking cuts and lepton identification requirements into account.

With lepton Id. Without lepton Id.

Requirements Requirements
Channel KEW K QED KEW K QED
pp—ete (y) 0.988 0.978 0.949 0.939
pp—utu () 0.936 0.926 0.981 0.971
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L.OS T 0.90 Frr T T T T

L a) b)

pp-e’e () 1 -
Vs =2 Tev | I

PP u () A

FIG. 7. The ratio [do/dm(l"17)]/
[doBBA/dm(1 1 7)] as a function of the di-lepton
invariant mass for(a) pp—e*e (y) and (b)
pp—utu () at s=2 TeV. The dashed lines
show the ratio of the complet®(a®) elec-
troweak and the EBA differential cross section.
The solid lines display the corresponding ratio for
the case where only th&(a) QED corrections
>~ and the factorizable electroweak corrections in
7] form of the effective Born approximation are

1.00

— 085

) B

/

LR I B L
4

0.95 0.80

~

0.90 0.75

-~
-~

solid: 0(a®) QED/EBA  ~~.

[do/dm(1*17)]/[do™* /dm(1*17)]

taken into account. The cuts and lepton identifi-
cation requirements imposed are described in
Sec. lll A.

solid: 0(«®) QED/EBA

L I
!

q

dash: full 0(a®) EWK/EBA dash: full 0(a®) EWK/EBA

0.8 0.7
200 300 400 500 600 700 200 300 400 500 600 700

m(e*e”) (GeV) m(u'u”) (GeV)

cuts and lepton identification requirements are taken into acef the complete)(«®) electroweak and the EBA differential
count or not. Without detector effects taken into account, theross section as a function of(I*17) (dashed lines In

QED corrections are numerically more important than thegrder to make the effect of the non-factorizable weak correc-
genuine weak corrections. Due to the mass singular termg,ns more transparent, we also show the corresponding ratio
associated with final state photon radiation, the QED correcsy; the case where only the(«) QED corrections and the

. PR .

tions for theeﬂ? ;lr;lal .T,tatte are lI(arger th?n thosz n tht(; factorizable electroweak corrections in form of the effective
m+uo_n case.+ ne Tull elec fOWt‘?a _CotLr;C lons reduce e, approximation are taken into accousolid lines. Fig-

e e (y)ln n (y)] cross section in resonance ré-  ,re 8 shows the corresponding results for the LHC. Due to

i 0 0,
gion by about .5/‘(? ). the recombination of electrons and photons, the QED correc-
The recombination of electron and photon momenta wher). v . :
fjons reduce thee" e differential cross section by only

the opening angle between the two particles is small strongl ; . . .
P gang b g —-5% over the invariant mass regions considered. In the

reduces the effect of the QED corrections to the integrate "
e*e~ cross section. As a result, the effects of the QED corMUON case, the cut on the photon energy for photons which

rections and the genuine weak corrections partially cancellaveé & small opening angle with the muon reduces the hard
The net effect of the electroweak corrections is a decrease Ghoton part of thed(a®) u*u"(y) cross section. As a re-
the cross section by 1.2%. In the muon case, lepton identifiSult, the QED corrections are much more pronounced and
cation requirements increase the magnitude of the QED co#lisplay a much stronger dependence on the di-lepton invari-
rections, and the full electroweak corrections decrease th@nt mass than in the"e™ case. The non-factorizable weak
cross section by more than 6%. corrections are seen to increase rapidly in size with*| ™).

The effect of the non-factorizable weak corrections on theAs mentioned beforésee Sec. Il § this is due to the pres-
di-lepton invariant mass distribution at the Tevatron for largeence of Sudakov-like electroweak logarithms of the form
values ofm(l *1 ™) is shown in Fig. 7 where we plot the ratio In[m(I*17)/My] (V=W, Z). Most of the effect is caused by the

LS ) S I B B
[ @) pooete ) ] oL P ppout () |
T Lol Vs = 14 TeV ] N Vs = 14 TeV FIG. 8. The ratio [da/dm(I*I7)]/
= - 1 B 1 [de®BAdm(1T17)] as a function of the di-lepton
£ —\ i invariant mass for(a pp—e*e (y) and (b)
2 005 = o8| pp—u’ u(y) at\s=14 TeV. The dashed lines
S N . r show the ratio of the complet@(a®) elec-
= i \\\ 1 [ troweak and the EBA differential cross section.
= 0.90 . b L . - The solid lines display the corresponding ratlo for
£ Tt AN {4 07 N - the case where only th@(«) QED corrections
£ r R ] i Y | and the factorizable electroweak corrections in
N - \\\ . L RN form of the effective Born approximation are
,i 085~  lid: 0(c®) QED/EBA "~ - solid: 0(a®) QED/EBA ™~ taken into account. The cuts and lepton identifi-
[ dash: full 0(o) EWK/EBA 1 °~6_— dash: full 0(o®) EWK/EBA 7] cation requirements imposed are described in
N S D D L Sec. Il A
500 1000 1500 2000 500 1000 1500 2000
m(e*e”) (GeV) m(utp”) (GeV)
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contribution of up-type quarks in the initial stdee Fig. 3. 0,006 ————— 7 T 1 T T T T — T ]
For m(e*e )=500GeV[m(e*e )=1.5TeV], the elec- : . ]
troweak corrections reduce the cross section by about 109 0.004 pP=117()

(15%) at the Tevatron(LHC). In the muon channel, the & P =2

O(a) electroweak corrections are larger in magnitude than g 0.002 |~

the O(as) QCD corrections foru™u™ invariant masses T . .

larger than about 500 GeV. Fon(u* u~)=2 TeV at the g 0.000 SN

LHC, the O(«) electroweak radiative corrections reduce the &
cross section by more than 35%, which is approximatelyE -0.002
equal to the expected statistical uncertainty in a 200 GeV binz
centered am(u* w”)=2 TeV for 1005 L. It will thus be = -o.004
important to take into account the non-factorizable weak cor-
rections when measuring the Drell-Yan cross section at large  -0.006
di-lepton invariant masses at the LHC.

The results shown in Fig. 8 should be interpreted with m(*17) (Gev)
caution. Since the non-factorizable weak corrections become
large for di-lepton invariant masses above 1TeV, they need FIG. 9. The differenceAgg(full EWK) —Arz(QED) for pp
to be resummed in order to obtain accurate predictions in this-1 17 (y) at Js=2 TeV. Agg(full EWK) denotes the forward-
phase space regidifor a recent review of the resummation backward asymmetry calculated taking the fl«) electroweak
of electroweak Sudakov-like logarithms see Ref3]). A corrections and theO(g*m{/M3,) corrections into account.
calculation of Drell-Yan production in hadronic collisions Arg(QED) only includes th&(«) QED corrections, in addition to
which includes resummation of electroweak logarithms haghe factorizable corrections absorbed in the EBA. The solid and

solid: 1=e
dash: 1=p
dots: 1=e with W*W™ bgd.

100 150

(%)
(=]
D
[+
o

not been carried out yet. dashed lines show the results for electron and muon final states,
respectively. The dotted line shows the difference in the asymmetry
C. Weak corrections to the forward-backward asymmetry taking the pp—W*W~—e" e p; background withp;<20 GeV

) . _in Agg(full EWK) into account. Additional cuts and the lepton iden-
We now discuss how the non-universal weak correctionsification requirements imposed are described in Sec. Il A.

affect the forward-backward asymmet#g. The expres-

sions used in the literature to defifgg at the Tevatroi44]  incoming quark coincides with the proton beam direction for

and the LHC[13] are slightly different. Fopp collisions at  a large fraction of the events. The definition of &sn Eq.
Tevatron energiedAgg usually is defined by (37) has the advantage of minimizing the effects of the QCD

corrections(see below. In the limit of vanishing di-lepton
A F-B 35 P 6* coincides with the angle between the lepton and the
B F+B’ incoming proton in thé "1~ rest frame.

QED corrections are known to have a significant effect on

where the forward-backward asymmetry for 50 Gewh(l 1)
<90 GeV but are small for di-lepton masses larger than 100

1 do 0 do )
= * = * GeV[13]. The difference
F jo dcoso” dcos#*, B f_ldcose* dcos6*.
(36) AArs=Agg(full EWK) — Arg(QED) (39

Here, cog/* is given by[44,45 is the quantity which best displays how the non-universal
weak interactions influence the forward-backward asymme-
. 2 PR try. Here,Agg(full EWK) is the forward-backward asymme-
cosg™ =——— a2 ()P (") try calculated taking the full)(«) electroweak corrections
m ) NmET) () and theO(g*m?/M3,) corrections into accounfrg(QED),
—p (1 ))pTa+ 3 on the other hand, only includes tli¥ «) QED corrections,
p-(1)p (1M)] T o ; . .
in addition to the factorizable corrections absorbed in the
with EBA. Figure 9 showa Arg for di-lepton masses between 40
GeV and 200 GeV at the Tevatron. It demonstrates that the
. weak corrections have only a small effect on the forward-
pfzﬁ(Eipz)' (38)  packward asymmetry fom(i*1~)<200GeV. The peak in
AAgg located atm(l*17)~160 GeV originates from thresh-
whereE is the energy ang, is the longitudinal component old effects associated with th&/ box diagramgsee Figs. 4b
of the momentum vector. In this definition of cés the and 3. Although the contributions from up- and down-type
polar axis is taken to be the bisector of the proton beanfluarks in the initial state tend to cancel, a significant effect
momentum and the negative of the anti-proton beam moremains since theu parton luminosity is much larger than
mentum when they are boosted into thié ~ rest frame. In  that for dd pairs for the di-lepton invariant mass range of
pp collisions at Tevatron energies, the flight direction of theinterest. The slight differences between electron and muon
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final states inAAgg originate from the different detector State including the contribution of th&" W™ background is
resolutions for the two final states. The pealdiAqg located ~ Shown by the dotted line in Fig. 9. Th&" W™ background
at m(1*17)~80GeV is also associated with thgW box IS completely negligible fom(e"e ™) <100 GeV. For larger
diagrams. In this region one of th& bosons in the loop is invariant masses it slightly decreasag\rg but does not

on-shell, causing a small resonance like enhancement in tH&1ange the shape of the peak at 160 GeV. Similar results are
forward-backward asymmetry. obtained for muons in the final state. Detector effects and

The peak located an(l “1 ~)~160 GeV is a characteristic background processes thus will have little effect on the ob-

signature of the non-factorizable weak interactions in Drell-servability of the peak originating from thé&/W box dia-
Yan production and it is interesting to investigate whether itgrams.

may be observable in run Il. Since the size of the effect is A simple method to estimate whether one can hope to
small, one has to worry about how higher QCD correctionsobserve the peak at 160 GeV in run Il is to compare the
detector effects and background processes affect the peaiatistical uncertainty expected f8gg in a 10 GeV bin cen-
QCD corrections are uniform in the region of interest and dotered at 160 GeV with the variation of the forward-backward
not modify the structure of the pe&#6]. Detector resolution asymmetry due to the non-factorizable weak corrections in
effects broaden the peak and reduce its height. These effedie same region. For 208, the statistical uncertainty in the
are taken into account in Fig. 9. Higher order Coulomb cor-160=5 GeV bin is found to bedAgg(stat)~0.016 per lep-
rections are also expected to modify the shape of the pear@n channel .and experiment, whereas the non-factorizable
Finally, backgrounds from tt—I1*1"vrbb, WHrW- V\{egk corrections changk-g by about O.Q03. It will thu; be
1wy andZZ— 1+~ »w have to be taken into account difficult to observe the threshold effect in thgéW box dia-

— T _ grams in run II.
The tt and W"W™ backgrounds can either be subtracted " For the definition of cog* given in Eq.(37), Agg=0 for

using the experimentally determineg pr+X cross section,  py collisions. The easiest way to obtain a non-zero forward-
or suppressed by imposing missing transverse momentUiackward asymmetry at the LHC is to extract the quark di-
and jet veto cuts. Requiring that no jets witbr(j)  rection in the initial state from the boost direction of the
>20GeV and 7(j)[<3.5 are observed and imposingh2  di-lepton system with respect to the beam apd3]. The
<20 GeV cut suppresses tE& andtt backgrounds to neg- cosine of the angle between the lepton and the quark in the
ligible levels at Tevatron energieAAgg for theee™ final |71~ rest frame is then approximated by

Ipa171)) 2
p(1717) (1) Vm2(1H 1)+ p2(1 1)

cosé [P (I)p~ (1) —p (17)p (1)1, (40)

Atthe LHC, the sea - sea quark flux is much larger than atapidity coverage of the ATLAS and CMS detect@sse Eq.
the Tevatron. As a result, the probabilify,, that the quark (30)] for leptons,|7(l)|<2.5, is known to significantly re-
direction and the boost direction of the di-lepton system coduce Agg [13]. In addition, it results in a reduction of the
incide is significantly smaller than one. The forward- total cross section in the pole region by roughly a factor 5.
backward asymmetry is therefore smaller than at the Tevacombined, these effects greatly reduce the chances for a pre-
tron. Events with a large rapidity of the di-lepton system,cise measurement of the weak mixing angle at the LHC. As
y(I"17), originate from collisions where at least one of the gemonstrated in Ref24], a large fraction of the sensitivity
partons carries a large fractionof the proton momentum. |ost can be recovered if one can make use of the forward
Since valence quarks dominate at high valueg,af cut on .o iorimeter to detect one of the electrons.

the di-lepton rapidity increasef, and thus the asymmetry A a__ at the LHC for 40 Gewem(l*1~)<200GeV is
I[s7t]hgl}glI?v?/ir?grxgl\tﬁgr(ta?otrzeinig?)(;tclavz weak mixing angle. shown in Fig. 10. In the muon chann@lArg is smaller than
0.001 in magnitude over the entire mass range considered
ly(1*17)[>1 (41) and the peak caused by the threshold effects associated with
the WW box diagrams is significantly washed oigtashed
cut in all numerical calculations of the forward-backward line). For electrons, on the other hand, the peak at
asymmetry at the LHC. m(e*e”)~160 GeV is quite pronounced andAgg is
For muons in the final state we impose mﬁand pseudo- rOUghly a factor 2 Iarger than in the muon case. The dotted
rapidity cuts listed in Eq(30). In theeTe™ case, we allow line shows the result for electrons, taking into account elec-
one of the electrons to be in the rangge)|<4.9, whereas troweak background processes. To reduce ttheW "W~
the other electron is required to be witHin(e)|<2.5. This  andZZ backgrounds we require thgt<20 GeV, and that
takes into account the possibility of using the forward calo-no jets withp(j)>50GeV and 7(j)|<5 are observed. As
rimeter in ATLAS for electron identification. The standard at the Tevatron, th&Z background is negligible. However,
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Arg, provides a tool to measure %HLﬁ. In this region, the
forward-backward asymmetry can to a very good approxima-
tion be parametrized bj48]
Arg=b(a—sirf6.y), (42)
both in the Born approximation and includir@(«) elec-
troweak corrections. The parametecontrols the sensitivity
of Agg to the effective weak mixing angle. The values of the
coefficientsa andb in the EBA, and the shifts introduced by
the QED and the non-universal weak corrections are listed in
Table Il for the integrated forward backward asymmetry in
the region 75Ge¥:m(l*17)<105 GeV. The coefficienta
andb, including the fullO(«) electroweak corrections, are

given by

FIG. 10. The differenceAgg(full EWK) —Arz(QED) for pp
—1*17(y) at Vs=14TeV. Agg(full EWK) denotes the forward-
backward asymmetry calculated taking the fti«) electroweak
corrections and theO(g“mf/Ms\,) corrections into account.
Ars(QED) only includes th&(«) QED corrections, in addition to Here
the factorizable corrections absorbed in the EBA. The solid and
dashed lines show the results for electron and muon final states,
respectively. The dotted line shows the difference in the asymmetry

taking thepp—W"W~—e"e" pr andpp—tt—e’e” prbb back-  genote the parameters obtained when only the QED correc-
ground inAgg(full EWK) into account. The cuts and lepton identi- tjong and the factorizable electroweak corrections in the form
fication requirements imposed are described in Secs. Ill Aand IlI Cof the effective Born approximation are taken into account.
o Since previous measurementsAyy at the Tevatrorj44]
since thett cross section at the LHC is more than a factorhave corrected for detector effects, we do not impose any

100 larger than at the Tevatron, the background is much Cuts or lepton identification requirements when extracting
more important at the LHC and cannot be neglectedandb for pp collisions at\/s=2 TeV. For the LHC we im-
For m(e*e”)>100GeV, the electroweak background pose the cuts and lepton identification requirements de-
processes are seen to significantly modiff-5, however, scribed above and in Sec. Il A. In order to obtain the results
without affecting the shape of the peak. The expectedisted in Table I, we have varied the Higgs boson mass be-
statistical errors for the forward backward asymmetry intween 75 GeV and 350 GeV, corresponding to a variation of
a 10 GeV bin centered am(I*17)=160GeV for an sind., between 0.23149 and 0.23225.
integrated luminosity of 100fb' (1 ab ) are SAgg(stat) Table Il shows that the non-factorizable weak interactions
=0.0036[ SAgg(staf)=0.0011] in the electron, and have only a small effect oaandb. QED corrections, on the
SApg(stat) =0.0062 [ SAgg(stat)=0.0020 in the muon other hand, have a significant impact. In particular they re-
channel. From Fig. 10 it is then clear that observation of theluce the sensitivity ofArg to the effective weak mixing
peak caused by threshold effects associated withWWW  angle. The rather large differences between the coefficents
box diagrams at the LHC will also be quite difficult. andb for e" e~ (y) andu™ u () final states at the LHC are

In the Z peak region, the forward-backward asymmetry,due to the different rapidity coverage assumed for electrons

bO(a3): pQED4 A pweak
(43

aO(a?’) = aQED . A gWeak

aQED= gEBA | A qQED bQED— hEBA L AhQED (44

TABLE II. The coefficientsa andb defined in Eq(42) in the EBA and the shifts introduced by QED and
weak corrections for the integrated forward-backward asymmetry in the region 75<@éV 1)
<105 GeV at the Tevatron and the LHC. The values listed for the Tevatron are obtained without imposing
any cuts or lepton identification requirements. At the LHC, the cuts discussed in Sec. Ill C have been
imposed, together with the lepton identification requirements listed in Sec. Il A.

Final state aFBA AaQED Aaveak pEBA AbQEDP AbWeak
(a) Tevatron
ete (y) 0.24585 0.00221 —0.00016 3.408 —0.408 0.026
wtu(y) 0.24585 0.00094 —0.00001 3408  —0.171 0
(b) LHC
e*e’(y) 0.24797 0.00284 —0.00020 1.618 —0.276 0.013
wt () 0.25072 —0.00012 0.00037 0.724  —0.050 0.013
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e AR R RN AR IS ) R IS AR RN Tevatron or LHC experiments. If only the non-universal
e pp-ete (y) o PP () 1 weak corrections are neglected, the calculated and the true
[ V- 2Tev ] [ a2ty | value of siff., deviate by (2-3x107° [(1-2)x 10" 9].

Non-universal weak corrections thus have a small or negli-
gible effect on the effective weak mixing angle extracted
. 3 - : from the forward-backward asymmetry.
e 1T ™~ Analogously to thd *1~ invariant mass distribution, one
' I . expects that the genuine weak correctionsAtg, become
large for high di-lepton invariant masses. The forward-
I I backward asymmetry at the Tevatron fom(I™17)
ek o) o= 1 e 0(a) o 1 >200 GeV is shown in Fig. 11. The QED corrections
Pt oy EE pdots moE BN gradually increase in size with increasing invariant masses.
®%%00  so0 400  s00 800 %00 300 400 500 so  For m(l*17)=200 GeV[m(I*1")=600 GeV they de-
m(e*e”) (GeV) m(p*u”) (GeV) creaseArg by 0.007(0.012, i.e. by about 1.29%2.0%. The
FIG. 11. The forward-backward asymmetry as a function Ofnon-factorizable weak correctio_ns further redwg@ _for t_he _
C s — range of masses shown and increase steadily in size with
m(I"17) for (@ pp—e‘e (y) and (b) pp—u’u (y) at s m(I"17). For m(I*17)>600GeV they are larger than the
=2 TeV. Shown are the asymmetry in the EBslid lines, includ- ey corrections. The difference in shape between the

ing pure QED corrections in addition to those corrections which argq vard-backward asymmetry for electrons and muons in the
part of the EBA(dashed linef and the asymmetry taking the com- final state at large di-lepton invariant masses is due to the

plete set of0(a) electroweak corrections and ti(g‘m;/My,) different momentum resolution for the two particles. For

corrections into accour(dotted line$. The cuts and lepton identi- high lect th lutiofE is b ing inde-
fication requirements imposed are described in Sec. Il A. Igh energy €electrons, the resoluti IS becoming Inde
pendent of the momentum. For high energy muons, on the
o o other hand, the resolution is proportional to the momentum
and muons. The sensitivity @ to S04 at the Tevatron  of the particle, ands/p becomes o®)(1) for momenta in the
is significantly higher than at the LH{13]. several hundred GeV region. The momentum of a high en-
At the Tevatron in run I, one expects to measuré@y  ergy muon thus is easily mis-measured by a factor 2 or more,
with a precision of 0.000%0.0006 in the electronimuon  thus modifyingAgg.
channel, assuming an integrated luminosity of 10't5]. The forward-backward asymmetry for di-lepton invariant
At the LHC, with 100fb * and the rapidity cuts described masses between 200 GeV and 2 TeV at the LHC is shown in
above, one hopes to reach an accuracy of 0.00014 for theig. 12. For al "l ~ invariant mass of 2 TeV, the weak cor-
effective weak mixing angle in the"e™(y) final state[24].  rections are about a factor two larger than the QED correc-
Ignoring theO(«a) electroweak radiative corrections would tions. The fullO(«) electroweak corrections reduéegg by
shift sirfdl, by (2-3)x10 % [(3-5)x10 %] towards 0.025(0.04 for electrons(muons, i.e. by about 5%8%).
smaller(largep values at the TevatroftHC). The shift is of ~ While the forward-backward asymmetry in the high di-
the same sizéTevatron or larger(LHC) than the expected lepton invariant mass region at the Tevatron is nearly con-
experimental uncertainty. It will thus be necessary to takestant, it increases significantly with(I *1~) at the LHC. For
O(«) corrections into account when one extracts the effecgrowing di-lepton invariant masses, the average fractioh
tive weak mixing angle from Drell-Yan production in future the proton momentum carried by the quarks increases, and,

Apg
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as discussed before, this leads to larger valueagf The  necessary to take the weak corrections into account when
large difference in the magnitude @f-g for electrons and ©ne uses observables such asfimson cross section or the
muons is due to the fact that one of the electrons may hav¥//Z cross section ratio to confront data and SM predictions,

rapidity up to||=4.9, whereas both muons have to be in©F When calibrating detector components usihgata.
the rangd 7(u)|<2.5. The non-universal weak corrections were found to have

While the non-factorizable weak corrections to theonly a small effect on the forward-backward asymmetry for

i ; ; ; m(l1*17)<200 GeV. However, threshold effects associated
forward-backward asymmetry increase in magnitude Wlthvn\jith the WW box diagrams lead to a characteristic peak in

energy, they are significantly smaller than for the di—IeptonA 1oy ; X
. ; LS o . rg at m(1717)~160 GeV. Unfortunately, the size of this
Lg}/i;ﬁgé"rg ?i?)sn %'?%EUSSQ' dT;;;‘:’n?gizytgz:Oxr?bnuggﬁfeni‘ootprir_1t of non-factorizable weak corrections is small, and
) thus will be difficult to observe both at the Tevatron and the
to the vertex correctiongl4]. LHC.
In the Z peak region, the forward-backward asymmetry
IV. CONCLUSIONS provides a tool to measure the effective weak mixing angle.
Electroweak corrections were found to shift iy by an
mount similar to or larger than the uncertainty expected in
uture Tevatron and LHC experiments, and thus cannot be

- . 2"~ neglected when extracting the effective weak mixing angle
order QCD and electroweak radiative corrections. In this pafro?n data. The non-univgersal weak corrections hgwe\?er

per we have presented a calculation of @) corrections contribute only 2.5-10% to the shift.

topp—y, Z—1"1" based on the complete set of one-loop  The non-factorizable weak corrections to the di-lepton in-
Feynman diagrams contributing to di-lepton production. Inyariant mass distribution and the forward-backward asym-
addition, our calculation takes into account the effects of thﬁ’metry were found to increase rapidly with(I*17). This is
2 2 H 2l . .

O(g*m¢IM§,) corrections on siffe andMyy. The calcula-  due to the presence of Sudakov-like electroweak logarithms
tion is based on a combination of analytic and Monte Carloof the form Ifm(I"17)/M\] (V=W, Z). While these correc-
mtegrauon_technlques. Lepton mass gffects are mcIu_dgd iflons are of moderate sizgypically a few percentfor di-
Fhe approximation wher.e onIy.mass smgular terms originattepton invariant masses accessible at the Tevatron, they be-
Ing from the collinear smgularlty associated with final statecome very |arge for masses in the TeV region which p|ay an
photon radiation are retained. The ultraviolet divergences asmportant role in new physics searches at the LHC. For
sociated with the virtual corrections are regularized usingm(| | ~)=2 TeV, the nonfactorizable weak corrections re-
dimensional regularization and tie&i-SHELL renormalization  duce the cross section at the LHC by about 12%. When QED
scheme[20]. A previous calculation took th€)(a) QED  corrections are taken into account, the differential cross sec-
corrections into accourii3], but ignored the effects of non- tion may be reduced by as much as 408ée Fig. 8 The
universal weak corrections. . strong increase of the non-factorizable weak corrections with

The electroweakO(a) corrections to neutral-current the di-lepton invariant mass requires that these corrections be
Drell-Yan production naturally decompose into QED andresummed. Several calculations of the resummed cross sec-
weak contributions which are Separately gauge invariant. Th@on for fermion pair production irete™ collisions have
QED corrections can be further divided into gauge invariantyeen carried out recenty9]; however, no such calculation
subsets corresponding to initial and final-state radiation. Thexists yet for di-lepton production in hadronic collisions.
collinear singularities associated with initial state photon ra- \While the electroweak radiative corrections to the di-
diation are universal to all orders in perturbation theory andepton invariant mass distribution at high valueswf 1)

can be absorbed by a redefinition of the parton distributiorgre very large, they were found to be numerically less im-
functions. The weak corrections can be written in the form ofportant in the forward-backward asymmetry.

momentum-dependent effective vector and axial-vector cou-
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APPENDIX A: THE Z DECAY WIDTH
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APPENDIX B: RENORMALIZED SELF-ENERGIES
I';= ; [t (A1) AND FORM FACTORS

The renormalized self-energi&*(g?) (X=y,Z,vZ) of
At lowest order in perturbation theory the partial decaythe neutral vector bosons are given by
widths are given by

37(g?) =37(g?) — g2 117(0), (BL)
EP=NFTo VI=4u [(1+2 po) vf+(1-4 ) af]
(A2)
32(g?)=3%(q?) —~Re&EZ(M2)+ (g2~ M2)
- C_ —
with the color factoilNy=1,3, f=1,q, {cfv—sz 5M§ 5M\2N
2 2 g2
= an =—,
0 3 Mt M% Sy EyZ(O)
—20 T | o), (B2)
w
The fermionic partial decay widths including electroweak z
and QCD radiative corrections can be expressed in terms of
the effective coupling constantgg¥, g#* and theZ wave $72(g?) =3 %(q?) — 3 7%(0) — -~
function renormalization contributiohl? of Egs. (15) and Sw
(18): SMZ OME, sy ST )] ®3)
M2 M2, Cu M:Z |
W z w z
P = NET = (142 ) |6 (MP)? | .
1+ReI*(M%) with I17(0)= (9% ?/99%)|42—o and the mass renormalization
) constants
+(1—4 pg) |9A' (M2)[2]
NL-1 S (M2
MZ+37(M2)
Th ED ti ,
e QED corrections 5M\2/v: ReEW(M\ZN), (B4)
3CVQ1? 2 i ; X( 2
5QED 2 (A5)  where 6M7 is calculated via iteration.2”(q%) (X

=v,Z,vZ,W) denote the unrenormalized self-energies as the

transverse coefficients in the expansion
are at most 0.17% of the lowest-order decay width. The

QCD corrections for massless hadronic final states have been .9
calculated in[51,52 and can be parametrized in the form Eﬁy(q2)=—gw X(g?)+ ; V[Ex(q )— f(qz)]-

[as= as(Mi)]

(BS)
Qas Ag 2 s 3 Q%a Ag
Socp=|—|+1.408 =| —12, — . The terms proportional tg,q, yield contributions propor-
™ m 77 4 tional tom? in the ON-sHELL amplitudes and hence vanish in

(A6)  the limit m;— 0. Explicit expressions for the unrenormalized
vector boson self-energie®* (X=1v,Z,yZ,W) and the
Here, theO(a ag) term has also been added although it isrenormalized form factor& " G " are provided in
not a pure QCD contribution. Appendices B and C.1 of Ref29].

For b quarks andr leptons it is important to take into Higher-order(irreducible corrections associated with the
account mass effects in the calculation of the electroweal parameter can be taken into account by performing the
and QCD corrections. From a comparison with a calculatiorreplacement
for massive external fermiori$3] one finds

& =r%.,=0)-0.0088 Gev, T~ TApT (B6)
w

O =r{"Yu,=0)-0.00018 Gev. (A7) Egs.(B2) and (B3), with
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2 mz2 with
A HO= G mt GM t A (2) /M +c S( )
p 8 2\/— 8 2\/— (m H) C1
" " St Lt art)2 0,5 /M1 2 3 2
Bp(s,t,My)=ky (st+1)°[2D5+t(D;+D{+Dj+D5
ag(mp) | ) ]

+D3+2(D5+ D23+ D1?H]-2sD33,
The coefficientsc; and c, describe the first- and second- (C2)
order QCD corrections to the Ieadiri@;Mth contribution to
the p parameter, calculated ifb4] and [55], respectively.
Their explicit expressions can be found in RE30] [Egs. ‘
(83),(84)]. as(mtz) is given by the following relation: where the four-point functions are denoted ©p!

=D!(t,0M,0M,) and

Bc(5,U,My)=—Bp(s,t,My) with t—u, «yeoxy,

127 | !

m;
+ 2
23ay(M2)

MZ

127

as(mtz)= 2—3 In (BB)

1 (s-M%  QQ
KJV: 8SW (v|+a|)(v +aq)|A 2| + ,é k! y
The functionA p®(m?/M%) describes the leading two-loop Me
electroweak corrections to theparameter and can be found

in Ref. [56]. kw=0,

+ _ 3 2 3 2
APPENDIX C: THE BOX CONTRIBUTION kz =[(vy+3v1a7)(vy+3vq4ay)

Two differentﬂjpologies of weak box diagrams contribute 3 o 3 5 (s— M%) QIQq
to the processig— 7y, Z—1"1~ which we denote as “di- + (a7 +3api)(ag+3agvg) | 5-M22
rect” and “crossed” box diagrams. The corresponding con- ¢
tributions to the one-loop matrix element are labeledby
and C, accordingly. Since all fermion mass effects, except X[(vf+af)(vi+ad) +4vqaa,l,
the logarithmically divergent terms associated with the final
state collinear divergences, are neglected, Higgs boson ex- _ 3 2 3 2
change does not contribute, and we only have to consider <z ~L(vi T3via)(vg+3vqag)
box diagrams involvingZ andW~* exchange. For dowtup) S—M32)
type quarks, the crossddirect box diagram withw=* ex- —(at+ 3a|v|2)(ag+ 3aqv§)] Rl
change does not contribute. |s—M2|?
The contribution of the box diagrams to the differential

Cross sec.tiord&box of Eq. (12) thus can be decomposed in Q'Qq[(vl +a? ) (2 +a2) 4vw @8],
the following way:

s
(C3)

: 32ma’ an with the vector and axial vector couplin a; (f=I
dopo=dP2t —3—Re > [Bp(s,t,My) plings; ,a; (f=1,9),

v w of Eqg. (5) and M. being the complexZ boson mass. The

explicit decomposition of the vectorial and tensorial four

+Bc(s,u,My)], (C1)  point functions
|
— (t,m;,My,m )—f d% KoKk, (CH
16'772 M,LLV ViV, iig V_ (277)4(k2—m|2)[(k—k+)2 V][(k+p k q][(k+k V]
with
—k.,Di+(p—k;),Di+k_,D3,
(CH)

D,uv=k+,uk+VD2+(p_k+) (p_k+) D2+k k- D2+g,u,VDO [k+,u(p k+) +k+v(p k+),u,]D
= (ks Koy T Ky ko)DKo (p—Ke ), H Koy (p—ky ), 1D3,

can be found_in Ref[57]. The expressions for the crossed box diagrﬁ)‘gw(ﬁ,m ;My,mq,My) can be obtained by
replacingp—p in Egs.(C4) and(C5).
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