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The O(«) electroweak radiative corrections to the procpgﬁawtﬂ/iv (/=e,n) are calculated. The
O(a) corrections can be decomposed into separate gauge invariant contributionsWobibson production
and decay processes. Factorizing the collinear singularity associated with initial state photon radiation into the
parton distribution functions, we find that initial state corrections have a significantly smaller effect than final
state radiative corrections. We study in detail the effect of electroweak radiative corrections on a number of
interesting observables: th&/ transverse mass distribution, thE to Z transverse mass ratio, the charge
asymmetry of leptons iW— /v decays, as well as th&/ production cross section and th¥ to Z cross
section ratio. We also investigate how experimental lepton identification requirements change the effect of the
electroweak correction$§S0556-282(198)03823-5

PACS numbgs): 12.15.Lk, 13.38.Be, 13.85.Qk, 14.70.Fm

[. INTRODUCTION cision expected foM,, from the combined LEP2 experi-
ments is approximately 40 MepM.0]. At the Tevatron, inte-
The standard moddlSM) of electroweak interactions so grated luminosities of the order 1 thare envisioned in the
far has met all experimental challenges and is now tested aflain Injector Era(run 1), and one expects to measure e
the 0.1% leve[1]. However, there is little direct experimen- mass with a precision of approximately 50 M¢W] per ex-
tal information on the mechanism which generates theperiment. The prospects for a precise measureme f
masses of the weak gauge bosons. In the SM, spontaneowsuld further improve if a significant upgrade in luminosity
symmetry breaking is responsible for mass generation. Theeyond the goal of the Main Injector could be realized. With
existence of a Higgs boson is a direct consequence of thigcent advances in accelerator technoldgd, Tevatron col-
mechanism. At present the negative result of direct searcheigler luminosities of the order #dcm 2 s may become a
performed at the CERNe"e™ collider LEP2 imposes a reality, resulting in integrated luminosities of up to 10%b
lower bound ofM,>87.6 GeV [2] on the Higgs boson per year. With a total integrated luminosity of 30fh one
mass. Indirect information on the mass of the Higgs bosoran target a precision of th& mass of 15—20 Me\[5]. A
can be extracted from thigl,; dependence of radiative cor- similar or better accuracy may also be reached at the LHC
rections to thew boson massM,y, and the effective weak [12].
mixing angle, sif a'jf?t. Assuming the SM to be valid, a In order to measure th&/ boson mass with high precision
global y? fit to all available electroweak precision data yieldsin a hadron collider environment, it is necessary to fully
a (one-side@l 95% confidence levelC.L.) upper limit onM understand and control higher order QCD and electroweak
of 408 GeV|[3]. (EW) corrections. A complete calcul(a_gion of the full(«@)
Future more precise measurementsMy, and the top electroweak radiative corrections f@op —W=—/*v (/
quark massi,,, will lead to more accurate information on =e,u) has not been carried out yet. In a previous calcula-
the Higgs boson magg—6]|. Currently, theW boson mass is tion, only the final state photonic corrections were included
known to =65 MeV [7] from direct measurements, whereas[13,14], using an approximation in which the sum of the soft
the uncertainty of the top quark massfi$.2 GeV[8]. With  and virtual parts is indirectly estimated from the inclusive
a precision of 30 Me\(10 MeV) for theW mass, and 2 GeV  O(a?) W—/v(y) width and the hard photon bremsstrah-
for the top quark massvl, can be predicted from a global lung contribution. The unknown part of thé&(«) elec-
analysis with an uncertainty of about 3q%6%) [5,6]. Com-  troweak radiative corrections, combined with effects of mul-
parison of these indirect constraints bty with the results tiple photon emissiorthigher-order correctionshave been
from direct Higgs boson searches at LEP2, the Fermilalestimated to contribute a systematic uncertainty 6y
Tevatron collider, and the CERN Large Hadron Collider =15-20 MeV to the measurement of tiké mass[15,16.
(LHC) will be an important test of the SM. They will also In this paper we present a new and more accurate calcu-
provide restrictions on the parameters of the minimal supertation of theO(a) EW corrections to resonal¥ boson pro-
symmetric extension of the standard mo@diSSM) [9]. duction in hadronic collisions. Our calculation is based on
A significant improvement in th&V mass uncertainty is the full set ofO(«®) Feynman diagrams, and includes both
expected in the near future from measurements at ULEBR  initial and final state radiative corrections, as well as the
and the Fermilab Tevatromp collider[5]. The ultimate pre- contributions from their interference. Final state charged lep-
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ton mass effects are included in the following approximationted collinear with the charged lepton, the distributions which
The lepton mass regularizes the collinear singularity assocare sensitive toMy, the W production cross section and the
ated with final state photon radiation. The associated masé/ to Z cross section ratio in presence of cuts, and the charge
singular logarithms of the form Ié/(mi), wheres is the asymmetry of leptons i decays are significantly affected
squared parton center of mass energy ands the charged DY the O(a) electroweak radiative corrections.

lepton mass, are included in our calculation, but the very The size of the radiative corrections strongly depends on
small terms of(’)(mi/é) are neglected the detector resolution. In Sec. lll, using a simplified model

To perform our calculation, we use a Monte Carlo methodOf th? _DDdetecto_r as an ex.a“.“p'e’ we also investigate how
. . - the finite resolution of realistic detectors affects the elec-
for next-to-leading-orde(NLO) calculations similar to that o . i
described in Ref[17]. With the Monte Carlo method, it is troweak radiative corrections. Electrons and photons which
o . ’ e almost collinear are difficult to discriminate, and the mo-
easy to calculate a variety of observables simultaneously a

d i 7 “'menta of the two particles are thus recombined into an effec-
to simulate detector response. Calculating the EW rad|at|v¢ﬁVe electron momentuni15,16] if their separation in the

corrections to resonari?V boson production, the problem qedorapidity—azimuthal angle plane is below a critical
arises how an unstable charged gauge boson can be treaigge. This procedure completely eliminates the mass singu-
consistently in the framework of perturbation theory. This|ar |ogarithms and, therefore, strongly reduces the size of the
problem has been studied in REE8] with particular empha- () corrections. In contrast, photons which are almost col-
sis on finding a gauge invariant decomposition of the EWjinear with muons are rejected if they are too energetic
O(a) corrections into a QED-like and a modified weak part.[15,25 which results in residual mass singular logarithmic
Unlike the Z boson case, the Feynman diagrams which incorrections to observable quantitiesvihproduction. Finally,
volve a virtual photon do not represent a gauge invarianbur conclusions are presented in Sec. IV.
subset. In Ref[18], it was demonstrated how gauge invari-
ant contributions that contai_n the infrarél_az) singulgr terms Il. O(a) ELECTROWEAK CORRECTIONS TO W
can pe e_xtracted from the \_/lrtual photqnlc corrections. These PRODUCTION IN HADRONIC COLLISIONS
contributions can be combined also with the IR-singular real
photon corrections in the soft photon region to form IR-finite  The calculation presented here employs a combination of
gauge invariant QED-like contributions corresponding to ini-analytic and Monte Carlo integration technigdeRetails of
tial state, final state and interference corrections. The collinthe method can be found in RdfL7]. The Feynman dia-
ear singularities associated with initial state photon radiatiograms contributing t& boson production in hadronic colli-
can be removed by universal collinear counter terms genesions toO(a?),
ated by “renormalizing” the parton distribution functions
[19,20, in complete analogy to gluon emission in QCD. A di(p) i/ (Pi) =W (Q)(y)—v(ps)Z " (ps/)(v(K))
similar strategy has been employed in a recent calculation of
the O(a) QED corrections t& boson production in hadronic are shown in Fig. 1. Since we are interested in the cross
collisions[21]. sections in the vicinity of thaV resonance, th&V,Z box

The technical details of our calculation are described inrdiagrams can be neglected as nonresonant contributions of
Sec. Il. We first extract the collinear behavior of the partonichigher order in perturbation theory, and thus are not depicted
cross section for both the initial and the final state correcin Fig. 1. The calculation of v production in hadronic col-
tions. Then, we define the quark distribution functions inlisions at@(a®) includes contributions from the square of
next-to-leading order QED within the QED deep inelasticthe Born graphs, the interference between the Born diagrams
scattering(DIS) and the QED modified minimal subtraction and the virtual one-loop graphs, and the square of the real
(MS) factorization scheme when a finite quark mass is use@mission diagrams.
to regulate the collinear singularities. Finally, we provide Our treatment of thé(«) corrections tdN boson produc-
explicit formulas for the?(«?) differential cross section and tion in the resonance region is based on the calculation pre-

perform various consistency checks. sented in Ref[18], which we outline here. Unlike th&
Numerical results fopp collisions at\s=1.8 TeV are boson case, the Feynman diagrams of Fig. 1 which involve a
presented in Sec. lll. In hadron collider experimentg, Virtual photon do not represent a gauge invariant subset. In

bosons are identified by their leptonic decays¥,—/ v. Ref. [18], it was demonstrated how gauge invariant contri-
Since the neutrino escapes undetectedﬂhmvariant mass butions that contain the infrared Singular terms can be ex-
cannot be reconstructed, and one must resort to other kinéacted from the virtual photonic corrections. These contribu-
matic variables for the measuremen[j\d)flv_ The observable tions can be combined with the also IR—SinguIar real phOtOI’]
which currently provides the best measuremenitigf is the ~ corrections in the soft photon region to form IR-finite gauge
distribution of the transverse ma$8; . TheM distribution  invariant QED-like contributions corresponding to initial
sharply peaks atl,,, and is rather insensitive to QCD cor-

rections[22]. Alternative measurements of tiW¢ mass are

provided[16] by the leptonpy distribution which peaks at 1A parton level Monte Carlo progranin FORTRAN) for pp
Mw/2, and theW/Z transverse mass rat[@3,24. Because —W*—/*v including O(a) EW corrections is available from
of the mass singular logarithms associated with final stat@ttp://Jubhex.physics.buffalo.edivaur/wgrad/wgrad.tar.gz, or by
photon bremsstrahlung in the limit where the photon is emitcontacting baur@ubhex.physics.buffalo.edu.
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Born-diagram: aw) wi(py) where the Born cross sectiodg(?), is of the Breit-Wigner
W) R - . :
>wwqw< form and$ andt are the usual Mandelstam variables in the
) Hop) parton center of mass frame. The modified weak contribu-
pure weak contribution: z tions have to be evaluated &= M3, [18]. Explicit expres-

ZM M sions for the form factors g, Fiyearare given in Ref[18].
z z The IR finite contributiondd$_, 5 describes real photon ra-

il

virtual -y contribution:

diation with E,>E.,,.
Additional singularities occur when the photon is collin-
ear with one of the charged fermions. These collinear singu-

) . larities are regularized by retaining finite fermion masses.
3 . Thus, bothddj 5 and F§ep (a=initial, final) contain
| v o large mass singular logarithms which have to be treated with
W M >WWW< special care. In the case of final state photon radiation, the
w+ W+ ot ut
, W

mass singular logarithms cancel when inclusive observables

— are consideredKinoshita-Lee-NauenbergkKLN) theorem
H [27]]. For exclusive quantities, however, these logarithms
A 7 can result in large corrections, and it may be necessary to

real v contribution:

perform a resummation of the soft and/or collinear photon

Y
W M MM emission terms. To increase the numerical stability of the
" v inclusive calculation, it is advantageous to extract the collin-
ear part fromda,"3 and perform the cancellation of the
mass singular logarithms analytically. The reduced:2

contribution, i.e., the real photon contribution away from the
insertion is symbolized by the shaded Iaopn explicit represen- soft and collinear region, can be evaluated numerically using

tation of the non-photonic contribution to th& self energy inser- standar.d'l\./lonte Carlo techniques. . .
tion can be found in Ref26]. For initial state photonic corrections, the mass singular

logarithms always survive. These logarithmic terms are

state, final state and interference corrections. The soft photg@uivalent to the ¥ singularity encountered in dimensional
region is defined by requiring that the photon energy in theegularization D =4—2e is the number of dimensiohsith

parton center of mass framg,,, is E.,<Ey=6,J3/2. In massless quarks. They are universal to all orders in perturba-
v y o out sVD tipn theory, and can therefore be canceled by universal col-

this phase space region, the soft photon approximation c 2
P P g ’ PP aIlnear counter terms generated by “renormalizing” the par-

be used to calculate the cross section, provided #has distribution f > PDE'S i | |
sufficiently small. The soft singularities are regularized by'©n distribution functiondPDF’s), in complete analogy to

giving the photon a fictitious small mass. In the sum of thegluon emigs'ion in QCB.In addition to the collinear <’:ou'n-
; {erterms, finite terms can be absorbed into the PDF’s, intro-

dependence cancels, and the QED-like contributions are 1RUCINg @ QED factorization scheme dependence. We have
finite. carried out our calculation in the QED DIS and QRIS

The IR finite remainder of the virtual photonic corrections Scheme. The extraction of the collinear part frdé_ ; and
and the pure weak one_|oop corrections of F|g 1 can béhe renormalization of the PDF’s are described in Secs. Il A
combined to separately gauge invariant modified weak con@nd Il B, respectively. In Sec. Il C we provide explicit ex-
tributions to theW boson production and decay processesPressions for thed(a®) cross section fokV production in
Both the QED-like and the modified weak contributions arehadronic collisions in the QED DIS and QEMS scheme,
expressed in terms of form factog ¢ andF2__,, which and study the dependence of lﬁé_cﬁ) cross section on the
multiply the Born cross sectiofi8]. The superscripa in the t_heoret|cgl cutoff parameters which define the soft and col-
form factors denotes the initial state, final state or interfer/iNéar regions.
ence contributions.

The complete®(«a®) parton level cross section of reso-
nant W production via the Drell-Yan mechanism;q;-

FIG. 1. The Feynman diagrams contributing\Wb boson pro-
duction atO(a>) (® " Higgs—ghost fieldu™,u”: Faddeev-Popov-
ghost fields; the non-photonic contribution to tkeé self energy

A. The extraction of collinear singularities from d&5_, 5

—/*v(vy) can then be written as follow4 8]: The contribution of real photon emission to ti¥ a®)
cross section fowV production in hadronic collisions is given
da**H=d5 [ 1+ 2Re(FIi + Fiid (ME)] by

+ E . [d&(O)F%ED(ﬁ,EHd&%_,g],
a=initial ,final,

/ 2Alternatively, these logarithmic terms can be retained in the cal-
interf.

culation. They would lead to large corrections, but then also to large
(1) changes in the input PDF'’s.
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d&rea=dPy_3> [Mgg?, (2)

wheredP,_, ; is the product of the three particle phase space

element and the flux factor,

dp . 1 1 dgpfdapfrdsk
273725 (2m)°  8pPpl kO

3

and the Bremsstrahlung matrix elemevtgy is given by

X 8(pi+pir—Ps—Prr—K),

T

MBR:i 2—33\’ 4’7Ta{ G"va

s

X (1= ys)vevin Y (1= ys)Ui
! Usy,(1

5 M2, 2kq UsYu(1=7vs)

XUf/U_irGiup(l_’yS)Ui}E:(k). (4)

In Eq. (4), s2=sir? 6y, whereé,y is the weak mixing angle,
€, denotes the photon polarization vector, and

cur_g, PITYR2Y" y*(pl, +KyP12)
f f Y f kps:
’}’qu-f' k'“’yp—g/’«!’k
_ - ’
p_ P P _ P “
I kpi kpi:
y*qP —k*yP+gHPk
- k : (5)
q
Q, (a=i,i’,f,f") denotes the electric charge in units of the

proton chargee. The initial and final state currents are sepa-
rately conservedk,G{”=(Q;— Q¢ —1)y*=0 andk,G/*’
=(Qi—Qir—1)¥*=0.

daea Can be decomposed into soft and hard initial state
final state and interference terms:

doreq= 2, (Aol +das_s). (6)
a=initial ,final,

interf.

Here, dod,;, are the soft photon contribution£§< Ecud

and, as explained before, are included in the QED-like form

factorsFoep.

The initial and final state hard photon contributions,
do"a and dai"d, contain mass singular logarithmic
terms, whereas the interference contributidérs"®", does
not. In order to extract the mass singular terms fiaby" "3

anddoh"%, we define a collinear region by requiring that

PHYSICAL REVIEW D59 013002

§’Yak=(1—z)m 5 5, k=

initial: final:

-2
Z

pf

0P h, pr = 2p; hoon="5 fps
& =|(pi — k)? —mi| 6 = |(ps + k) — mj|
=| = 2k°p9(1 — cos §)| = [2k%%(1 — cos B)]
coll. region: < 2(1 — 2)(p?)25 coll. region: < 2(1 — 2)2(p})5s

FIG. 2. The splitting of the initial and final state fermions
i(p;)—h(pp) +7y and h(p,)—f(ps)+v in the collinear region.
The hard momentunp,, represents the amount of the parent mo-
mentump; ; after (beforg the emission of a collinear photon.

cos6>1— 6y,

)

where 6 is the angle between the charged fermion and the
emitted photon in the parton center of mass fran&} 5
can be decomposed into a finite contribution away from the
soft and collinear singularityda3 5", which will be
evaluated numerically, and a collinear pa@g,, , for which
the integration over the singular phase space region can be
performed analytically,
dog ,=d&d,,+dad 0  a=initial, final.  (8)

In the following we calculatela2,,, explicitly for both initial
and final state photon radiation.

In the collinear regiond P,_, 5 factorizes into a two par-
ticle and a collinear paifsee Fig. 2 for notation
initial state:

dP,_4(i+i’—f+f'+7)

dpP h+i'—f+f’ zd%
— 2_>2( +1'—=T1+ )m
—_dp ZdZ(Bi 9
=—dPy o 75 9
final state:
dP,_s(i+i’'—=f+f' +7y)
dP i+i'—=h+f’ Zd’k
— 2*}2(|+| —Nn+ )m
_ _gp, , 92% 10
- 2—2 E{: ( )
where we have used
d®k=2m(k%)?dk°d cos#,
0,0 0 0 1 0
déj ;=2k"p;d cos@; dk =—pidz=—? psdz.
(11

Using the leading pole approximation, the squared matrix
element for initial and final state photon emissi@mee Eq.
(4)] factorizes into the leading-order squared matrix element,
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M2, and a collinear factorg; _,, or ¢, _p,, provided
the parameteb, is sufficiently small:

E|M|nltla| 2(i+i'—>f+f'+’)’)

S IMOR(h+i = f+)¢

(i+i'—f+f'+ )

E |./\/l final|2

S 2 IMOP(i+i'=h+f)cr,p. (12
Here
2%t 1+22  2m;
R P
8 a 21 1+2° Zm% 13
Cf'yA»h 7T Q 5 1_Z 5f ( )

andm; (my) is the mass of the initiaffinal) state fermion
which emits the photon. Combining Eq®), (10) and(12),

the hard photon contribution in the collinear limit reddse
also Ref.[28])

initial state:
1- 64
doroi ™ = f dz{ d&@(h+i’—>f+f")
0
2(1-2)(p))?5, z C
X - e+
j(lz)miz dé'mzc'%hy (iei’)
1- 6 a 1+72° (&, 6,1
_ 50~ 2 2ith 99 =
fo dz1do o QT2 M2 2 z)
Gl URY 14
T +(ie=i") g, (14
final state:
final _

dAcoll

1- 5
f dz[d&(°>(i+i’—>h+f')
0

22(1-2)(pp)?8 1 ,
Xf( "y 16,2 Crront(fef )]

1- z/zm?
1-4 1+Z St/ 5
= 50 = 2 f'h 76 2
Jl) dZ:do’ Qf 1_Zln E{ 2 Z)
2z
1= +(f<—>f’)] (15

with § /¢ =(pp+ pi,;f,)z. In order to avoid double count-
ing in the soft region, the upper limit in theintegration has
to be reduced fromx=1 toz=1- &, in Egs.(14) and (15).
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p(P)
%(pi = yP)

. . .
QED coirections: % v /é‘y\ /%’Y\ﬁ 7
Y ¥

FIG. 3. The QED one-loop corrections in deep inelastic lepton-
nucleon scattering.

B. Mass factorization: QED DIS and MS scheme

The mass singular logarithmic terms of EG4) can be
absorbed by the counter terms to the PDF’s. In addition to
the singular terms, finit&(«) terms can be absorbed into the
PDF's. At next-to-leading ordefNLO) in QED, the parton
distribution functions therefore depend on the QED factor-
ization scheme used. In this subsection, we derive the NLO
PDF'’s in the QED DIS and the QEDIS scheme.

In order to derive the parton distribution functions at next-
to-leading order in QED, one must calculate the virtual and
real photon contribution to the square of the parton electro-
magnetic current, integrated over the phase space of the final

state partons\?vi . The contributing Feynman diagrams are

shown in Fig. 3. The tenst' , is related to the structure
function F,(x,Q?) by (see F|g 3 for notation

X 1dy
FM@FEZLVMW

vy 12x?
MR

X s PLPYIW,,,  (16)

where the sum is taken over all contributing quark flavors,
and theg;(y) are the unrenormalized quark distribution func-
tions. Since it involves an additional power @f we do not
take into account the photon content of the proton in our
calculation.

In the physical(DIS) scheme[29] the “renormalized”
quark distribution functions are defined by requiring that
F,(x,Q?) is given by the sum of the quark distributions to
all orders in perturbation theory

Fa(x,Q%)= x2<3mm%xQ%+—manﬂL (17)

where the QED factorization scale has been set equdl. to
The O(a) structure functiorF 5(x,Q?) can be obtained from
the correspondin@( ) QCD structure functiofi30] by the
replacement

asd
et

ko

(18

For massive fermions one finds in the lim@?>m? (z
=xly):
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Q? Q* 1
In(ml)ﬁ(l z)+ In(mji—(l—z)z>

b

Using Eq.(19) it is then straightforward to calculatﬂj's(x,QZ) in terms of the unrenormalized quark distribution functions
qi(x) (see below. The relation betweeR ,(x,Q?) and the quark distribution functions in tih&S schemd31] is given by

Fz(x,Qz):xEi Qﬁ(f d—ql( ){5(1 2)+— Q,[(2|n5+2

2

82+3
1-z z

7 5 w7 1
X 01— 8s—2z)—|In? 6+ = > In 85+ 5+ 3|91 z)+ 6(1— 85—2)

_ 1d __ _
Fa(x,Q%)=x2 QI (x,Q)+q"(x.Q*)]+xZ Qf f 7y[qN3<y,Q2>+@”S<y,Q2>]%ci(§), (20
with [32]
1 f,.,. 3 9 x? 2 1-z 3 1
Ci(Z)ZEQi In 5S—§In 55—5'1'? 6(1—-2)+ 1-7 In - _51—Z+2Z+3 0(1—65—2);. (22

ci(z) represents the finite part of the QED(«) corrections to deep inelastic scattering after removing the singularities
according to theviS prescription. ThéMS scheme is defined in the framework of dimensional regularization bu@Bgcan

also be used for its definition. To obtain the renormalized quark distribution functhT’%x,Qz), when finite quark masses
are used as regulators, we make use of the relation

d
MS(x,Q) + J yy 4"Sy.Q% = (y> P°'S(x,Q?), 22

which follows from Eqgs(17) and (20).
The final expression for the scheme dependent renormalized quark distribution function in NLO QED is

2\ 1
2 _ a4 2 2 Q
0;(X,Q9)=q;(x) 1+—Qi[1—ln ds—1In 55+(In Ot — In( —)\Fcf,,+s]
T mi 4
J‘l—f? dz (x| a 1+22I Q%> 1 1+2° . -
+ « _ql 271_ Qi 1—7 n EiZ(l_Z)Z - 1—7 +)\FC c(» ( )
with
22
fors=9+ 3= +3In 52 In? &, (24
and
_1+z2I 1-z\ 3 1 A -
e e I R (25

The QED DIS MS) scheme corresponds xgc=1 (Agc=0).

C. The cross section forp(b)—>W(y)—>/v(y)

The differential cross section fcpr(b)—>W( v)—/"v(y) is obtained by convoluting the parton cross section of Egwith
q;(x), and subsequently replacing the unrenormalized quark distribution functiogg(yQ?), using Eq.(23). The initial
state QED-like contributionla@F{JLE" and the collinear partigy;® , including the effect of mass factorization, can be
grouped into a single 22 contrlbutlon
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doy i = 2 J dx,d%,[ Gi(X1,Q%)Gi/(X2,Q%)d6 ¥ + (1 2)]

@ ) 5 3 5 2 ) 1 2
X; (Qr+Q;)| [ In 5S+Z In ? +€—2+In Ost Z)\Fcfv+s —In 55+§+ﬂ
1-4s dz X _ — (X A a
+> fdxldXZ{f - QiZQi(;Zsz)Qi'(xlan)+QiZIQi(X11Q2)qi'<?2aQ2 dO'(O)Z—
i’ X3 ™
1+722 [ 8 (1-2)2% 6,
T Mgz 2]tz Ml +(122)). (26)

As expected, the mass singular logarithms cancel com- The approximation used so far in modeling the EW radia-
pletely.x; andx, in Eg. (26) are the momentum fractions of tive corrections toW boson production at the Tevatron
the parent hadrons carried by the partons. [13,14] ignores all weak, interference and initial state photo-
In order to treat thed(a) initial state QED-like correc- nic corrections, and differs from our calculation in the treat-
tions to W production in hadronic collisions in a consistent ment of the final state virtual and soft photon contribution.
way, QED corrections should be incorporated in the globalAt the parton level, the difference between E2j7) and the
fitting of the PDF’'s using the same factorization scheme2—2 contribution to the differential cross section in the ap-
which has been employed to calculate the cross section. Cuproximate calculation, is given by
rent fits[33] to the PDF’s do not include QED corrections. A

study of the effect of QED corrections on the evolution of m2 7

the parton distribution functions indicatgsd] that the modi- Agfinal— g0 & [ In(—/ 52> _}

fication of the PDF's is small. We have not attempted to 2m M\%v °) 2

include QED corrections to the PDF evolution in the calcu- 372

lation presented here. The missing QED corrections to the XIn| —5 | + l—l]. (28)
PDF introduce an uncertainty which, however, is likely to be My 4

smaller than the present uncertainties on the parton distribu-

tion functions. In Sec. lll A we demonstrate that the difference has a non-

. The squared matrix elemgn_ts for different Q.ED f""Ctor'za'negIigible effect on the shape of the transverse mass distri-
tion schemes differ by the finit&(a) terms which are ab- bution

sorbed into the PDF’s in addition to the singular terms. In the Experimentally, photons which are collinear with muons

QED DIS scheme, the contribution of the QED-like initial can be identified without problems: photons deposit energy

;tate corrections to the cross section.is qbout 8% smaller thé}H the electromagnetic calorimeter, whereas muons are iden-
in the QEDMS scheme. The factorization scheme depensifieq by hits in the muon chambers. For muons in the final
dence is expected to be reduced whendite) QED correc-  giate. therefore, one has to retain full information on the par-
tions to the PDF are included. In the following, for the nu-(icje momentum four vectors. In the electron case, on the
merical evaluation oflay "3, we use the QEIMS scheme.  other hand, the finite resolution of detectors makes it difficult
The final state 2-2 contribution can be obtained directly to discriminate between electrons and photons with a small
from the form factorF {23 of Ref.[18] with Q;_,=0 and  opening angle, and the electron and photon four-momentum
Q- ,=—1: vectors are recombined to an effective electron four-
momentum vector if their separatiavR,, in the azimuthal
angle—pseudorapidity plane is smaller than a critical value

dofnal=> f dx,d%,[ gi(x1,Q?) Rc . If the lepton and photon four-momentum vectors are not
i’ resolved in the collinear region, the collinear singularities
X T (%2,Q2)d5 O+ (152)] from the hard photon contribution can be extracted as de-
scribed in Sec. Il A, and the integration over the momentum
a 3 5 fraction z in Eq. (15 can be performed analytically. The
X; In 65+ a In Hg parameters, has to be chosen sufficiently small to ensure

that AR., <R over the entire region where the analytic in-
2

1 5= tegration is carried out. For sma®. one finds that, has to
—2In o5+ 5+ : 270 pe less than
2 24
2
In sufficiently inclusive observables the mass singular loga- Smax. Re 29
rithmic terms cancel in the sum dfo5"3 anddo "3 . o 2 cosk(nMe))’
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where,™®e) is the maximum allowed pseudorapidity of the grams in Fig. 1 can be absorbed into the modified weak

electron. contributionsFntial.final introduced earlier in this section.

The procedure described above is part of the electrofhe 2.2 interference contribution is then given by
identification process used by the D@llaboration 16]. The

Collider Detector at FermilaCDF) Collaboration uses a
slightly different method where the electron and photon four- dgizniezrf: 2 f dx,d%0i(X1,Q2) T/ (X,,Q2)d5 @
momentum vectors are combined if both particles traverse

the same calorimeter cell. This modifies the expression for o 4
5. X= Bim(31, 0)In< oM )
. . . a 212
Once the integration over has been performed analyti- 2 (8= M85+ MGTy,
cally, the coIIinoearf”?acl)ntributiord&yg”a' and the QED-like 1 (152), 31)
contributiond )FQ can be combined to cancel the mass
singular logarithms epr|C|tIy, and one obtains for the final . .
state 22 contribution whereTl'yy is the W width, and
flnal ~ Az t?
0,5= E jdxldx2[ql(X1’Q )qir(%2,Q%) Bin(81.0)=—Q, |n( ) Qv Inf | +2|. (32
i, i’
~ (0 o w2
X do' )+(1<—>2)]; —In 55+Z_§ For 8=M3,, the 2-2 interference contribution is com-
pletely cancelled by the hard photon contributiddy' s’
3 [P when the total inclusive cross section is calculated. Note that
In &5 t2 In > (B0 the 22 interference contribution exhibits only soft singu-
larities.
As described in Ref18], a part of the photonic interfer- The complete O(a®) cross section forp(b)—>W( v)

ence terms together with the IR finite parts of the box dia— /' v(y) can now be expressed as

do®H =2, J dxydxel i (x1, Q)T (X2, Q%) A6V + (1 2)J[1+2 ReFUIGH +F g2 (M)

+ da_izngizal + da_i2n£i3al ,finite+ dO‘ianezrf-F da_izniegrf_l_ do_final (33)
|
with pute the cross section, we use here and in all subsequent
final 4 _final final figures the Martin-Roberts-Stirling set (MRSA) set of par-
do'"™=do, 5 +doy "3, (34 ton distribution functiong35], and take the QCD renormal-

ization scaleugcp and the QED and QCD factorization
scales MQED and Mgcp, to be ,uQCD Q%= MQED
do'inal= ggfinal 4 g final finite (35) =M2 ocp= =M&,. The detector acceptance is simulated by im-
posing the following transverse momentumy] and pseu-
if the z integration is done analytically. Herdg20it® (a  dorapidity (7) cuts:
=initial, final) are the reduced-2 3 contributions away

if the integration over is performed numerically, and

from the soft and collinear region. The hard bremsstrahlung pr(/)>25GeV, [n(/)|<12, /=en, (36
contribution has been compared numerically with thp
— /vy cross section of Ref34]. The two calculations agree pr>25 GeV. (37

to better than 1%.

The end result of the calculation consists of two sets ofThese cuts approximately model the acceptance cuts used by
weighted events corresponding to the-2 and 2-3 con- the CDF and DBOcollaborations in theiW mass analyses
tributions. Each set depends on the paramefgrand &, . [15,16. Uncertainties in the energy and momentum mea-
The sum of the two contributions, however, must be indesurements of the charged leptons in the detector are simu-
pendent ofds and §,, as long as the two parameters arelated in the calculation by Gaussian smearing of the particle
taken small enough so that the soft photon and the leadinfpur-momentum vector with standard deviatiorwhich de-
pole approximation are valid. In Figs. 4—6 we show the dif-pends on the particle type and the detector. The numerical
ferent contributions to thep— /" v(y) cross section at results presented here were calculated usingilues based
Js=1.8 TeV as a function of the two parameters. To com-on the specifications for the upgraded Run Il Bétector
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0.03 | 0'03_""I"_"I""I""I""I""_
[ (a) pp -1*v(y) ISR only ] [ (b) pp-1"v(3) ISR only ]
002 Vs =18Tev _ 0.02 _ Vs = 1.8 TeV _
= ;
ool L7E9) _ P i Gl _ FIG. 4. The QED-like initial state corrections
C oy ] r Tl~~ 1 to thepp—/"v(y), (/' =e,u) cross section for
N - r 1 JVs=1.8 TeV as a function of(@ & for &,
& oo 9()+0(@>3)—0(Born) | ggo[- o(R~R)+0(223)-o(Born) ] =0.001, and(b) &, for ,=0.01. Shown are
® s ] - IEUPTITEE o(2—2)—a(Bomn), o(2—3), and o(2—2)
r T . F - 'g(2+2) - o(Born) R +0(2—3)—o(Born). The cuts imposed are
“O0LT -+ o(2+2)-o(Born) e ] listed in Eqs.(36) and(37). The energy and mo-
i ] L ] mentum resolutions used are described in the
—0.021~ 8, = 0.001 ] 002 5, =001 ] text.
[P R I PP RPN R U DU U DU ST P
230 -25 -20 -15 -10 -3.50-3.25-3.00-2.75-2.50-2.25-2.00
log;0(8) logo(84)

[36]. The results obtained using the target specifications fofor electron and muon final states. Radiation of photons col-
the CDF Il detectof{37] are similar. The SM parameters linear with one of the leptons gives rise to terms proportional
used in our numerical simulations ak,=80.3 GeV,M,  to [In(¥m?)—2]In(8) [see Eq.27)] in both the 2-2 and
=91.187 GeV, a=a(0)=1/137.036, G,=1.166 2—3 contributions. As demonstrated in Fig. 5, these terms
X10°° GeV 2 I'y=2.1 GeV, andmg,,=175 GeV. These cancel and the total cross section is independerfi;ofDue
values are consistent with recent measurements at LERy the smaller mass of the electron, the variation of the 2

SLAC Linear Collider(SLC) and the Tevatrofd]. —2 and 2-3 contributions withs, is more pronounced in
Figure 4 displays the QED-like initial statéSR) correc-  the electron case.
tions to the cross section as a function®f{Fig. 4(a)] and In Figs. 4 and 5, we have not taken into account realistic

84 [Fig. 4b)]. In order to exhibit the independence of the lepton identification requirements, i.e., we have assumed that
cross section from the parametésand §, more clearly, we  photons and leptons with arbitrary small opening angles can
have not included the Born cross section in the 2 contri-  be discriminated. In a more realistic simulation, in addition
bution here as well as in Figs. 5 and 6. The QED-like ISRto the leptonpt, pt and pseudorapidity cuts, one imposes
corrections to the cross section for electron and muon finalequirements on the separation of the charged lepton and the
states are virtually identical. While the separate-2 and  photon. These requirements differ slightly for the CDF and
2—3 O(a) contributions vary strongly witld; and §,, the DO detectors. In the following we adopt lepton identification
sum is independent of the two parameters within the accueriteria which are motivated by the/D& mass[16] and W

racy of the Monte Carlo integration. cross sectiof25] analyses; the numerical results obtained

In Fig. 5, we show the QED-like final statESR) correc-  using the requirements imposed in the CiFmass analysis

tions to thepp— /" v(y) cross section as a function 6  [15] are similar. In order to study their impact on the size of

[T T
| (8 pp-e'v(7) FSRonly | - (b) pp-p'v(y) FSR only 1
aifr_ Vs =18Tev | 0.05'__ Vs = 1.8 TeV B

r T 1 _a(2-3) ] - Ta_

I T 1 P a@s3) - . y L

L _ i | - ) FIG. 5. The QED-like final state corrections
- L T | A to the cross sectiot®) o(pp—e* v(y)) and(b)
E 0ol o(2+2)+e(209)—c@orn) - oo00| o@D +o(2-I-oBorn) ] o(pp—utv(y)) for s=1.8 TeV as a function
b \r————— T i of &s. Shown areo(2—2)—o(Born), o(2

—3), and 6(2—2)+0(2—3)—0o(Born). The
cuts imposed are listed in Eq&6) and(37). The
energy and momentum resolutions used are de-

a'(2-»2)—a'(Born)' T

ST —0.05— ‘-a-'(2—>2)—a'(Born) | scribed in the text.
01 .. 05— .-
P B ST B M IR B B
-3.0 —-2.5 -2.0 -1.5 -1.0 -3.0 —-2.5 —-2.0 -1.5 -1.0
log,4(8s) log 10(8,)
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N I I tum four vectors are combined, it is possible to analytically
pp-e’v(y) FSRonly | cancel the mass singular terms in the QED-like:2 final
Vs = 1.8 TeV . state corrections. In this case, the QED-like final state 2
| —2 and 2-3 contributions depend on the collinear cutoff
= a(R23) . paramete®,. Figure 6 displays the QED-like final state con-
Tea ] tribution to thepp—e* v(y) cross section as a function of
T 6y when the electron identification requirements described
| above are taken into account. While the-2 and 2-3
contributions both exhibit a considerable dependencéon
their sum is independent of the parameter.
o(2+2)— o{Born) ] Similar to the QED-like initial and final state corrections,
DR _] one can show that the sum of the=2 and 2— 3 contribu-
. tions of the QED-like initial—final state interference terms is
| independent ofs;. The interference terms are typically of
g, = 0.01 ] the same size as the initial state corrections. The modified
including el. id. requirements’ | weak contributions to th€(«®) cross section are trivially
e b by b independent obs and §, . In the following, these parameters
0 -35 -30 -R5 -20 will be fixed to 5,=10 2 and §,=10 3.
log 1(8,) As stated before, we take the QCD renormalization scale
ocp and the QED and QCD factorization scal®qep
FIG. 6. Thepp—e"1(y) cross section for/s=1.8 TeV as a and Mqcp, to be equalugcp=Mgep=Mqgcp=Q. The
function of §, for 6,=0.01 when electron identification require- missing QED corrections to the PDF'’s create a dependence
ments are taken into account and the mass singular terms are cagf the (O(a) initial state corrections on the scalewhich is
celed analytically. Only QED-like final state radiative corrections stronger than that of the lowest order calculation. On the
are included. Shown are(2—2)—o(Bom), 0(2—3), ando(2  other hand, final state and initial—final state interference

—2)+d(2—3)—oc(Born). The cuts and lepton identification re- tarms depend o only through the PDF’s.
quirements imposed are listed in E¢86) and(37), and in Table I.

The energy and momentum resolutions used are described in the
text.

0.04

0.02

o{2-2) +0(2-3) — o(Born)

¢ (nb)
o
o
153

-0.02

|"','|""|""|'J"'|'

—0.04

[l

IIl. PHENOMENOLOGICAL RESULTS

o ] ) ] ) We shall now discuss the phenomenological implications
the EW radiative corrections, we will perform simulations uf the 0(«) electroweak corrections t@/ production at the
both with and without the lepton identification requirementstgayatron 0P collisions at\s=1.8 TeV). We first discuss

taken into account. , o _ the impact of electroweak corrections on observables used to
We shall use the following lepton identification require- measureM,,: the transverse mass distribution, the(/)

ments. For electrons, we require that the electron and phom&\stribution, and thaV to Z transverse mass ratio. We then

momentum four-vectors are qomblned into an effective EIeCE:onsider theW production cross section, th&/ to Z cross
tron momentum four-vector iAR.,<0.2. For 0.2 AR,

) o is th section ratio and the charge asymmetry of leptons invthe
<0.4 events are rejectedH,>0.15,. HereE, (E¢) isthe  yocay Unless stated otherwise, we take into account the cuts
energy of the photoitelectron in the laboratory frame. For

of Egs.(36) and (37) and effects from energy and momen-

events with 0.ZAR,,<0.3 andE,<0.1%,, the electron 4, measurement uncertainties in the detector. We state ex-
and photon momentum four vectors are again combine

licitly when the lepton identification requirements listed in
Muons are identified by hits in the muon chambers and th y P a

. ) _ - . able I are included.
requirement that the associated track is consistent with a
minimum ionizing particle. This limits the photon energy for
small muon-photon opening angles. For muons, we therefo
require the energy of the photon to ke,<2 GeV for

',é. Electroweak corrections to theM and p+(/) distributions,
and the W to Z transverse mass ratio

AR,,<0.2, andE <6 GeV for 0.2<AR,,,<0.6. For future Since the detectors at the Fermilab Tevatron collider can-
reference, we summarize the lepton identification requirenot directly detect the neutrinos produced in the leptafic
ments in Table I. boson decaysN— /v, and cannot measure the longitudinal

As noted before, when the electron and photon momeneomponent of the recoil momentum, there is insufficient in-

TABLE |. Summary of lepton identification requirements.

Electrons Muons
Combinee and y momentum four vectors if Reject events wih>2 GeV
AR,,<0.2 and ifE,<0.15, for 0.2<AR,,<0.3 forAR,,<0.2

Reject events withe,>0.15, Reject events witle,>6 GeV
for 0.2<AR,,<0.4 for 0.<AR,,<0.6
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0020 P T 7
[ (&) pp-1"v(y) ] 005 (®) PP-L0() ]
I Vs = 18 Tev ] r Vs = 1.8 TeV 1 FIG. 7. Differential cross sections fopp
0.015 — £ _ oosl " E —/*u(y) at\s=1.8 TeV. Shown in parta) is
- F 2N 1 & i Int . the transverse mass distribution. Pé@mtdisplays
E é L / i the lepton transverse momentum spectrum. The
by . 2 003 //'~\_,‘ _' solid (dotted lines show the distributions for
59 0.010 — — ; C Py '.\" ] electron(muon) final states including)(«) elec-
= [ £ i Vs 4 1 troweak corrections. The dashedot-dasheg
S % 0.02~ ! s line gives thee®v (u*v) Born cross section.
3 ] s ° [ : The cuts imposed are listed in E436) and(37).
]t oy g((:a)) ] [ ! ] The energy and momentum resolutions used are
dash: 1=e, Born 0.0t 17 '\_ 7] described in Sec. Il C. The lepton identification
dotdash: 1=4, Born r A\ 1 requirements of Table | are not taken into account
Lovoilenilennl STV here.
0.000 -ttt L L L 0.00 -+ttt L S
50 60 70 80 90 100 25 30 35 40 45 50
My (GeV) pr(l) (GeV)

formation to reconstruct the invariant mass of iWeboson.  spectrum. The flavor specific lepton identification require-
Instead, the transverse mass distribution of the final statments of Table | are not taken into account here. Elec-
lepton pair, or the transverse momentum distribution of theroweak corrections decrease the cross section at the peak of
charged lepton are us¢dl6] to extractMy,. The transverse the Mt (p1(¢)) distribution by about 12%17%) in the

mass is defined by electron, and by about 6%%) in the muon case. Photon
, radiation from the charged lepton lowers the invariant
M= 2p+(/)p+(v)(1-cos ¢’ "), (38  mass. Events from the Jacobian peak regions ifMtheand

pt(7) distributions therefore are shifted on average to lower
wherep(/) andpy(v) are the transverse momentum of the values of the transverse mass and transverse momentum.
lepton and the neutrino, and”” is the angle between the Due to the Iné/m?/) term, the effect of the corrections is
charged lepton and the neutrino in the transverse plane. THarger in the electron case. The Jacobian peak opthdis-
neutrino transverse momentum is identified with the missingribution is broader and less pronounced in the muon case,
transverse momentunpy, in the event. Recently, it has due to the energy and momentum resolution which is signifi-
been pointed out that the ratio bf to Z observables can also cantly worse for muons than for electrons. In tg distri-
be used to measure thW¢ mass[23]. This method has been bution, the effect of thgd; resolution dominates, and the

applied to theW to Z transverse mass ratio by the/ @0l-  difference in the distribution between electrons and muons is
laboration[24]. The advantages and disadvantages of the obsmall. TheM andp+(/) distributions for/~ v(y) produc-
servables used to extrakt,, are discussed in Ref6]. tion are identical to those for th&™ v(y) channel inpp

The O(a®) My distribution for e »(y) (solid) and collisions. In the remainder of this subsection we therefore
uv(y) (dot9 production is shown in Fig. (3 together only consider the” " v(1y) final state.
with the lowest-order predictiongdashed and dot-dashed  The various individual contributions to the E® «) cor-
curves. In Fig. 7(b), we show the®(«®) and Bornp(/) rections on theM distribution are shown in Fig. 8. The

| (2) pp-e’v() . L (®) pp-pv() . FIG. 8. Ratio of the®(a®) and lowest order
1051~ Vs = 1.8 Tev 15 Vs =18TeV 7] cross sections as a function of the transverse mass

i ] L ] for (8 pp—e’v(y) and (b) pp—u'v(y) at

F initial state 1 F initial state 1 Js=1.8 TeV for various individual contribu-

| imtalstate | i

tions. The uppeflower) solid lines show the re-
sult for the QED-like initial(final) state correc-
tions. The upper(lower) dotted lines give the
e 1 cross section ratios if both the QED-like and
modified weak initial(final) state corrections are
included. The dashed lines display the result if
only the initial-final state interference contribu-
tions are included. The cuts imposed are listed in

100 — e m - 100 — —

interference

0.95 — B 0.95

final state

[de%4) /dMy] /[da®™ /dM,]

0.90 — 090 — Egs. (36) and (37). The energy and momentum
[ | 1 resolutions used are described in Sec. Il C. The
NI PP B P b b by L lepton identification requirements of Table | are
50 75 100 125 150 175 50 75 100 125 150 175 not taken into account here.
M, (GeV) My (GeV)
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AR R
| (@) pp-e’vl(y)
1.05— Vs = 1.8 TeV — 1.05

TTTTTrTyTTTT R
| (b) pp-utv(y)

Vs = 1.8 TeV -

solid: no u id. req. included 4 .
dash: with 4 id. req. included - FIG. 9. Ratio of the fullO(«®) and lowest

— order differential cross sections as a function of
] the transverse mass f@@) pp—e™ v(vy) and(b)
pp—utv(y) at Js=1.8 TeV. The dashed
(solid) lines show the result witlwithout) the
lepton identification requirements of Table |
taken into account. The cuts imposed are listed in
Egs. (36) and (37). The energy and momentum
resolutions used are described in Sec. Il C.

solid: no e id. req. included - F
dash: with e id. req. included - u
1.00 — — 1.00—

0.95 0.95

[de%4) /dMy] /[da®™ /dM,]

0.90 0.90

50 75 100 125 150 175 50 75 100 125 150 175

M, (GeV) My (GeV)

initial state QED-like contribution uniformly increases the combining the electron and photon four-momentum vectors
cross section by about 1% for electridfig. 8@)] and muon  for AR,,<0.2 eliminates the mass singular logarithmic
[Fig. 8(b)] final states. It is largely canceled by the modifiedterms and strongly reduces the size of the QED-like final
weak initial state contribution. The interference contributionstate correctionfsee Fig. @a)]. These corrections are now of

is very small. It decreases the cross section by about 0.01%he same size as the initial state QED-like and the modified
for transverse masses beldW,,, and by up to 0.5% for weak corrections. However, with the tot@(«) EW correc-
M>My. The final state QED-like contribution signifi- tions varying between 1% and 2%, the shape change of the
cantly changes the shape of the transverse mass distributiq@. gistribution caused by the final state corrections is still
and reaches its maximum effect in the region of the Jacoblagigniﬁcam_ For muon final statdésee Fig. #)], the cut on
peak,Mr~My,. As for the initial state, the modified weak  the energy of the photon reduces the hard photon part of the
final state contribution reduces the cross section by abo@(as) uw(y) cross section. In this case, the mass singular
1%, and has no effect on the shape of the transverse maggms survive and the corrections become larger over the
distribution. ForMy>125 GeV, the QED-like final state enptire range oM, considered. Before lepton identification
corrections uniformly reduce the differential cross section byrequirements are taken into account, the change in the shape
about 5% in the electron case, and by about 2% in the muogs the M distribution due to the QED-like final state correc-
case. Without taking the lepton identification requirements ofjons is more pronounced in the electron channel. Once these

Table I into account, the fulD(a) electroweak radiative cor- requirements are included, the shape change is stronger in
rections to theM distribution are very well approximated the muon case.

by the sum of the QED-like and modified weak final staté  The statistical uncertainty in Figs. 8 and 9 due to the

corrections. _ _ _ ~Monte Carlo integration procedure is approximately 0.001
It should be noted that the differential cross section raticfor V<M, and increases to about 0.003 afl;

shown in Fig. 8 becomes ill defined in the threshold region— 175 Gev. Results qualitatively similar to those shown in

Mr~p$'i(/)+p3", wherepi(/) andps are the charged Figs. 8 and 9 are also obtained for the transverse momentum
lepton pr and the missing transverse momentum thresholdgistribution of the charged lepton.
For Mr<p$'{(©)+p§"", the Born cross section vanishes, As we have seen, final state bremsstrahlung has a non-
and the cross section ratio is infinite. TB¥a®) cross sec- negligible effect on theM; and p(/) distribution in the
tion is small, but non-zero, in this region. The largest contri-Jacobian peak region. As is well known, electroweak correc-
bution to the cross section fof+<p$"'(/) + p$"* originates  tions must be included when tiw boson mass is extracted
from initial state radiation configurations, where the leptonfrom data, otherwise the mass is shifted to a lower value. In
and the neutrino have a small relative opening angle and amhe approximate treatment of the electroweak corrections
balanced by a higlpt photon in the opposite hemisphere. used so far by the Tevatron experiments, only final state
Close to the thresholaVit~p$''(~) + p$*, large logarith- QED corrections are taken into account; initial state, inter-
mic corrections are present, and for an accurate prediction iference, and weak correction terms are ignored. Furthermore,
this region those corrections need to be resummed. The réhe effect of the final state soft and virtual photonic correc-
sults of Fig. 8 in this region should therefore be interpretedions is estimated from the inclusiv®(a?) W—/v(y)
with caution. width [38] and the hard photon bremsstrahlung contribution
The ratio of the full®(«®) and the Born cross section as [13,14. When detector effects are included, the approximate
a function of the transverse mass is shown in Fig. 9. Thesalculation leads to a shift of about50 MeV in the electron
solid (dashed lines show the cross section ratio without case, and approximately-160 MeV in the muon case

(with) the lepton identification requirements included. Re-[15,16.
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L1050 P 1050 P
[ (@) pp-1*»(y) FSR only ] [ (b) pp-1*v(7) FSR only ]
_ : Vs = 1.8 TeV ; L Vs = 1.8 TeV ; FIG. 10. Ratio of theM distributions ob-
% Hoe - no lept. id. req. included E - with lept. id. req. included ] tained with the QED-”ke final state <_:orrectic_>n
~ r part of our calculation to the one obtained using
';i - E the approximation of Ref§13] and[14] for pp
Ha:’: 1.000 1.000— —/*u(y) at s=1.8 TeV (a) without and (b)
] L with lepton identification requirementsee Table
= [ r 1) taken into account. The solid and dashed lines
%“ 0.975 0.975— give the results for electron and muon final states,
>~ I [ respectively. The approximate NLO transverse
;‘1 - mass distribution does depend @ [see Eq.
3, o.es0f 0.950 — (28)] which is taken to bes,=0.01. The cuts
solid: electrons I solid: electrons 4 imposed are listed in EC{$36) and (37) The en-
dash: muons &, = 0.01 I dash: muons §, = 0.01 b .
: L : ergy and momentum resolutions used are de-
PSS P IS PPN I U B Ry S IO A P B scribed in Sec. Il C.
50 75 100 125 150 175 50 75 100 125 150 175
M, (GeV) M; (GeV)

Initial state and interference contributions do not changd-rom a maximum likelihood analysis similar to that carried
the shape of thtf ; distribution significantlysee Fig. 8and  out in Ref.[21] for Z production, the shift in the measuriéd
therefore have little effect on the extracted mass. Howevemass due to the correct treatment of the final state virtual and
correctly incorporating the final state virtual and soft photo-soft photonic corrections is found to beAM,
nic corrections results in a non-negligible modification of the~©®(10 MeV). This shift is much smaller than the present
shape of the transverse mass distribution. This is demonincertainty for My, from hadron collider experiments
strated in Fig. 10, which shows the ratio of thk; distribu-  [15,16. However, for future precision experiments, a differ-
tion obtained with the QED-like final state correction part ofence of O(10 MeV) in the extracted value oM, can no
our calculation to the one obtained using the approximatioonger be ignored, and the complet®(«?) calculation
of Refs.[13] and[14]. The dependence of the ratio bhy is  should be used.
described by Eq(28). For M{<M,y,, most events originate At high luminosities, the transverse mass ratiodfo Z
from the regiorfs~M\";v, due to the Breit-Wigner resonance. bosons offers advantages in determining\Wenass 23,24
Consequently, there is little dependence of the cross secticover theM and p(/) distributions. The transverse mass
ratio onM+ in this region. FoM > My, the steeply falling ratio of W andZ bosons is defined as
cross section in the tail of the Breit-Wigner resonance favors W
events withs~MZ2 . In this region the term proportional to Aw(Xy,=Xn,)

In(¥MZ) in Eq. (28) causes a change in the shape of the R (Xnp) = m

transverse mass distributiong""® also contains a term T T

which is proportional to INf/M3,) [see Eq.(28)]. The  whereA, (V=W,Z) is the differential cross section

shape change in tHd ; distribution thus is more pronounced

in the electron case. Lepton identification requirements have v doy

a small effect on the cross section rateee Fig. 10 Note Av(XMT): axv (40)

that the approximate NLO cross section, and thus the cross Mr

section ratio shown in Fig. 10, does depend explicitly on th

cutoff 55 whereas th&(«®) cross section resulting from our

calculation does not. While the dependence &nis very MY
. . vV T

small for Mt<<M,,, it is quite pronounced for transverse XMT: Mo

masses abovily, . v

The difference in the line shape of thé distribution  The transverse mass of the lepton paiZimoson events is
between the complet®(«?) calculation and the approxima- defined in complete analogy to E(®8):
tion used so far occurs in a region which is important for
both the determination of th&/ mass, and the direct mea- M%=2pr(/ )pr(/ 7 )(1—cos¢), (42)
surement of theW width. The precision which can be
achieved in a measurementdfy, using the transverse mass whered is the angle between the two charged leptons in the
distribution strongly depends on how steeply ¥e distri-  transverse plane.
bution falls in the regioM ~My (see Fig. 7. In the region The ratio of theO(«®) and the BornW to Z transverse
of large transverse massdd;>100—110 GeV, the shape mass ratio is shown in Fig. 11. To calculate Béx) elec-
of the M distribution is sensitive to the/ width [39]. Any  troweak corrections t& boson production, we use the re-
change in the theoretical prediction of the line shape thusults of Ref[21]. Note that purely weak corrections are not
directly influences theW mass and width measurements. included in this calculation. Identical charged leptwpand

(39

vith respect to the scaled transverse mass,

(41)
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(@ pp Vs =18Tev ] F(®) pp Vs =18TeV

L4 e FIG. 11. Ratio of th&)(a?) and lowest order

no lept. id. req. included | | with lept. id. req. included | W™ to Z transverse mass ratio as a function of

i the scaled transverse masXy , at Js

L - =1.8 TeV. The soliddashed lines show the re-

12— — sult for the electrorimuon final state. The ratio

- . without and with lepton identification require-

F ] ments(see Table )l taken into account is shown

— ] in part(a) and part(b) of the figure, respectively.

;—‘/\' The cuts imposed are listed in E¢86) and(37).

Lo 7] The energy and momentum resolutions used are
) | described in Sec. Il C. Fopp—/"/"(y), we

solid: electrons . " . . . .

i i | dash: muons | in addition require the di-lepton invariant mass to

L i L _ satisfy the constraint 75 Gevm(/*/ ")

A 1R PSP P IS P R O B B D <105 GeV.
0.7 0.8 0.9 1.0 1.1 Q.7 0.8 0.9 1.0 1.1

12—

solid: electrons
dash: muons

0(a®) /5B
R /REC™

1.0

Xy, Xy,

rapidity cuts are used faV andZ production. In theZz boson  collider run, the uncertainty associated with the integrated
case, photon exchange and interference effects are in- luminosity (=3.6% [41]) became a limiting factor in this
cluded and an additional cut on the di-lepton invariant massneasurement. This suggests to use the meadtwechd Z

of 75 GeV\<m(/ "/ 7)<105 GeV has been imposed. In boson cross sections to determine the integrated luminosity
pp—/v(y) only one of the two leptons can emit a photon, in Run 11 [41,42. The cross section ratio

whereas both leptons ipp—/*/"(y) can radiate. The _ ,‘

O(a) corrections are thus significantly larger in tAecase. _ a(Pp—W—/vX) 43)

As a result, th@V to Z transverse mass ratio is more strongly WIZT a(pp—Z—/T /X))’

affected by electroweak radiative corrections than Kh¥

distribution. Without 'Fhe lepton identification requirements,.[ogether with the theoretical prediction for the ratio of the
the O(a) corrections increas®y by about 309%(10%) at o) W and Z production cross sectionsryy/o,=3.36
the location of the Jacobian peak_=1) for electrons +0.02[43], the LEP measurement of the branching ratio
(muong. For Xy, <0.9, the electroweak corrections reduce B(Z— /" /") and the SM prediction for th&/— /v decay
the transverse mass ratio by 6-10% in the electron case, ajjdth, can be used for an indirect determination Iof,
by 4-6% in the muon case. The slight dipX ~0.85 in [25,44. For integrated luminosities smaller than about

. . . : : 20 fb !, theW width measurement fromR,,, is expected to
Fig. 11(a) is an artifact of thepr(/)>25 GeV and| 7(/)] . ’ : Wiz ™=
<1.2 cuts imposed on the charged leptons in they'.eld better results than the direct determination fromhe

P distribution[5].
207/ deca)_/[Zl]_ . o . The size of theD(a) electroweak corrections to the total
When lepton identification criteria are taken into account, — . : o
. pp—/vX cross section and tBy,, is sensitive to the ac-
the merging of the electron and photon momentum four vec?

) . ceptance cuts and whether lepton identification requirements
tors for smalle— y opening angles again strongly reduces

: / > are taken into account or not. In Table Il, we list the elec-
the size of the(?(a)_ corrections[see Fig. _1!1b)]. In the re- troweakK factor,
gion of the Jacobian peak, the corrections are reduced to

~4%, and forXMT<O.95 to about 2% in magnitude. For

, e : i EW_ ;0(e*)(p-

muon final states, the lepton identification requirements re- ABLE Il. The electroweakK-factor K="= o™ (pp—W
duce the hard photon part of tii a®) cross sections below —/vX)lo (pEF\)NHW(;a{)V) é;r/nz e’M). and the Correcnoﬂ f;icmr
the Jacobian peak, but have litle effect in the peak regiof® Rwz. Kr"=Rwgz’/Ryz, with 75 Gev<m(/"/")
where only few events contain hard photdeee Fig. %)]. <105 GeV, forpp collisions atys=1.8 TeV. Shown are the pre-
The reduction is more pronounced for tp@— + “(7) dictions without and with the lepton identification requirements of
than for thepp— wr(y) cross section Conséfqugntly the Table | taken into account. The cuts imposed are listed in 6.
O(a) i iy 8 below th .,] bi k, d and(37). The energy and momentum resolutions used are described

) corrections increasBy,  below the Jacobian peak an

in Sec. Il C.
leave it almost unchanged in the peak region.
Without lepton id. With lepton id.
B. Electroweak corrections to theW boson cross section requirements requirements
and the W to Z cross section ratio KEW(pp—e® »X) 0.955 0.984
In the past, the measurement of heandZ boson cross KEW(pp—u'vX) 0.975 0.947
sections has provided a test of perturbative Q2b6,40,41.  KE"(e) 1.032 1.002
With the large data set accumulated in the 199495 TevatrorEY(u) 1.012 1.065
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(9(0(3) _W /X) 0.3....|....|....| ........
g —> — ¢ V o E—_— 4
KEW= Bom( PP W (44) - PPoLv)
o PP W= /) L Vs =1.8Tev ]
0.2 —
and the correction factor fdRy,z, [ no lept. id. req. included

3

RO ]

EW: RBom ’ (45)

W/Z

A(v(1))

for the acceptance cuts listed in E§36) and (37) with and
without taking the lepton identification requirements of
Table | into account. As before, we include photon exchange

and yZ interference effects, and impose a cut on the di- ] g&ﬂf;u .
lepton invariant mass of 75 Gevm(/ "/ ~)<105 GeV - dash: 0(a®) e

[21], in the calculation of th&)(a®) Z boson cross section i | | | |
enteringRy,z. It should be noted that the missing purely 08 T 05 10 15 20 25

weak corrections in the calculation of RE21] introduce an
uncertainty ofO(a/) in KEW which could be significant. 0

From the results listed in Table Il we see that théx) FIG. 12. The charge asymmetry for leptoms(y(/)), in W
electroweak corrections decrease ¥hecross section and — /v decays forpp collisions at\s=1.8 TeV. The dashe¢tot-
increaseRyy,z by several percent for the cuts imposed. As forted) lines show the asymmetry for electromuon) final states in-
the differential cross section, th®(«) corrections are larger cluding O(«) electroweak corrections. The solid line gives the Born
in the electron case when lepton identification requirementgrediction of A(y(~)). Except for the pseudorapidity cut on the
are not included. When lepton identification requirements arsharged lepton, the cuts listed in Eq86) and (37) are imposed.
included, the corrections are reduced in the electron case aridie lepton identification requirements of Table | are not taken into
enhanced in the muon case. If no acceptance cuts and @gcount. The energy and momentum resolutions used are described
lepton identification requirements are taken into account, ali Sec. Il C.
mass singular terms cancel in the total cross section, and the
size of the electroweak corrections is reduced to aboufects if one wishes to measure tiécross section anBy,z

—0.2%. with an accuracy ot(1%) or better.
The size of theO(a) electroweak corrections should be
compared with that of thé(ag) and O(aﬁ) QCD correc- C. Electroweak corrections to the charge asymmetry
tions. NLO QCD corrections are knowsee e.g. Ref45] of leptons in W decays
and references thergiro enhance th&V production cross Uncertainties in the parton distribution functions are a

section by about 15-20% and are thus significantly largepajor contribution to the systematic error of thé mass
than theO(a) EW corrections. In fact, the size of th@(«)  extracted in hadron collider experimertss,16. Measure-

electroweak corrections to thW cross section when cuts are ent of the charge asymmetry of leptonsihdecays47]
imposed is about equal to that of the next-to-next-to-leading

order(NNLO) QCD correctiong46]. On the other hand, the do*/dy(/)—do~/dy(/)

O(a) electroweak corrections Ry are in some cases con- Ay(/))= dotIdy(/) +do1dy(7)’ (46)

siderably larger than the NLO QCD corrections. Since the

QCD corrections toWV and Z production are very similar, wherey(/) is the lepton rapidity and

they cancel almost perfectly in tig to Z cross section ratio;

the O(«a,) corrections tdRy,z are of O(1%) or less, depend- ot =a(pp—/"vX), 47

ing on the set of parton distribution functions udd]. In

contrast, the electroweak corrections do in general not cancgrovides strong constraints on the ratio @fand u quark

in Ry,z. As noted before, irz—/*/~ both leptons can distributions[48]. These constraints considerably reduce the

emit photons, whereas only the charged lepton radiates inncertainty originating from the parton distribution functions

W— /v decays. Since final state photonic corrections are thén the W mass measuremefit5,14. It is thus important to

dominating contribution to theé(a) EW corrections, the know how electroweak radiative corrections affégy(~)).

O(a) corrections to theW and Z cross sections are quite The O(a®) asymmetry as a function of the lepton rapidity

different, and thus do not cancel Ry,;. For example, forev(y) (dashed linpandu(y) (dotted ling production is

when lepton identification requirements are taken into acshown in Fig. 12 together with the lowest order prediction

count, theO(a) EW corrections in the electrofmuon case (solid line). Except for the pseudorapidity cut on the charged

increaseRy,z by 0.2% (6.5%). Note that, unlike the elec- lepton, we impose the cuts listed in E¢36) and(37) in this

troweak corrections, QCD corrections are only slightly subsection. Sincé\(—y)=—A(y), the asymmetry is only

modified by cuts and lepton identification requirements.  displayed fory(#)>0. The flavor specific lepton identifica-
From the results shown in Table Il we conclude that ittion requirements of Table | are not taken into account in

will be necessary to correct for higher-order electroweak effig. 12. The asymmetry in the Born approximation for elec-
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T R L N AR 0.006_....|....|....|....
L — + T p— +
0.015 (@) PP-1u(y) - - (&) pp-17v(y)
Vs = 1.8 TeV 1 L Vs = 1.8 TeV 1
1 o0.004— —
no lept. id. req. included 7 - with lept. id. req. included

0.010 FIG. 13. The difference of th&(a®) and the

Born charge asymmetry for electrofsolid) and
muons(dashedl (a) without and(b) with the lep-
ton identification requirements of Table | taken
into account. Except for the pseudorapidity cut on
the charged lepton, the cuts listed in E@36)
and(37) are imposed. The energy and momentum

0.002

0.005 L
0.000

A%@(y(1)) — AP(y(1))

0.000 1 —0.002 [ resolutions used are described in Sec. Il C.
solid: e ] [ solid: e | |_ | 3
dash: u i | dash: u -
[P U P DI I P v NP P DU B B
00 05 1.0 15 20 25 00 05 1.0 15 =20 25

y(1) y(1)

tron and muon final states is virtually indistinguishable forthe W mass helps to constrain the Higgs boson mass from
the cuts and the energy and momentum resolutions we useadiative corrections. It will also provide restrictions on the
Electroweak corrections are seen to only slightly affect theparameters of the MSSM. In order to perform such a mea-
charge asymmetry. surement at a hadron collider, it is crucial to fully control
In order to display the effect of EW radiative corrections higher order QCD and electroweak corrections. In this paper
on A(y(/)) more clearly, we show the difference betweenye have presented a calculation of the electroweak correc-
the O(«®) and the Born asymmetry in Fig. 13. Without tak- tions to W production in hadronic collisions which is based
ing the lepton identification requirements of Table | into ac-gn the full set of contributing)(a3) Feynman diagrams.
count, the difference of th©(«®) and the Born asymmetry  The ()(a) electroweak corrections can be arranged into
is positive and gradually increases wiji”") from zero at  geparately gauge invariant QED-like contributions corre-
y(#)=0 to about 0.01 for electrons, and approximatelysponding to initial state, final state and interference correc-
0.005 for muons, a¢(/)=2.5[see Fig. 18)]. Figure 13b)  tions, and gauge invariant modified weak contributions to the
displays the difference between ti@(«®) and the Born \ production and decay processes. Due to mass singular
charge asymmetry when the lepton identification requirejogarithmic terms associated with final state photon radiation
ments are included in the simulation. Due to the recombinain the limit where the photon is collinear with one of the
tion of the electron and photon momentum four vectors foleptons, final state radiation effects dominate. Initial state
small lepton-photon opening angles, the size of the eleccorrections were found to be small after appropriately factor-
troweak corrections to the charge asymmetry in the electrofying the corresponding collinear singularities into the parton
case is drastically reduced when these requirements are takgftribution functions. However, currently no parton distribu-
into account. Fory(e)<1.5, the O(e) corrections reduce tjon functions which include QED corrections are available.
A(y(e)) by a very small amount. In the forward rapidity With the factorization scheme used in this paper, the effect
region, 1.Ky(e)<2.5, the difference of thé(®) and the  of the QED corrections on the PDF is expected to be small.
Born charge asymmetry is positive and slowly increaseswe find that the part of the initial state corrections included
reaching approximately 0.0025 wfe)=2.5. For compari- in our calculation is uniform over the entire range of e
son, the statistical error iA(y(e)) in this region expected transverse mass and the leptpp range, and increases the
for Run Il (assumingf £dt=2fb™1) is §A(y=2.5)~0.005 differential cross section by about 1%. Likewise, the modi-
[36,37. The variation of the charge asymmetry due to thefied weak corrections are uniform, but decrease the cross
uncertainties of the present parton distribution functions issection by a similar amount. In contrast, the final state QED-
about 0.01549] in the same region. The magnitude of the like corrections modify the shape of thé; andp+ distribu-
O(a) electroweak corrections for muons and electrons whetions substantially.
lepton identification requirements are included is similar. Without including the lepton identification requirements
However, in the muon case, the EW corrections enhancinposed by experiments, the effect of the electroweak cor-
(reducg the O(a®) asymmetry at smalllarge rapidities. rections is larger in the electron channel than in the muon
channel. When these requirements are taken into account, the
mass singular logarithmic terms are eliminated in the elec-
tron case because the electron and photon momentum four
The mass of th&V boson is one of the fundamental pa- vectors are combined for small opening angles where it is
rameters of the SM and a precise measuremeM gfis an  difficult to resolve the two particles. Initial state QED-like,
important objective for current experiments at LEP2 and fu-final state QED-like, modified weak and interference contri-
ture experiments at the Tevatron. A precise measurement @utions are then all of similar size. On the other hand, in

IV. CONCLUSIONS
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order to experimentally identify muons, the energy of the As an alternative to the transverse mass and the Igpton
photon is required to be smaller than a critical value if thedistribution, thew to Z transverse mass ratiBMT, has been

.~y separation is small, and mass singular terms surviveysed recently to extract the mass of iheboson. We found
Removing energetic photons thus enhances the effect of that since theO(a) corrections to thez boson transverse
O(a) corrections, and the effect of the electroweak correcass distribution are significantly larger than those tothe
tions in the muon case is larger than in the electron case onq@ _ gistribution, electroweak corrections influerkg_ more
lepton identification requirements are included. strongly than theMl; or p-(/) distribution.

Electroweak radiative corrections have a significant im-""_. . - .
. ; Finally, we studied how electroweak radiative corrections
pact on theW mass extracted from experiment. The main. ; . .
. ; - . influence thew cross section, th&/ to Z cross section ratio,
effect is caused by final state photon radiation and is corx:

i - Rywz, and the charge asymmetry of leptons\Wh decays,
rected for in theW mass analyses of the Tevatron experi- , W/Z° >
ments[15,16). However, in the calculation used by CDF and A(y(7)). As shown in Table Il, the9(a) electroweak cor-

h . o i
D0 [13,14), the effect of the final state soft and virtual pho- rergts'g?]ieci? gﬁ?suc.le_htehﬁéigéozf tsﬁe;(ctl)o Z&rﬁfag {:Oolrrr]et(r:]-e
tonic corrections is estimated indirectly from the inclusive P : @

; . tions is of the same order as the NNLO QCD corrections
O(a?) W—/v(y) width and the hard photon bremsstrah- ;
lung contribution. Initial state, interference, and weak contri—[46]' The O(e) corrections were found to enhanBl,; by

0, 1 -
butions to theO(«) corrections are ignored altogether. The umpo;ct) 6é?fé)étl(gqr? tﬁg;\;eg';n;ozg ?:C;’éuerra?.ingr’]gﬁgeéfl
correct treatment of the final state soft and virtual photonic ( 10/)p Th EyV\I/K " &R : t'l larly |
corrections significantly changes the slope of the transvers@ 9. The corrections ory,z are particuiarly large
mass distribution in the regiokl->M,y. This changes the in the muon channel when lepton identification requirements
W mass extracted from the transverse mass distribution b§'© taken into account, due to the cut on the photon energy

O(10 MeV), and might also have a non-negligible effect on, . posed for_smally—,u opening angles. If photons W.'th
the W width measured from the tail of thiel; distribution. higher energies could be tolerated close to the muon without
More detailed numerical simulations are needed to quamitag)mpromlsmg the |dent.|f|cre]1t|on of m#ons, Ithe EZS of the
tively assess this effect. Initial state, and initial—final state .éa) cglrrectlgns tgq"%%eg(t )e rr}uotn c an||(1 €l cou i € ccin-
interference corrections, have only a small effect onNhe Sl er? y reduce b. i C'Ybl elec FOWeaf hcorreq |onz 0
distribution and hence are expected to only marginally ianu-A(y(’ )) may not be negligible in view of the projected ac-
ence the amount the/ boson mass is shifted. curacy of the charge asymmetry in future Tevatron runs.

Our results demonstrate that, for the current level of pre-
cision, the approximate calculation of R¢13] is adequate.
The small difference in th&/ boson mass obtained in the  We would like to thank I. Adam, M. Demarteau, S.
completeO(a®) and the approximate calculation, however, Errede, E. Flattum, H. Frisch, U. Heintz, Y-K. Kim, and E.
cannot be ignored if one attempts to measure\Whenass Laenen for stimulating discussions. U.B. and D.W. are grate-
with high precision at hadron colliders. This also raises theful to the Fermilab Theory Group, where part of this work
question of how strongly multiple final state photon radiationwas carried out, for its generous hospitality. This work has
influences the measurall boson mass. So far, only partial been supported in part by Department of Energy Contract
calculations exisf50]. A more complete understanding of No. DE-AC02-76CHO3000 and NSF Grant No. PHY-
multiple photon radiation is warranted. 9600770.
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