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The O(a) radiative corrections to the procep%ﬁ)—w*, Z—/"/" (/=e, ) are calculated. Factorizing
the collinear singularity associated with initial state photon bremsstrahlung into the parton distribution func-
tions, we find that initial state corrections have a much smaller effect than final state radiative corrections.
Because of mass singular logarithmic terms associated with photons emitted collinear with one of the final state
leptons, QED radiative corrections strongly affect the shape of the di-lepton invariant mass distribution, the
lepton transverse momentum spectrum, and the forward-backward asymitpgtrifhey lead to a sizable shift
in the Z boson mass extracted from data, decrease the di-lepton cross section by up to 10%, and increase the
integrated forward-backward asymmetry in thgeak region by about 7% at the Fermilab Tevatron. We also
investigate how experimental lepton identification requirements modify the effect of the QED corrections, and
study the prospects for a high precision measurement Bﬁgﬁ‘wusing the forward-backward asymmetry at the
CERN Large Hadron CollidefS0556-282(98)03201-9

PACS numbegps): 12.15.Lk, 12.38.Bx, 14.70.Fm, 14.70.Hp

[. INTRODUCTION advances in accelerator technold®y, Tevatron collider lu-
minosities of order 1% cm™2s™! may become a reality, re-
Over the last few years, the standard mo@) of elec-  sulting in integrated luminosities of up to 10thper year.
troweak interactions has been successfully tested at the ong¥ith a total integrated luminosity of 30 8, one can target
loop level. Experiments at the CERN e~ collider LEP and  a precision of thaV mass of 15—-20 MeV/4]. A similar or
the SLAC Linear Collider(SLC) [1] have determined the better accuracy may also be reached at the CERN Large
properties of th&Z boson with a precision of 0.1% or better, Hadron Collider(LHC) [7].
and correctly predicted the range of the top quark mass from The determination of th&/ mass in a hadron collider
loop correctiong1]. Currently, theZ boson mass is known environment requires a simultaneous precision measurement
to =2.0 MeV, whereas the uncertainty of tiié massMy, of the Z boson mas$1, and widthI',. When compared to
is +80 MeV [2]. A precise measurement bf,, and the top the value measured at LEP, the two quantities help to accu-
quark masam,,, would make it possible to derive indirect rately determine the energy scale and resolution of the elec-
constraints on the Higgs boson madg, via top quark and tromagnetic calorimeter, and to constrain the muon momen-
Higgs boson electroweak radiative correctionsMgy, [3]. tum resolution(8,9].
With a precision of 30 Me\(10 MeV) for the W mass, and Analogous to theV mass, a very high precision measure-
2 GeV for the top quark masil, can be predicted with an ment of the effective weak mixing angle, $ilS%' [10], can
uncertainty of about 50%20%) [4]. Comparison of these be used to extract information on the Higgs boson mass
constraints oM ; with the mass obtained from direct obser- [4,11]. At hadron colliders, the effective weak mixing angle
vation of the Higgs boson in future collider experiments will can be determined from the forward-backward asymmetry,

be an important test of the SM. Agg, in di-lepton production in the vicinity of th& pole
A significant improvement in th&/ mass uncertainty is [12].
expected in the near future from measurements at LES) II In order to measuré.g and theZ boson mass with high

and the Fermilab Tevatromp collider[4]. The ultimate pre- ~Precision in a hadron collider environment, it is necessary to
cision expected foMy, from the combined LEP Il experi- fully understand and control higher order QCD and elec-
ments is approximately 40 MeY5]. At the Tevatron, inte- troweak corrections. A complete calculation of the {Mla)
grated luminosities of order 19 are envisioned in the radiative corrections tqn(f))—w*, Z—/" /" has not been
Main Injector Era, and one expects to measure\thenass  carried out yet. In a previous calculation, only the final state
with a precision of approximately 50 MeW]| per experi- photonic corrections had been includd®,14, using an ap-
ment. The prospects for a precise measuremektgfvould  proximation in which the sum of the soft and virtual part is
further improve if a significant upgrade in luminosity beyond indirectly estimated from the inclusi®(a?) Z— /" /" ()

the goal of the Main Injector could be realized. With recentwidth and the hard photon bremsstrahlung contribution.
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In this paper, we present a more complete calculation ofs an example, we also investigate how the finite energy and
the () QED corrections tq)(ﬁ)—my* Z_./*/— Real Momentum resolution of realistic detectors affect the QED
orrections. Electrons and photons which are almost collin-

and virtual initial and final state corrections, as well as the® > b
ar are difficult to discriminate, and the momenta of the two

interference between initial and final state corrections ar& rticl e thus recombined into an effective electron m
included. Purely weak corrections are expected to be ver articles are thus reco € 0 an efiective electron mo

. A entum[8,9] if they traverse the same calorimeter cell, or,
small and are therefore ignored. Our calculation also takes

into account the mass of the final state leptons, which reguqlternatlvely, if their separation in the pseudorapidity—

) i . : i o azimuthal angle plane is below a critical value. The second
larizes the collinear singularity associated with final Stateprocedure completely eliminates the mass singular loga-

photon radiation. Bothiz and photon exchange diagrams yjnms with the first method, residual effects of these terms
with all y—Z interference effects are incorporated. The di-remain when both particles are almost collinear, but hit dif-
lepton invariant mass thus isot restricted to theZ peak  ferent calorimeter cells. In practice, the numerical difference
region. Low mass Drell-Yan production is of interest be-petween the two procedures is moderate; in both cases the
cause of the sensitivity to parton distribution functionssignificance of the QED corrections is considerably reduced.
(PDF’9) at smallx values[15]. High mass lepton pairs and In contrast, photons which are almost collinear with muons
the forward-backward asymmetry above th@eak[16] can  are rejected if they are too energefi@] which results in

be used to search for additional neutral vector bosons, and tesidual logarithmic corrections to observable quantities in
constrain their couplingf17,18. Results from our calcula- «*u~ production. Transverse momentum and rapidity cuts
tion have been used in Rdf18] to compare experimental are found to affect the lepton pair invariant mass distribution

data with the SM prediction foAgg . and forward-backward asymmetry in a similar way at the
To perform our calculation, we use the Monte CarloBorn level and av(ad). '
method for next-to-leading-ordefNLO) calculations de- Recently, it has been sugges{dd], that an ultra precise

scribed in Ref.[19]. The matrix elements for radiativ@é measurement of s?rﬁjﬁt may be possible at the LHGp
production and decay are taken from Ref0] and[21].  collisions aty/s=14 TeV[25]) in the muon channel, using
With the Monte Carlo method, it is easy to calculate a vari-the forward-backward asymmetry in tize peak region. At

ety of observables simultaneously and to simulate detectahe LHC, the forward-backward asymmetry is significantly
response. Special care has to be taken in calculating the reeduced compared to the Tevatron because of the larger sea—
diative corrections associated with photon radiation from thesea quark parton flux. We find that the sensitivityAgfg to
incoming quarks and antiquarks. In the parton model, quarkthe effective weak mixing angle strongly depends on the
are assumed to be massless, and initial state photon radiatiespidity range over which the leptons can be detected. The
results in collinear singularities. The singular terms are uniforward-backward asymmetry at the LHC, includidd«)
versal to all orders in perturbation theory and can be reQED andO(«as) QCD corrections, is studied in detail in Sec.
moved by universal collinear counterterms generated by. Finally, our conclusions are presented in Sec. V.
“renormalizing” the parton distribution function®2,23, in
complete analogy to gluon emission in QCD. A calculation
of QED corrections using definite, non-zero, values for quark
masseg24] and not factorizing the corresponding collinear  The calculation presented here employs a combination of
logarithms leads to a considerable overestimation of the efanalytic and Monte Carlo integration techniques. Details of
fects of initial state photon corrections. However, QED cor-the method can be found in Rdfl9]. The calculation of
rections to the evolution of the parton distribution functionsdi-lepton production in hadronic collisions & «®) includes

are not included in our calculation; a complete fit of thecontributions from the square of the Born graphs, the inter-
PDF’s including all QED effects is beyond the scope of thisference between the Born diagrams and the virtual one loop
paper. The technical details of our calculation are describedraphs, and the square of the real emission diagrams which

IIl. METHOD OF CALCULATION

in Sec. Il. o we adopt from Refs[20,21]. The diagrams contributing to
Numerical results fopp collisions at\s=1.8 TeV are the O(a) QED corrections can be separated into gauge in-
presented in Sec. lll. Due to the mass singular logarithmariant subsets corresponding to initial and final state correc-

associated with final state photon bremsstrahlung in the limitions. The squared matrix element for the real emission dia-
where the photon is emitted collinear with one of the chargedrams is then given by
leptons, the di-lepton invariant mass distribution is strongly
affected by QED corrections, in particular in the vicinity of |M?732=|M2732+2 Rg MZ 7 3(MF3)* 1+ | MZ73)2,
the Z boson resonance. As a result, the value extracted for 1)
M from data is shifted to a lower value. The amount of the
shift depends on the lepton mass, and the detector resolutiohl?ﬂ?’ and/\/leH3 are the separately gauge invariant matrix
[8,9]. QED radiative corrections also significantly affect the elements associated with initial and final state radiation.
Z boson production cross section when cuts are imposed, the The basic idea of the method employed here is to isolate
transverse momentum distribution of the leptons, and th¢he soft and collinear singularities associated with the real
forward-backward asymmetry below th& pole. For di- photon emission subprocesses by partitioning phase space
lepton masses between 50 GeV and 100 GeV, the final staigto soft, collinear, and finite regions. This is done by intro-
O(a) QED corrections are larger than tii¥ o) QCD cor-  ducing theoretical soft and collinear cutoff parametefs,
rections. and é.. Using dimensional regularizatidr26], the soft and

In Sec. lll, using a simplified model of the CDF detector collinear singularities are exposed as poleg iithe number
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of space-time dimensions =4—2¢ with € a small num- mation. After N-dimensional integration over the photon
ben. In the soft and collinear regions the cross section iphase space variables, the explicit singularity can be factor-
proportional to the Born cross section. The soft region isized into the parton distribution functions. The remainder is
defined by requiring that the photon energy in thg center  evaluated as part of the-22 contribution. If|t|, |u|> &S,

of mass frameE,, is E, < 65\/2/2 (s denotes the squared the 2—3 diagrams are again evaluated numerically in four
parton center of mass enejgWWe can then evaluate, IN  dimensions using the full three body phase space.
dimensions, the 2:3 diagrams using the soft photon ap-  In order to treat the&)(«) initial state QED corrections to
proximation, where the photon momentum is set to zero irdi-lepton production in hadronic collisions in a consistent
the numerator, and integrate over the soft region. The sofvay, QED corrections should be incorporated in the global
singularities originating from final state photon radiation fitting of the PDF’s. Current fit§28] to the PDF’s do not
cancel against the corresponding singularities from the interinclude QED corrections. A study of the effect of QED cor-
ference of Born and final state virtual corrections. Similarly,rections on the evolution of the parton distribution functions
the soft singularities associated with initial state photonindicateq22] that the modification of the PDF'’s is small. We
emission and interference effects between initial and finahave not attempted to include QED corrections to the PDF
state radiation cancel against the corresponding singularitiedvolution in the calculation presented here. The missing
originating from initial state vertex corrections, and thg ~ QED corrections to the PDF introduce an uncertainty which,
and yy box diagrams, respectively. The remainder is therhowever, probably is much smaller than the present uncer-
evaluated via Monte Carlo integration as part of the2  tainties on the parton distribution functions. _
contribution. ForE > 53\/§/2, the real photon emission dia- Absorbing the CO_”'”e_af singularity into the PDF's intro-
grams are calculated in four dimensidi29,21 using stan- duces a QED factorization scheme dependence. The squared

dard three body phase space Monte Carlo integration tec natrix eIemgn_ts for different QED factorization sche_:mes dif-
niques. y P P 9 er by the finite O(«) terms which are absorbed into the

The collinear singularity associated with photon radiation” OF'S _in addition to the singular terms_. As long aS3QED
from the final state lepton line is regulated by the finite lep-COTTections to the PDF evolution are not included, thex")

ton mass. The collinear singularities originating from initial €'0SS Section will depend on the QED factorization scheme
state photon bremsstrahlung are universal to all orders dfSed- We have performed our calculation in the QED modi-
perturbation theory and can be cancelled by universal collinfied minimal subtractionNIS) and deep inelastic scattering
ear counterterms generated by renormalizing the parton di¢P!S) schemes, which are defined analogously to the usual
tribution functions[22,23, in complete analogy to gluon MS [29] and DIS[30] schemes used in QCD calculations.
emission in QCO27]. They occur when the final state pho- Unless noted otherwise, we will use the QED DIS scheme.

ton and the partons in the initial state are collinear so thafhe QED DIS scheme is defined by requiring the same ex-
denominators of propagators such as pression for the leading and next-to-leading order structure

functionF, in deep inelastic scattering. SinEg data are an
t= -2pg P, (2)  important ingredient in extracting PDF[28], the effect of
the O(a) QED corrections on the PDF'’s should be reduced
and in the QED DIS scheme.
. The 2—2 contribution associated with initial state radia-
u=—2pq-p, (3 tive (ISR) corrections, including the correction terms origi-
nating from the absorption of the initial state collinear sin-
gularity, can be obtained from the correspor;di@gas)
gt n e colnat i h il st mrerence S o S(CT AL S0 (0 0 e
term, REM{™*(Mi")*] exhibits only soft smgularltles charge, in all relevant matrix element and cross section for-
for massive final state leptons. In the collinear regifif,  mulae. The 22 contribution induced by the soft and virtual
|U]< 8.8, |M?73|2 is evaluated in the leading pole approxi- final state radiativéFSR corrections is given by

vanish. Herep (py) denotes the quartanti-quark, andp,,
the photon four momentum vector. Orjy1? 3|2 is diver-

2—2|2 Bornj2| o & S a3 5 7T2
A'M |f:|M | 2; |Ogm—§—l |Og(5s)+2; Z'Ogm—g'f-?—l

+O( 53)} (4)
wherem, is the lepton mass and

MBorn:M7+MZ (5)

is the Bornqq— y*, Z—/*/~ matrix element. Finally, the 22 contribution induced by thé(a?) initialfinal state
interference correction terms is given by
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|
with section, we use here and in all subsequent figures the Martin-
A Roberts-stirling set AMRSA) of parton distribution func-
B ty tions[34], and take the renormalization scaleand the QED
int=10g 0, (7 and QCD factorization scalesy! oep and Mgcp, to be
2 2 -
#?*=Mgep=Mgcp=S.
and Figure 1 displays the cross section as a functionsof
(Fig. 19 and & (Fig. 1b for initial state radiative corrections
y :2 ) only. In order to exhibit the independence of the cross sec-
M tion from the parameter§; and 5, more clearly, we have not

In our calculation, we use the fudldependent width in th&

boson propagator. Thh_ and l]l are Mandelstam variables
of the 2—2 reaction:

El:_zpq'p/+1 (9)

Up=—2pq P~ (10)

The finite terms from the;land vZ box diagrams are iden-

tical to those ine*e™—qq and can be found in Ref§32]
and[33].

included the Born cross section in the-2 contribution.
The ISR corrections to the cross section for electron and
muon final states are virtually identical. While the separate
2—2 and 2-3 O(a) contributions vary strongly withg
and §;, the sum is independent of the two parameters within
the accuracy of the Monte Carlo integration. The total con-
tribution of initial state radiation diagrams to the total cross
section in theZ pole region is found to be about 0.43% of the
Born cross section for the parameters chosen. In the QED
MS scheme, the contribution of the ISR diagrams is about
10% smaller than in the QED DIS scheme. QED corrections
to the PDF’s and purely weak one loop corrections to the

The end result of the calculation consists of two sets offnatrix elements, both of which are not included in our cal-

weighted events corresponding to the-2 and 2-3 con-
tributions. Each set depends on the paramefigrand &, .

culation, are expected to be of the same order of magnitude.
In Fig. 2, we show thepp—/"/"(y) cross section in

The sum of the two contributions, however, must be indethe Z peak region (75 Ge¥m(/*/~)<105 GeV) as a
pendent ofd, and &., as long as the two parameters arefunction of the soft cutoff parameteds for electron and
taken small enough so that the approximations used amuon final states for FSR corrections. Radiation of photons
valid. In Figs. 1 and 2 we show the dependence of thecollinear with one of the leptons gives rise to terms propor-

pp—/*/"(y) cross section in theZ peak region
(75 Gev<m(/ "/ 7)<105 GeV) onds and s, ; m(/* /™)

tional to Iogé/nﬁ)log(&s) (see Eq(4)) in both the 2-2 and
2—3 contributions. As demonstrated in Fig. 2, these terms

denotes the di-lepton invariant mass. To compute the crossancel and the total cross section is independerdi;ofbue
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é [

to the smaller mass of the electron, the variation of the2  ton pair invariant masses belown(/*/~)<75 GeV) and
and 2—3 contributions withés is more pronounced in the above (n(/ "/ ~)>105 Ge\} the Z peak. In the following,
electron case. The solid line in Fig. 2 indicates the crosshe soft and collinear cutoff parameters will be fixed to
section in the Born approximation. The tot&(e®) cross  §,=10"2 and 5,= 103, unless explicitly stated otherwise.
section in theee (y) (u"u (y)) case is found to be

about 7%(3%) smaller than the Born cross section. The

difference in the NLGe"e™ () andu™ () cross section 1ll. ©(a) CORRECTIONS TO DI-LEPTON PRODUCTION

can be traced to residual logarithmic correction terms which AT THE TEVATRON

arise from the finite lepton pair invariant mass range consid- . o
ered in Fig. 2(see Sec. Il A. If the integration would be We shall now discuss the phenomenological implications

carried out over the full ranga(/*/~)>2m,, these terms °f O(@) QED corrections to di-lepton production at the
would vanish35]. From Fig. 2 one also observes that, due to | evatron(pp collisions atys=1.8 TeV). We first discuss
the residual logarithmic terms, final state radiation effects aré1e impact of QED corrections on the lepton pair invariant
much larger than those which originate from initial state ra-mass distribution and the forward-backward asymmetry. We
diation. The 252 and the 2-3 contributions to the FSR then consider how the finite resolution of detectors and ex-

corrections each are trivially independent of the collinea®€rimental lepton identification requirements modify the ef-

cutoff 8. fects of the QED corrections, and investigate hB¢w) QED
Similar to the FSR corrections, one can show that the surforrections affect the measured di-lept6h boson cross

of the 2—2 and 2—3 contributions of the initial—final state S€Ction within the cuts imposed. Finally, we study the effect

interference terms is independent &f. The interference ©f the full radiative corrections on th& boson mass ex-
terms are typically of the same size as the initial state corlracted from data. The SM parameters used in our numerical

rections. simulations areM ;=91.187 GeV,a(M2%)=1/128,T" ;=2.50

As stated before, we take the renormalization sgaénd GeV and sif d:fgt=0.2319. These values are consistent with
the QED and QCD factorization scalééoep andMgcp, recent measurements at LEP, SLC and the Tevdttpn
to be equalu=Mggp=Mqgcp=Q. The missing QED cor-
rections to the PDF’s create a dependence oftw) initial
state corrections on the sc&lewhich is stronger than that of
the lowest order calculation. On the other hand, final state
and initial—final state interference terms depend@umonly As we pointed out in Sec. ll, final state photon radiation

through the PDF’s. These terms therefore exhibit a sensitivieads to corrections which are proportionalddog(s/n%).
ity to Q which is similar to that of the lowest order calcula- These terms are large, and are expected to significantly in-
tion. Since the Born cross section and final state correctionfyence the shape of the di-lepton invariant mass distribution.
are much larger than corrections from initial state radiation;the 0(a3) /*/~ invariant mass distribution in the vicinity
the scale dependence of the compl@ler®) cross section is  of the z peak for the electrorisolid line) and muon case
similar to that of the Born cross section. (dotted ling is shown in Fig. 3 together with the lowest order
In conclusion, in Figs. 1 and 2 we demonstrated that thgyrediction (dashed ling No detector resolution effects or
p( p)ﬂy*, Z—/*/"(y), cross section for 75 GeV acceptance cuts are taken into account in any of the figures
<m(/*/7)<105 GeV is independent of the soft and col- shown in this subsection. QED corrections decreéine
linear cutoff parameteré, and &, within the accuracy of the creasg the cross section abelow) the peak. At the peak
Monte Carlo integration. Independence of the cross sectioposition, the differential cross section is reduced by a factor
from these two parameters can also be demonstrated for lep36]

A. QED corrections to the di-lepton invariant mass
distribution and Agg
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FIG. 5. Ratio of theO(«®) cross section and the cross section
obtained in the fragmentation function approaetf{) as a func-

FIG. 3. The lepton pair invariant mass distribution for tion of the di-lepton invariant mass fopp—/"/"X at
p?—/'*/*(y) at \/§= 1.8 TeV in the vicinity of theZ peak. The \/§= 1.8 TeV. The solid line shows the result obtained for final
solid (ﬂdotted line showsda/dm(/* /") for electron(muon final ~ State electrons, whereas the dashed line displays the cross section

states including)(e) QED corrections. The dashed lines gives the ratio for muons. In the fragmentation function approach, only final
/*/~ Born cross section. state corrections are taken into account.

m(1*17) (GeV)

therefore are shifted towards smaller valuesmgf” /™),
~ I'z thus reducing the cross section in and above the peak region,
p~1+plog (11 : .
Mz and increasing the rate below thé pole. Due to the

log(gm?) factor, the effect of the corrections is larger in the

with electron case. The lowest order cross section is almost indis-
2 tinguishable for the two lepton flavors.
B=—log—%—1], (12) The size of the QED corrections to lepton pair production
™ m, at the Tevatron becomes more apparent in Fig. 4 where we

. . _display the ratio of the)(a®) and the Born cross section as
i.e. by about 30% in the electron case and by about 20% 0, “function of the lepton pair invariant mass. For
the muon case. The shape of thidoson resonance curve is 44 ga\x m(/*/~)<110 GeV, the cross section ratio is
seen to be considerably distorted by éx) QED correc- o0 16 vary rapidly. Below th& peak, QED corrections

tions. Photon radiation from one of the leptons lowers the

dicl . ) : ey K i enhance the cross section by up to a factor @.B) for
I-lepton invariant mass. Events from the peak region  gjacrons(muong. The maximum enhancement of the cross

section occurs atm(/*/7)=~75 GeV. For m(/" /")

e A A B I <40 GeV M(/*/7)>130 GeV), O(a) QED corrections
r i ppol10) ] uniformly reduce the differential cross section by about 7%
F 250 Vs = 1.8 Tev ] (12%) in the electron case, and2.5% (=7%) in the muon
z L solid: 1=e ] case. Integrating over the full di-lepton invariant mass re-
p [ dash: 1=p i gion, the large positive and negative corrections below and
mg 20— ] above M, cancel[35]. For 40 Ge\m(/ "/ 7)<Mz, a
= C i large fraction of events contains a photon with energy
[ i E,>1GeV. As we have stated before, the dominant QED
= Tt 1 radiative corrections are proportional to Ié@;\(]z/). The
é - . pp—utu” cross section is therefore less affected by radia-
1ol -] tive corrections than thpp—e*e™ rate.
‘:’b L ] It should be emphasized that the enhanced significance of
= C | | | | ] the O(a) QED corrections below th& peak is a direct con-

0 T T T e 100 150 =200 250  Sequence of the Breit-Wigner resonance ofZhigoson. The

O(a?) radiative corrections therefore should be a factor

(’)((a/w)log(%/mf)) smaller than the)(«) corrections. The
FIG. 4. Ratio of the®(a®) and lowest order differential cross effect of higher order QED corrections on the(/ "/ ")
sections as a function of the di-lepton invariant mass fordistribution can be estimated using the fragmentation func-
pp—/*/"(y) at Js=1.8 TeV. The solid line shows the result tion approach of Refl37]. In this approach, the radiatively
obtained for final state electrons, whereas the dashed line displayorrected cross section is obtained by convoluting the lowest
the cross section ratio for muons. order di-lepton cross section with a radiator function, which

m(1*17) (GeV)
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FIG. 6. Ratio of theO(a®) and lowest order differential cross |G, 7. The forward-backward asymmetdg, as a function
sections as a function of the di-muon invariant mass forof the di-lepton invariant mass forpp—/"/"(y) at

pPP—u’u(y) atys=1.8 TeV. The solid line gives the result for \5—18 Tev. The solid and dotted lines show the forward-
the full set ofO(a®) QED diagrams. The dashed and dotted linespackward asymmetry including() QED corrections for electrons
show the ratio obtained taking only final state and initial state cor-4ng muyons, respectively. The dashed line displays the lowest order
rections, respectively, into account. prediction ofArg. The inset provides a closeup Afg in the low

) ) _ mass region.
to all order sums the dominant and non-dominant logarith-

mic terms. Figure 5 displays the ratio of ti(a°) cross cross section ratio varies only slowly with the di-lepton in-
section and the cross section in the fragmentation functiopariant mass, similar to what we found for initial state QED
approach as a function @f(/*/~). Only final state cor- corrections. Comparing the size of tféa) QED andO( )
rections are taken into account in the fragmentation functio@CD corrections, one observes that they are of similar mag-
approach. As for thé(a) corrections, initial state radiation njtude above th& peak, but have opposite sign. In the in-
contributions are expected to be small and, therefore, argariant mass range between 50 GeV and 100 GeV, QED
ignored. Figure 5 shows that higher order final state QED:orrections are significantly larger than those induced by the
corrections reduce the effect of ti¥«a) corrections and are  strong interactions. The relative importance of the QED cor-
indeed of the size naively expected. In thpeak region, the  rections is due to the combined effect of mass singular loga-
higher order final state corrections vary rapidly with rithms associated with final state photon radiation, andZthe
m(/*/ ") and change the differential cross section by up toboson Breit-Wigner resonance.

10% (3%) in the electron(muon) case. Since QED corrections strongly affect the shape of the
In Fig. 6, we compare the impact of the fll(@) QED |epton pair invariant mass distribution below thepeak, one
correctiongsolid line) on the muon pair invariant mass spec- expects that they may also have a significant impact on other
trum with that of final statgdashed ling and initial state  gbservables in this region. In Fig. 7, we show the forward-
radiative correctiongdotted ling only. Qualitatively similar  packward asymmetryArg, as a function of the lepton pair

results are obtained in the electron case. Final state radiatigvariant mass in the Born approximatiédiashed ling and
corrections are seen to completely dominate over the entirmduding O(a) QED corrections for electro¢solid line) and

mass range considered. They are responsible for the stromguon final stategdotted ling. Here, A5 is defined by
modification of the di-lepton invariant mass distribution. In

contrast, initial state corrections are uniform and small
(=~+0.4%).

At small di-lepton invariant masses, photon exchange
dominates and the initial-final state interference terms argvhere
almost completely antisymmetric in c# [32,33,3§, 1 do
where 6* is the lepton scattering angle in the parton centerF=J _—

o dcosé
cos#* is given by[18,39

F-B

Ars=ET R (13

d cos 6*.

(14)

0 do

d cos¢*, B= J —
of mass frame. The contribution of these interference terms -1 dcosd
to the di-lepton invariant mass distribution is extremely
small (0.01%—-0.1% for m(/*/~)<M,. For values of
m(/* /) sufficiently above th& mass, initial—final state
interference terms reduce tii(«%) cross section by about 2
1%. Cosa*: o+ p— 2/ o+ o— 2/ o+ o—

Next-to-leading order QCD corrections to lepton pair pro- M/t INMA( ) PR )

duction inp p collisions at Tevatron energies are knol@i] X[pH (/T )p (/) —p (L )pt (/)] (15
to enhance the cross section by about 16%—25%. Since these
are initial state corrections, the NLO QCD to leading orderwith
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TABLE I. The integrated forward-backward asymmetAg, Recently, the CDF Collaboration has presented a first
in pp—e*e X at s=1.8 TeV for 75 GeV<m(e*te™) <105 measurement of the integrated forward-backward asymmetry
GeV andm(e+e_)>105 GeV. Shown are the SM prediCtiOnS with |n p?_>e+e7X at the Tevatron forrn(e+e7)>105 Gev,
and withoutO(«) QED corrections together with the experimental together with a more refined measurement in Theeak
values of Ref[18]. The uncertainties listed for the theoretical re- region (75 Gew m(e+e7)<105 GeV)[18]. In Table |, we
sults represent the statistical error of the Monte Carlo integration."St the experimental values, together with the theoret,ical pre-
diction with and withoutO(a) QED corrections. QED cor-
rections are seen to increase the asymmetry by about 8% in

75 GeV<m(e*te)<105 GeV m(e*te”)>105 GeV

ABgm 0.048+0.001 0.5230.001 the peak region. In the muon channel, the increagg-infor
A(Fﬁéaa) 0.052+0.001 0.5280.001 _75 Gew _m(,u+,u‘)<105 GeV due to radiative corrections
AP 0.070+0.016 0.43+0.10 is approximately 4%. .
In the Z peak region,Agg provides a tool to measure
sir? 67" [12]. For 75 Ge\km(/*/~)<105 GeV and
1 Js=1.8 TeV, the forward-backward asymmetry can to a
p* =E(Ei P,), (16)  very good approximation be parametrized ]

— el lept
whereE is the energy ang, is the longitudinal component Arg=b(a=sir 05 7
of the momentum vector. In this definition of c@s, the  p w in the Born approximation and includin@(«) QED

polar axis is taken to be Fhe bisector O.f the proton be"’m?:orrections. For the parameteasandb we find in the Born
momentum and the negative of the anti-proton beam moépproximation

mentum when they are boosted into thé/~ rest frame. In
p p collisions at Tevatron energies, the flight direction of the aBo"=0.2454, bB"=36 (19
incoming quark coincides with the proton beam direction for

a large fraction of the events. The definition of @¥sin Eq.  for e*e™ as well asu™ u~ final states, and

(15) has the advantage of minimizing the effects of the QCD

corrections(see below. In the limit of vanishing di-lepton a0la®) = gBomy A qQED  [O(a®) —pyBomy APQED (19
pr, 6* coincides with the angle between the lepton and the
incoming proton in the”* /7~ rest frame. with
Our result forAgg in the Born approximation agrees with
that presented in Ref16]. As expected, thé€(a) QED cor- Aa®FP~0.0010, AbPEP~Q (20)

rections toArg are large in the region below th& peak. o
Since events from th& peak, whereAgg is positive and  for pp—ete (), and
small, are shifted towards smaller valuesrof/ /") by

photon radiation, the forward-backward asymmetry is sig- Aa®FP~0.0006, AbFP~-0.3 (21)
nificantly reduced in magnitude by radiative corrections for o
50 Gev<m(/"/7)<90 GeV. for pp—u* 1" (y). The change of the effective weak mix-

The forward-backward asymmetry in the Born approxi-ing angle due to QED radiative corrections is a factor 3 to 4

mation is small at low di-lepton masses, because of thgarger than the current experimental uncertainty,

dominance of photon exchange and the vectorlike coupling gjr? 6°P'=0.00024[1].

of the photon to leptons. For di-lepton masses below 40 |y Ref.[12], the approximation used to estimate the elec-
GeV, the O(a) initial-final state interference correction {oweak corrections té\c resulted in a significant depen-

terms are almost completely antisymmetric in ésand dence of the correction to S on the infrared cutoff

. K eff
comprise the most important component of the QED correCygeq in the calculation. In contrast, as explained in detail in
tions to Agg. In this region, theO(a) QED corrections to

e i Sec. I, our results are cutoff independent. This will make it
Arg are therefore large. Initial—final state interference terms,,sgipe to substantially reduce the theoretical uncertainty of

do not contain any mass singular contributions. As a resulye \veak mixing angle extracted from future measurements
the forward-backward asymmetries for electron and muony Arg at the Tevatron.

final states are similar fom(/*/~)<40 GeV. Details of
the asymmetry in the low di-lepton mass region are shown in
the inset of Fig. 7. Effects from purely weak corrections are
not included in our calculation. They could have a non-
negligible effect on the forward-backward asymmetry at low
di-lepton masses, similar to the situation encountered in
e"e —utu” [40] It is well-known [35] that the mass singular logarithmic

In contrast to the lepton pair invariant mass distribution,terms which appear in higher orders of perturbation theory
QED corrections t#\rg are small fom(/*/~)>120 GeV. are eliminated when inclusive observables are considered. As
They reduce the forward-backward asymmetry by about 1%xplained below, the finite resolution of detectors prevents
in this region. Initial and final state correctionsAgg are of  fully exclusive measurements. Detector effects, which we
similar size for lepton pair invariant masses above ZThe have completely ignored so far, therefore may significantly
peak. modify the effect of QED radiative corrections. To simulate

B. Aspects of experimental lepton identification and QED
radiative corrections
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detector acceptance, we impose the following transverse mo — 30— 7T T T T T T T T )
mentum @) and pseudo-rapidityz) cuts: Lw L a) . ppoete(y) ]
% 25— I Vs = 1.8 Tev
electrons muons g - P .
E\ L I solid: including detector effects ]
pT(e)>20 GeV pT(’u’) >25 GeV ugb 2.0 - ! \ dash: no detector effects ]
[ n(e)l<2.4 | 7(m)|<1.0 = R :
N - l 1
In addition, we require that at least one electtomon is in w0 15— | ]
the central part of the detectdry(e)|<1.1 (| 7(u)|<0.6). 1 r ‘] i
These cuts approximately model the acceptance of the Col @ | I ]
lider Detector at FermilaCDF) detector for electrons and % N ]
muons. Uncertainties in the energy measurements of the‘:g r v 1
charged leptons in the detector are simulated in the calcula— o5l Low v L 10y,
tion by Gaussian smearing of the particle four-momentum 0 50 Loo 150 200 250
vector with standard deviatios which depends on the par- m(e’e”) (GeV)
ticle type and the detector. The numerical results presentec _, 5 B
here were calculated usingvalues based on the COR1] N ! ! ! — |+ _
specifications. Similar results are obtained if the acceptance:+y b) PP s ()
and energy resolutions of the/Ddetector are useld®]. £ Vs = 1.8 TeV
The granularity of the detectors and the size of the elec- S #?° lid: including detector effect
tromagnetic showers in the calorimeter make it difficult to § " SO el gerector e

I dash: no detector effects

discriminate between electrons and photons with a small S
opening angle. We therefore recombine the four-momentum= 15
vectors of the electron and photon to an effective electron 7,
four-momentum vector if both traverse the same calorimeter *5

cell, assuming a calorimeter segmentation &fXAd¢
=0.1%x15° (¢ is the azimuthal angle in the transverse p)ane
This procedure is similar to that used by the CDF Collabo-
ration. The segmentation chosen corresponds to that of th(i L
central part of the CDF calorimetg8]. The DO Collabora- 05 50 100 150 200 250
tion uses a slightly different recombination procedure where
the electron and photon four-momentum vectors are com-

bined if their separation in the pseudorapidity—azimuthal . 3 ) .
angle plane FIG. 8. Ratio of theO(«*) and lowest order differential cross

sections as a function of the di-lepton invariant mass fpr a
pp—ete (y) and ) pp—u*u(y) ats=1.8 TeV. The solid
AR(e, )= V(A n(e, 7))+ (A d(e 7))z, (dashedllines show the cross section ratio withithout) the detec-
(&) v @)+ Adey) tor effects described in the text.

n

1.0

- —_— — - _- —- =

g
T
>

||||||||||\||||||||

m(u’p”) (GeV)

. . cells! Although the recombination of the electron and pho-
is smaller than a critical valueR.. For R;=0.2[9], the  ton momenta reduces effect of ti®a) QED corrections,
numerical results obtained are similar to those found with thehe remaining corrections are still sizable. Bel¢a) the Z
calorimeter segmentation we ugee above peak, they enhancesuppresgthe lowest order differential
Muons are identified in a hadron collider detector by hitscross section by up to a factor 1(6.9) [see Fig. 8& For
in the muon chambers. In addition, one requires that then(e"e™)>M,, the magnitude of the QED corrections is
associated track is consistent with a minimum ionizing par+educed from approximately 12% to 5%.
ticle. This limits the energy of a photon which traverses the For muon final stateg¢see Fig. 8h the requirement of
same calorimeter cell as the muon to be smaller than a critiE ,<E!=2 GeV for a photon which traverses the same calo-
cal value E!. In the subsequent discussion, we assumgimeter cell as the muon reduces the hard photon part of the
EY=2 GeV[8]. O(a®) u"u () cross section. As a result, the magnitude
In F|g 8a(F|g 8b) we show how detector effects Change of the QED COI’reCt?OﬂS beIOVV- the peak is reduced. At the
the ratio of theO(a?) to leading order differential cross Z pole the corrections remain unchanged, and #oru
sections as a function of the"e™ (u " x ") invariant mass. Masses larger thakl; they become more pronounced. For
The finite energy resolution and the acceptance cuts hav@(x " x~)>120 GeV, QED corrections reduce the" ™
only a small effect on the cross section ratio. The leptorff0ss section by 12% to 14%.
identification criteria, on the other hand, are found to have a
large impact. Recombining the electron and photon four-
momentum vectors if they traverse the same calorimeter celll|y the case where the four-momentum vectors of the two par-
greatly reduces the effect of the mass singular logarithmigicles are recombined foAR(e, y)<R., the mass singular terms
terms. These terms survive only in the rare case when botére entirely eliminated, and the lepton mass in the logarithmic terms
particles are almost collinear, but hit different calorimeteris replaced by the minimuray invariant mass.
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0.75 [ T T T T ‘ T T T T T T T | T T T T | T T T T ] 0.75 [ T T T T ‘ T T T | T T T T T T T T T T T T ]
L including detector effects PR coe ] L including detector effects ]
0.50 |— solid: 0(a®) j - 0.50 | solid: 0(a®) e -
[ dash: Born ] [ dash: O(a,) ]
+ dots: Born, m L i
L . I dots: Born 1
0.25 — no detector effects — 0.25 — —
m [ T m [ T
< 000 7 < 000 7
-0.25— Y / ] -0.25— g, ]
r o -, ] r - _ o, ]
= o e’e” g = »e’e X g
—0.50 p_p ) 7] —0.50 o 7]
- oa) Vs = 1.8Tev ] L Vs = 1.8Tev ]
TS R I R T . TS R I R T .
0 50 100 150 200 250 0 50 100 150 200 250
m(e*e”) (GeV) m(e*e”) (GeV)
Ol e L FIG. 10. The forward-backward asymmetAg , including de-
[ including detector effects .-~ e ] tector effectgsee text for detailsas a function of the*e™ invari-
0.50 [~ solid: 0(a®) ' — ant mass fopp—e*e X at s=1.8 TeV. The curves are for the
[ dash: Born i forward-backward asymmetry in the Born approximatiaotted
025 T line), including O(a) QED correctiong(solid line), and including
T dots: Born, ] O(ag) QCD correctiongdashed ling
+ no detector effects -
m ‘ |
< 000 3 E O(a®) cross section is small, but non-zero, in this region.
5 ] The largest contribution to the cross section for
—0.25 — -] m(/*/7)<2p$"(») originates from initial state radiation
- St () ] configurations, where the leptons have a small relative open-
L > — . - .
—050 [ PR R ing angle and are balanced by a highphoton in the oppo-
- b) Vs = 1.8 TeV site  hemisphere. Close to the thresholdy(/*/ ™)
P N RN IR R S ~2p$U(/), large logarithmic corrections are present, and
0 50 100 150 200 250 for an accurate prediction of the cross section those correc-
m{ptu”) (GeV) tions need to be resummed. The results of Fig. 8 in this

region should therefore be interpreted with caution. Similar
_FIG. 9. The forward-backward asymmetrArg, & for  conclusions can also be drawn for the forward-backward
pp—ete (y) and b for pp—utu (y) at ys=1.8 TeV as a asymmetry in the threshold region.
function of the di-lepton invariant mass. The solid lines show the In Fig. 9, we show how detector effects affect the
result of theO(a®) calculation including detector effectsee text  forward-backward asymmetry for electrofffig. 98 and
for details. The dashed and dotted lines represent the forwardmuon final stategFig. 9b). In addition to the cuts listed at
backward asymmetry in the Born approximation with and withoutthe beginning of this subsection, we requit]
detector effects.
|cos 6*|<0.8. (22

We would like to emphasize that the survival of mass
singular terms in certain cases does not contradict th&or comparison, we also show the asymmetry in the Born
Kinoshita-Lee-NauenbergKLN) theorem[35]. The KLN  approximation without taking any detector related effects
theorem requires that mass singular logarithmic terms whiclinto accounidotted ling. The finite lepton rapidity coverage
appear in higher orders of perturbation theory are eliminatednd the |cos#*| cut significantly reduce the forward-
when inclusive observables are considered. Recombining theackward asymmetry in magnitude. Energy and momentum
lepton and photon momenta for small opening angles an inresolution effects broaden the peak and thus introduce a
clusive quantity is formed, and the mass singular logarithmigharacteristicS type bending inAgg at m(/ /" )~M,.
terms are eliminated in the reconstructéd /™ invariant  Analogous to the di-lepton invariant mass distribution, lep-
mass distribution. On the other hand, if the lepton and photon identification requirements substantially reduce the im-
ton momenta are not combined, one performs an exclusivpact of QED radiative corrections on the forward-backward
measurement, the KLN theorem does not apply, and logaasymmetry below theZ peak. Form(/*/~)>100 GeV,
rithmic terms remain present in the measured di-lepton inthey have only a small effect oArg, similar to the case
variant mass distribution. where no detector effects are taken into account.

It should be noted that the differential cross section ratio  Although QED corrections to the forward-backward
shown in Fig. 8 becomes ill defined in the threshold regionasymmetry are reduced in magnitude fiof/* /=) <M by
m(/ "/ 7)~=2p$"Y(/), wherep$"'(/) is the charged lepton experimental lepton detection and identification require-
p+ threshold. Fom(/ "/ ~)<2p$"'(/), the Born cross sec- ments, they are still considerably larger than the NLO QCD
tion vanishes, and the cross section ratio is undefined. Theorrections in this region. This is demonstrated in Fig. 10 for



57 QED RADIATIVE CORRECTIONS TOZ BOSCN . .. 209

': : T T T 7T T T T T T T T T I T T T T | T _I T I (I )I T : E?O_ ET(/)

B L pp-1"17(y i ——<e€g. (23

% L6 Vs = 18Tev | E+(4)

S r including detector effects: | Sometimes the energ, instead of the transverse energy is

5 14— \ solid: 1= - used in the isolation requirement, E(®3). The isolation

S E dots: 1= . requirement and the cut imposed on the photon energy in the

> LT - dash: 1=e, isolated ] muon case have similar effects. In Fig. 11, we show how the

[ N longdash: 1=p. isolated  ~ lepton isolation requirement of E¢23) with R,=0.4 and

+ . . g .

=z C N ) ] ez=0.1 modifies the effect of thé&(a) QED corrections on

é 1o ] the di-lepton invariant mass distribution in tAepeak region.

,g\ C ] The isolation cut is seen mostly to affect the mass region

% C S e below M, reducing the maximum enhancement of the dif-

=2 o8 | | | | | — ferential cross section by QED radiative corrections from a
w5 8o 85 90 95 100 105 factor~1.6to 1.2-1.3. In our calculation, for electrons, the

isolation requirement is only imposed if the electron and

photon are not recombine@(««,) corrections to di-lepton
FIG. 11. Ratio of the?(a3) and lowest order differential cross Production are not included in the results presented. These

sections, including detector effedtsee text for details as a func-  corrections are expected to inCI’eaEé0 somewhat, and

tion of the di-lepton invariant mass fopp—/"/"(y) at therefore will modify the effect of the isolation cut.

Js=1.8 TeV in theZ peak region. The solid and dotted lines show  In the past, the measurement of heandZ boson cross

the cross section ratio without imposing a lepton isolation cut forsections has provided a test of perturbative Q@B-4§.

electrons and muons, respectively. The short-dashed and longyith the large data set accumulated in the 1994—95 Tevatron

dashed lines give the result imposing in addition the isolation recollider run, the uncertainty associated with the integrated

quirement of Eq(23) with Ry=0.4 andez=0.1. luminosity (~3.6% [46]) becomes a limiting factor in this

measurement. This suggests to use the meaditrechd Z
the electron final state. Similar results are obtained foP0SON cross sections to determine the integrated luminosity
pp—utu (). The O(ay QCD corrections topP— in future experiment46,47. In order to accurately measure

) — i the integrated luminosity, it will be necessary not only to
Z, y*—/" /"X are calculated in th#1S scheme using the g y Y y

. take the(’)(ai) corrections to th&V andZ boson cross sec-
Monte Carlo approach qf Re[flg]._ T_he calpulatlon general- tions into account, but also to correct for higher order QED
izes that of Ref[42] to include finiteZ width effects and

effects.

virtual photon exchange diagrams. The QCD corrections to Experimentally, theZ boson cross section is extracted
Arg [43] are found to be quite small. Belovabove the Z  rom the di-lepton cross section in a specified invariant mass
peak, the magnitude of the forward-backward asymmetry isnterval around th& boson mass, correcting for photon ex-
reduced by typically 6Arg/Arg~—0.05 (SArg/Arg  change andyZ interference effects. The size of th@(a)
~=0.02. For 75 Ge\xm(/"/7)<105 GeV, NLO QCD  QED corrections to the total di-lepton cross section is sensi-
corrections  decrease the integrated asymmetry byye to the lepton identification criteria, the acceptance cuts
0Arg/Arg~—0.03. QED and QCD corrections to the inte- and the range of the di-lepton invariant masses seldstel

grated forward-backward asymmetry in tZepeak region Fig. 11). In Table Il we list the cross section ratiéQED
have opposite signs. K-factor”)

To reduce the background from heavy flavor production
processes, the leptonsinboson events are often required to 50
be isolated. A lepton isolation cut typically requires the KQEP= (24)
transverse energy in a cone of sRRg about the direction of 7

the Iepton,ERO, to be less than a fractioeg, of the lepton  for 75 Ge\sm(/*/7)<105 GeV (/=e, u). For com-
transverse energiit(/), i.e. parison, we also tabulate the corresponding QCiactor,

m(1*17) (GeV)

TABLE II. The cross section ratio QEP= g0(a%)/5Bom gng KQRCP= zO(ad/xBom for pp s /* /=X
(/=e, p) at\s=1.8 TeV with 75 Ge\k m(/* /)< 105 GeV. Shown are the predictions for three cases:
without taking any detector effects into accoutmo detector effects’), with the detector effects described
in the text and no lepton isolation c(iwith detector effects, no lepton isolation;’and finally adding lepton
isolation[see Eq(23)] (“with detector effects, with lepton isolation”

no detector effects with detector effects
no lepton isolation with lepton isolation
KQED (pp—e*e™X) 0.93 0.98 0.96
KRED (pp—pu*u=X) 0.97 0.92 0.90

KQCP (p s/t /X) 117 1.16 1.14
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O(ag) L8 [ T T T
(o
KQCP= : (25)

O_Born

[ including detector effects

= solid: 1=e, |n(e)lnax<2.4, [N(€)]min<1.1, pr(€)>20 GeV
1.4 dash: 1=, (1) |max<1.1, IN(W)min<0.6, py(u)>25 GeV
dots: 1=, [N(1) max <24, (1) min<1.1, Pr{(1)>R0 GeV

One observes that the effect of the large QED corrections
found indo/dm(/ " /) is strongly reduced when integrat-
ing over a range in invariant mass which is approximately =,

For2 /dpy(1)]

centered aM . Nevertheless, the QED corrections usually < I e | pp>117(7)

are not negligible when compared with t6% «;) QCD cor- = L oy Vs = 1.8 TeV |
rections. QCD corrections enhance theéboson production £ o \ ]
rate, whereas QED effects decrease the cross section for tr g L \ i
invariant mass window chosen here. The t@al—ee™ X 3 Lo

(pp—u* ;™ X) cross section is reduced by about 738%6) i [

by QED radiative corrections. As we have noted before, the |
dominant QED correction terms are proportional to ol Lo b L b

R 20 30 40 50 60 70 80
log(s/n?) in absence of detector related effects. Without de-
tector effects taken into account, QED corrections to
pp—e*e X thus are larger than for di-muon production.  FIG. 12. Ratio of the?(«®) and lowest order differential cross
The recombination of electron and photon momenta whersections, including detector effedisee text for details as a func-
the opening angle between the two particles is small stronglyion of the lepton transverse momentum in the reaction
reduces the effect of the QED corrections to the integrate@ p—/*/~(y) at /s=1.8 TeV. The solid and dashed lines show
e"e” cross section. In the muon case, lepton identificatiorthe cross section ratio for electrons and muons, respectively, em-
requirements increase the magnitude of the QED correctiongjoying the acceptance cuts listed in the text. The dotted line dis-
and they almost compensate the cross section enhancemefttys the results for muons if the same pseudorapidity @nduts
originating from©(«s) QCD corrections. Requiring the lep- as for electrons are usef| 7(/)|ma—=max{n(/)|,|7(7 7))
ton to be isolated reduces the hard photon contribution to th&?(<)lmn=min( 7/ *)[.[2(~ ).
O(a®) cross section, and hence increases the effect of the
QED corrections. QCD corrections are only slightly modi- of the pr range. For comparison, we also display the ratio of
fied by detector effects. differential cross sections fopp—e*“e (y) in Fig. 12.

Since theO(a) QED corrections and th€(as) QCD  Here, the®(a) QED corrections are aP(1%), except for the
corrections are of similar magnitude in the muon case wheQacobian peak regiomr(e)~45 GeV, where they reduce
realistic experimental conditions are taken into account, onéhe cross section by up to 7%. The pronounced difference in
expects that th@(aa,) and O(a?) corrections are also of radiative corrections between electrons and muons is largely
similar size in this channel. Th&®(a«as) corrections may due to the different lepton identification requirements dis-
thus be non-negligible in a precise determination of the intecussed earlier in this subsection.
grated luminosity from th& — u* u~ cross section.

Finite detector acceptance cuts do not significantly
modify the QED corrections talo/dm(/*/~) and Agg, _ _
except in the threshold regiom(/*/~)~2p$"{(/). The As we have seen, final state bremsstrahlung severely dis-
effect of the cuts can be more pronounced in other distribulOrts the Breit-Wigner shape of theresonance curve. As a

tions. As an example, we show the ratio of the lepton transt€Sult, QED corrections must be included when Zhboson
verse momentum distribution &(a3) and in the Born ap- Mass is extracted from data, otherwise the mass extracted is

simulate lepton detection and identification, except the isolatass shift is approximately given H@6]

tion cut of Eq.(23), are imposed in this figure. For the CDF

inspired pseudorapidity ang cuts we use in the muon case, AMy~——T,, (26)

the 2—2 phase space becomes much more restricted than 8

the 2— 3 phase space close to the threshold. As a result,

the cross section ratio exhibits a bump located awith B defined in Eq.(12). For Z—e*e™ (Z—u*u™),

pt(x)~30 GeV (dashed ling Replacing the acceptance AMz~—110 MeV (AM;~—60 MeV). However, as it is

cuts by those used for electrons, the bump in the cross seclear from the previous section, detector effects significantly

tion disappeargdotted ling. For pt(u)>40 GeV, the size modify AMz.

of the radiative corrections is almost independent of the The Z boson mass extracted from Tevatron experiments

pseudorapidity and transverse momentum cuts imposed. Raerves as a reference point when compared with the precise

diative corrections smear out the Jacobian peak, causing raeasurement performed at LEP. It helps to calibrate the elec-

characteristic dip in the cross section ratigpafu)~M /2.  tromagnetic energy scale, and to determine the electron en-

However, in this region, the cross section is subject to largergy resolution as well as the muon momentum resolution

QCD correctiong 48] which are not taken into account in which are important for the measurement of Wlemass.

our calculation. In the approximate treatment of the QED corrections used
The QED corrections to the muon transverse momentunso far by the Tevatron experiments, only final state correc-

distribution reduce the cross section by 10-15% over modions are taken into account. In addition, the effects of soft

pr(l) (GeV)

C. Radiative corrections and theZ boson mass
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and virtual corrections are estimated from the inclusiveour simulation. Initial state radiative corrections and initial—
O(a?) Z—/* /() width[49] and the hard photon brems- final state interference correction terms therefore contribute
strahlung contributiof13]. very little to theZ boson mass shift. As we have discussed in
We now study the differences in teboson masses ex- Sec. Il, current fits to the PDF’s do not include QED effects.
tracted using the approximation currently employed in theThis introduces theoretical uncertainties, such as a strong
experimental analysis and our complédéa®) QED calcu- dependence of the initial state corrections on the factoriza-
lation, and investigate the effect of the initial state radiativetion scheme used. However, since initial state corrections
corrections on th& mass shift. To extract thé boson mass, essentially do not contribute to tiZeboson mass shift, these
we use a log-likelihood fit to the shape of the di-lepton in-uncertainties will have no significant effect on tdeboson
variant mass distribution in the range mass extracted. This conjecture is supported by the fact that
81 Ge\<m(/ "/ 7)<101 GeV. The templates for the the numerical values for the mass shifts in the Q&B and
m(/*/ ™) distributions are calculated using the lowest orderDIS scheme are the same.
differential cross section, varying , between 90.6 GeV and The Z boson mass extracted from the fit to the di-lepton
91.5 GeV in steps of 100 MeV. Detector effects are simu4nvariant mass distribution also depends on the PDF uncer-
lated as described in Sec. Il B. No isolation €¢B. (23)] is  tainties, and the choice of the renormalization and factoriza-
imposed on the charged leptons. The soft and collinear cutotion scale. At present, PDF’s which take into account uncer-
parameters are chosen to Be=10 % and 5,=3x10"%. In tainties in their fit are not generally availal§i&Ve therefore
order to be able to determineM,, it is necessary to prop- only consider the scale dependence here. Changing

erly include the radiation of photons with an energy which isg2— ,2— M3ep=M3cp from Q2=s to Q?=1005S de-

of the same order as the shift M, using the full 2-3  (reases the fitted mass by 10 MeV both in the Born ap-
phase spaceds and &, therefore, have to be smaller than proximation and wherO(a) corrections are taken into ac-
about 2<10"°, otherwise a non-negligible dependence ofcoynt. This indicates that tr boson mass shift caused by
the Z boson mass shifaMz, on these parameters remains. QED corrections is insensitive to the choice@?. The scale

The error on th& mass resulting from the statistical un- gependence of the fittel mass is eliminated whe@®(a.)

step size in varyindM ; in the templates is approximately 5
MeV in our simulation. This is adequate for the semi-
guantitative analysis reported here. It is straightforward to
reduce the uncertainty by increasing the number of events
generated and the number of templates used, given sufficient IV. THE FORWARD-BACKWARD ASYMMETRY
computing power. AT THE LHC

For definiteness, we concentrate on the electron channel. As we have mentioned in the Introduction, one can use
Results similar to those which we obtain are expected in thgj gept together with Miop t0 constrain the Higgs boson
muon case. The shift iM induced by the QED csorre+ctions mass. At LEP, sihdP' has been measured with an accuracy
is determined by comparing the shape of tita”) e”e of approximately+0.00024[1]. In order to extract the Higgs
invariant mass distribution for the nominal value of pocqn mass with a precision @M ,,/M~30% or better,
M,=91.187 GeV with that of the templates, and calculating,[he uncertainty in sfhAP! has to be reduced by at least a
the log-likelihood as a function of th# boson mass used as factor two. At the LHCe(gp collisions atys=14 TeV), the
inp#tligotgg templates. r]Reﬁea(;i.?fg this pLocedure 1hOOO time2_>/+/,' cross section is approximately 1.6 nb f'or each
wit events each, the difference between the average .~ . . : : L
of the mass which maximizes the log-likelihood and the%pton qu\{orh.For th? p_rOJected lyearly mtegrated yin)los'ty
nominal Z boson mass is then identified with the shift in- of 100 fb 7, this results in a very large number&f-/ "~/

duced by the QED corrections. The same procedure is Ca?_vents which, ‘in ‘principle, can be used to measure the

- ZSHERt wi -
ried out to compute th& mass shift if the approximate cal- orward bgckward. asymmetry qnd thL.’S it .W'th ex
culation of Ref.[13] is used. TheZ boson mass obtained tremely high precisiorf11]. In this section, we investigate

from the complete)(«®) cross section is found to be about the prospects to measure %ﬂfﬁt using _the forward-
10 MeV smaller than that obtained using the approximatd@ckward asymmetry at the LHC, taking into account the
calculation. Most of the change can be attributed to the dif (@) QED andO(as) QCD corrections. At LHC luminosi-
ferent treatment of the final state soft and virtual correctiondi€S; it is easier to trigger op"x~ than one”e pairs in
in the two calculations. A change of 10 MeV M, trans- (h&Z mass reglorﬁ51;52; In our analysis, we therefore con-
lates into a shift of several MeV iM,, through the depen- Centrate on th&—u"u~ channel; qualitatively similar re-
dence of the energy scale and the momentum resolution oft!tS are obtained for the electron channel.
the Z boson mass measuréd,9]. For the current level of In pp collisions, the quark dlrgctlon in the |n|t|§ll state has
precision, this small shift is unimportant. However, it cannot'© P extracted from the boost direction of the di-lepton sys-
be ignored for a high-precision measuremenivaf, . tem with respect to the beam axiS3]. The_ coslngiof the

In order to estimate how initial state corrections and@ndle between the lepton and the quark in the/ rest
initial—final state interference correction terms affect the [rame is then approximated by
boson mass, we compare the mass obtained using the full
O(a) corrections with that extracted when final state radia-
tive corrections are taken into account only. The two values 2An approach to extract PDF’s including systematic errors has
of M are found to agree within the numerical accuracy ofrecently been described in R¢&0].
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P/ /7)) 2
P (SN ) 0T

cos §* = (P (/7 )p (7 )—p (/7 )p (/)] 27

For the definition of cog* given in Eq.(15), Arg=0forpp 75 Ge\m(u "1 ")<105 GeV, the integrated forward-

collisions. backward asymmetry can again be parametrized by @@5s.
At the LHC, the sea—sea quark flux is much larger than agnd (19) with
the Tevatron. As a result, the probability,, that the quark

direction and the boost direction of the di-lepton system co- aBo"=0.2458, bB"=2.19, (29
incide is significantly smaller than one. The forward-
backward asymmetry is therefore smaller than at the Teva- Aa®tP=0.0008, Ab®FP=-0.09 (30)

tron. Events with a large rapidity of the di-lepton system,
y(/ "/ ™), originate from collisions where at least one of the and
partons carries a large fractionof the proton momentum.
Since valence quarks dominate at high valueg,dd cut on
the di-lepton rapidity increasefy,, and thus the asymmetry
[53] and the sensitivity to the effective weak mixing angle.

The forward-backward asymmetry at the LHC, using Eqg.
(27) to define cog*, and imposing a

Aa®“P=-0.0011, Ab®°P=0.06. (31)

From Egs.(29) and(18) we observe that the parameteis
essentially the same as at Tevatron enerdie®n the other
hand, which controls the sensitivity to the weak mixing
angle, is significantly reduced. QED corrections increase the
Lo integrated asymmetry in the peak region by about
y(pp)|>1 (28) SApg/Apg~0.02, and slightly reduce the sensitivity to
sin? g%P'. QCD corrections are found to reduce it by approxi-
cut, is shown in Fig. 13 for values @f(u ™) up to 250  mately 5Ar5/Arg~—0.05. QED and QCD corrections to
GeV. No other cuts besides theu"w™) cut have been the integrated forward-backward asymmetry in Biepeak
imposed in Fig. 13. Without the cut of E(R8), Arg would  region have opposite sign, as at the Tevatron.
be approximately a factor 1.25 smaller. Although the di- Using Eqs(29) and(30) together with Eqs(13) and(14),
lepton rapidity cut enhances the asymmetry, it is about & is now straightforward to estimate the error expected for
factor 1.5 smaller than at the Tevatron. sir? 45" from a measurement of the forward-backward
Qualitatively, the behavior of the forward-backward gsymmetry in thez peak region at the LHC. For an inte-
asymmetry as a function of the di-lepton invariant mass igyrated luminosity of 100 o', we find that it should be pos-
similar to that inp p collisions. Furthermore, QED and QCD sible to measure strg®? with a statistical precision of
corrections are seen to have a quantitatively similar effect

on Agg as in pp collisions. In the Z peak region, S sir? 61°P'=3.9x107°. (32
0.5 Both, NLO QCD and QED corrections have been taken into
- \ | | | ] o : . i
C solid: 0(e) . accountilr) this es_tlmatte. THe(w u™)|>1 cut improves
050 dots: 0(ay) A the precision for sihdf" by about 10%. Our result is about
T dash: Born ] 35% better than the estimate given in Rdfl]. The shift in
L ywtu)>1 ] Agg introduced by the combined QED and QCD radiative
0251 E corrections is about a factor 7 larger than the expected sta-
tistical error.
£ ool — The estimate of Eq32) has been obtained assuming full
r § rapidity coverage for the muons. The proposed FELIX ex-
_o.25 AN ] periment[54] is expected to achieve this. However, FELIX
i g ] will operate at a reduced Iluminosity of at most
ool ppoutuX L£=103cm ?s %, corresponding to a yearly integrated lu-
Uk Vs - 147V ] minosity of 10 fo ! at best. For 10 fb' the expected preci-
R D D B sion isé sir? 4'~1.2x 10" “. In both the ATLAS and CMS

50 100 150 200 250 detector, muons can only be detected for pseudo-rapidities
. |7(w)|<2.4 [51,52. In Fig. 14 we display the forward-
m{u’u) (Gev) backward asymmetry at the LHC imposing| a(u)|<2.4

FIG. 13. The forward-backward asymmetdyg, as a function ~ Cut in addition to the di-lepton rapidity cut of E(8). The
of the u* w~ invariant mass fopp— u*u () at ys=14 Tev. finite rapidity range covered by the detector is seen to reduce
The solid and dotted lines show the forward-backward asymmetrghe asymmetry dramatically. In the region aroundZhgole,
including O(a) QED and O(a) QCD corrections, respectively. the integrated forward-backward asymmetry is again an ap-
The dashed line displays the lowest order predictiorAg§. A proximately linear function of shéSh (see Eq(17)) with
ly(u*u™)|>1 cutis imposed on the rapidity of the muon pair. No
detector effects are included here. aBo"=0.2464, bB"=0.72. (33

o
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S e A I I B events at the SLC. This would allow to measure? #{ff"
o solid: 0(a®) ly(u'u)l> 1 from the left-right asymmetry with a precision of about
0.50 — dots: O(a) mnwi<z4  — 1.2x10 4, which is similar to the one attainable by FELIX
[ dash: Born ] with 10 fo~1. At the Tevatron, with the same integrated lu-
0.25 — . minosity, one expects an uncertainty of 280 * for
1 sir? 67" [4] per experiment. In order to improve the preci-
B 000 ‘ 1 sion beyond that expected from future SLC and Tevatron
< C == ] experiments, it will be necessary to detect leptons in the very
C ] forward pseudorapidity rangd;|=3.0—-5.0 at the LHC
—0R5 7 when it operates at the design luminosity of
oot X ] L£L=10%cm ?s L
-0.50 — - —]
C Vs = 14TV V. SUMMARY AND CONCLUSIONS
Y07 SV S S RS R - . . .
0 50 100 150 200 250 In a precision measurement bfy, in hadronic collisions,
m(u* i) (GeV) a simultaneous determination bf, in di-lepton production

is required for calibration purposes. The forward-backward
FIG. 14. The forward-backward asymmetAgs, as a function  asymmetry makes it possible to determiné iff* with high

of thep™* u™ invariant mass fopp—u*u™(y) atys=14 TeV. A precision. Both measurements help to constrain the Higgs
| 7(w)|<2.4 cut is imposed in addition to tHg(x "1 7)[>1 cut.  boson mass from radiative corrections. In order to perform
The solid and dotted lines show the forward-backward asymmetryhese high precision measurements, it is crucial to fully con-
including O(e) QED and O(as) QCD corrections, respectively. tro| higher order QCD and electroweak corrections. In this
The dashed line displays the lowest order predictioAgs . paper we have presented a calculation of di-lepton produc-

tion in hadronic collisions based on a combination of ana-

QED and QCD radiative corrections shift these values by |ytic and Monte Carlo integration techniques which includes

ED_ ED_ initial and final state?(«) QED corrections. Previous calcu-
AaP=0.0024, Ab®=-0.07, (34) lations[13,14] have been based on the final state photonic
and corrections, estimating the virtual corrections indirectly from
the inclusiveO(a?) Z—/* /() width and the hard pho-
Aa®P=0.0067, Ab%EP=-0.27, (35)  ton bremsstrahlung contribution.

Due to mass singular logarithmic terms associated with
respectively. The parametdx, which directly controls the final state photon radiation in the limit where the photon is
sensitivity to sif 5%, is reduced by about a factor 3 by the collinear with one of the leptons, final state radiation effects
finite rapidity acceptance. QED corrections further redoce dominate. Initial state corrections were found to be small
by approximately 10%, and QCD corrections by an addi-after factorizing the corresponding collinear singularities into
tional 30%. The finite rapidity coverage also results in athe parton distribution functions. QED corrections to the
reduction of the totaZ boson cross section by roughly a evolution of the parton distribution functions and purely
factor 5. As a result, the uncertainty expected foP #jff'  weak corrections are not included in our calculation; they are
with 100 fb™* increases by more than a factor 10 to expected to be small. Initial state QED corrections are uni-

form over the entire di-lepton invariant mass range. In con-
S sir? 6°'=4.4x10"* for |9(w)|<2.4. (36) trast, final state corrections vary rapidly witi(/* /), and
strongly modify the shape of the invariant mass distribution
The shift inAgg introduced by the combined QCD and QED gas a large fraction of the events shifts from théoson peak
radiative corrections is about a factor 1.5 larger than theg |ower invariant massesee Figs. 3 and)4Below M,
statistical error expected. radiative corrections enhance the cross section by up to a
The rapidity range covered by the electromagnetic calofactor 2.7(1.9) for electrons(muons.
rimeter and the traCking SyStem is very similar to that of the QED corrections also Strong|y reduce the magnitude of
muon systen{51,52. For e"e” production, one therefore the forward-backward asymmetreg, for di-lepton invari-
does not expect to measuresiffi’ with a higher precision  ant masses between 50 GeV and 90 GeV. In Zhpeak
than in the muon channel. As in the Tevatron case discusseaggion, 75 Ge\m(/ "/ ~)<105 GeV, they enhance the
in Sec. Il A, the QED corrections té\gg in absence of integrated forward-backward asymmetry by up to 8%.
detector effects are more pronounced in the electron case. A When detector effects are taken into account, the effect of
pr(/)>20 GeV cut has essentially no effect on the forward-the mass singular logarithmic terms in the electron case is
backward asymmetry in thé peak region. strongly reduced. The granularity of the detector and the size
The precision expected for SidSh from LHC experi-  of the electromagnetic showers in the calorimeter make it
ments should be compared with the accuracy from currendifficult to discriminate between electrons and photons with
LEP and SLC datd1], and with the sensitivity expected a small opening angle. One therefore combines the electron
from future experiments at the SLC and the Tevatron. Theand photon four momentum vectors if both particles traverse
combined uncertainty of s?rﬁeefﬁ" from LEP and SLC experi- the same calorimeter cell. In the muon case, the energy of the
ments is approximately 2:410 4. With the planned lumi- photon is required to be smaller than a critical valgg, if
nosity upgradg55], one hopes to collect810° Z boson  both particles traverse the same calorimeter cell, and mass
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singular terms survive. Removing energetic photons reduces Finally, we studied the forward-backward asymmetry at
(enhancesthe effect of theO(w) corrections belowabovg  the LHC. The very large number @ bosons produced at the
M . Detector effects are also found to considerably decreaseHC offers an opportunity to accurately measure? ggﬁt
the size of the QED corrections_to the forward-backwardgom Arg . For the forward-backward asymmetry to be non-
asymmetry below th& peak forpp—u*u™ (7). _zero inpp collisions, the scattering angle has to be defined
QED corrections have a significant impact on the di-yith respect to the boost direction of the lepton pair along

lepton cross section.in th# peak region, and th& mass the beam axis. Imposing (/' */~)|>1 cut reduces the
extracted from experiment. In future Tevatron runs, the tota raction of events where the quark direction is misidentified.

WIZ cross section may be used as a luminosity mon#b. It enhances the asymmetry by a factor 1.25, and thus im-

As shown in Table Il, QED corrections can reduce the di- o .
lepton cross section in the peak region by up to 10%. Final proves the sensitivity to S?mlgf’?t by about 10%. With a de-

state radiative corrections are knof@9] to shift thez bo-  (€ctor possessing full rapidity coverage for Ieptons_? _gﬁt
son mass substantially. T@eboson mass extracted from our €@ _in_principle be measured with a precision  of
O(a®) /*/~ invariant mass distribution was found to be & SI* 65ff=3.9<10"° if an integrated luminosity of
about 10 MeV smaller than that obtained using the approxi100 fb™* is achieved. The shift ifAgg introduced by QED
mate calculation of Ref[13]. Initial state corrections and and QCD radiative corrections is about one order of magni-
initial—final state interference terms only marginally influ- tude larger than the statistical error expected. The finite lep-
ence the amount thg boson mass is shifted. The contribu- ton rapidity coverage of the ATLAS and CMS detectors
tion of the QED corrections to the PDF’s is expected to be oktrongly reduce#rg and the number aZ bosons produced,
the size of the initial state radiative corrections that are inwhich results in an increase of the uncertainty irf g‘ﬁ? by
cluded in our calculation. It is unlikely to be a limiting factor about a factor 10. In order to improve significantly the pre-
in the determination of th& (and W) boson mass in had- ¢isjon for sirf 4% beyond that expected from future SLC
ronic collisions. N . and Tevatron experiments, it will thus be necessary to detect
For the current level of precision, the approximate calcu-glectrons and muons in the very forward pseudorapidity
lation of Ref.[13] appears to be adequate. The small differ-range | 5| =3.0-5.0, at the LHC, and to achieve an inte-
ence in theZ boson mass obtained in the compl@ea_s) %rated luminosity of(100 fbY).
and the approximate calculation, however, cannot be ignore
if one attempts to measure thi¢ mass with high precision at
hadron colliders. This also raises the question of how
strongly multiple final state photon radiation influences the
measuredZ boson mass. Using the fragmentation function We would like to thank I. Adam, A. Bodek, M. Demar-
approach, we have shown that higher order QED correctionteau, S. Errede, E. Flattum, H. Frisch, F. Halzen, Y. K. Kim,
non-trivially modify the shape of the di-lepton invariant E. Laenen, M. Strikman, C. Taylor, and D. Wackeroth for
mass distribution. They may introduce an additional shift ofuseful and stimulating discussions. One of UsB.) is grate-
M, by O(10 MeV), and may have a non-negligible impact ful to the Fermilab Theory Group, where part of this work
on the forward-backward asymmetry. So far, only partial cal-was carried out, for its generous hospitality. This work has
culations exisf56]. A more complete understanding of mul- been supported in part by Department of Energy contract No.
tiple photon radiation is warranted. DE-AC02-76CHO3000 and NSF grant PHY-9600770.

ACKNOWLEDGMENTS

[1] M. Demarteau, FERMILAB-Conf/96-354, to appear in the Matsumoto, KEK-TH-512, DESY 96-192.
Proceedings of the “DPF96 Conference,” Minneapolis, MN, [5] A. Ballestrercet al, in Physics at LEP2edited by G. Altarelli,

1996; LEP Electroweak Working Group, D. Abbanebal, T. Sjostrand, and F. ZwirngiCERN Yellow Report CERN-
CERN-PPE/96-183report, 1996. 96-01, Geneva, Switzerland, 199&0l. 1, p. 141.

[2] M. Lancaster, FERMILAB-Conf-97/176-E, to appear in the [6] J. P. Marriner, Proceedings of the Workshop “New Directions
proceedings of the “Le Recontres de Physique de la ¢aile in High Energy Physics,” Snowmass, CO, 1996, edited by
Aoste,” La Thuile, Italy, 1997. D. G. Cassel, L. Trindle Gennari, and R. H. Siemann, Vol. 1,

[3] A. Sirlin, Phys. Rev. D22, 971 (1980; B. A. Kniehl, Nucl. p. 78; P. P. Bagleyt al, Proceedings of the Workshop “New
Phys.B347, 86 (1990; T. Rizzo, Mod. Phys. Lett. 4, 1961 Directions in High Energy Physics,” Snowmass, CO, 1996,
(1992); J. Ellis, G. Fogli, and E. Lisi, Phys. Lett. B74, 456 edited by D. G. Cassel, L. Trindle Gennari, and R. H. Si-
(1992; 318 148(1993. emann, Vol. 1, p. 134; D. A. Finley, J. Marriner, and N. V.

[4] H. Aiharaet al, in “Future Electroweak Physics at the Fermi- Mokhov, FERMILAB-Conf-96/408, presented at the “Confer-
lab Tevatron: Report of the TEM2000 Study Group,” edited ence on Charged Particle Accelerators,” Protvino, Russia,

by D. Amidei and R. Brock, FERMILAB-Pub/96-082, p. 63 1996.

(1996; U. Baur and M. Demarteau, Proceedings of the Work- [7] S. Keller and J. Womersley, in Proceedings of the Workshop
shop “New Directions in High Energy Physics,” Snowmass, “New Directions in High Energy Physics,” Snowmass, CO,
CO, 1996, edited by D. G. Cassel, L. Trindle Gennari and R. 1996, edited D. G. Cassel, L. Trindle Gennari, and R. H. Si-
H. Siemann, Vol. 1, p. 499; K. Hagiwara, D. Haidt and S. emann, Vol. 1, p. 527.



57

[8] CDF Collaboration, F. Abeet al, Phys. Rev. Lett.75 11
(1995; Phys. Rev. D62, 4784(1995.
[9] DO Collaboration, S. Abachét al, Phys. Rev. Lett77, 3309

QED RADIATIVE CORRECTIONS TOZ BOSON .. .

215

[33] W. Hollik, Fortschr. Phys38, 165(1990.
[34] A. D. Martin, R. G. Roberts, and W. J. Stirling, Phys. Rev. D
50, 6734(1994.

(1996 in Contributed Papers to the 28th International Confer-[35] T. Kinoshita, J. Math. Phys3, 650 (1962; T. D. Lee and

ence on High Energy Physics, Warsaw, Poland, 1996.

[10] D. Bardinet al, CERN-TH. 6443/94repor); P. Gambino and
A. Sirlin, Phys. Rev. D49, 1160(1994).

[11] P. Fisher, U. Becker, and P. Kirkby, Phys. Lett.386, 404
(1995.

[12] UAL1 Collaboration, C. Albajaret al, Z. Phys. C44, 15
(1989; CDF Collaboration, F. Abet al, Phys. Rev. Lett67,
1502 (1992); P. Hurst, Ph.D. thesis, University of lllinois at
Urbana—Champaign, 1990.

[13] F. Berends and R. K. Kleiss, Z. Phys.2Z, 365(1985.

[14] R. G. Wagner, Comput. Phys. Commuit, 15 (1992.

[15] CDF Collaboration, F. Abet al, Phys. Rev. D419, R1(1994).

[16] J. Rosner, Phys. Lett. B21, 85(1989; Phys. Rev. [b4, 1078
(1996.

[17] CDF Collaboration, F. Abeet al, Phys. Rev. D51, 949
(1995.

[18] CDF Collaboration, F. Abest al, Phys. Rev. Lett77, 2616
(1996.

[19] H. Baer, J. Ohnemus, and J. F. Owens, Phys. Re40,2844
(1989; 42, 61 (1990; L. Bergmann, Ph.D. dissertation,

M. Nauenberg, Phys. Ret33 B1549(1964.

[36] F. Berends, iPhysics at LEP 1Proceedings of the Workshop,
Geneva, Switzerland, 1989, edited by G. Altarelli, R. Kleiss
and C. VerzegnassiCERN Report 89-08, Geneva, 1989
Vol. 1, p. 89.

[37] O. Nicrosini and L. Trentadue, Z. Phys.39, 479 (1988.

[38] D. Bardinet al, Nucl. Phys.B351, 1 (199)).

[39] J. Collins and D. Soper, Phys. Rev.1B, 2219(1977.

[40] M. Bohm and W. Hollik, Phys. Lett139B, 213 (1984).

[41] CDF Collaboration, F. Abeet al, Phys. Rev. D45, 3921
(1992.

[42] H. Baer and M. H. Reno, Phys. Rev.45, 1503(1992.

[43] D. Callaway, Phys. Lett108B, 421(1982.

[44] DO Collaboration, S. Abachet al, Phys. Rev. Lett75, 1456
(1995.

[45] CDF Collaboration, F. Abet al, Phys. Rev. D44, 29 (1991);
Phys. Rev. Lett69, 28 (1992.

[46] CDF Collaboration, F. Abeet al, Phys. Rev. Lett76, 3070
(1996.

[47] M. Dittmar, F. Pauss and D. Zcher, ETHZ-IPP PR-97-01
(report, May 1997.

Florida State University, 1989; W. Giele and E. W. N. Glover, [48] G. Altarelli, R. K. Ellis, M. Greco, and G. Martinelli, Nucl.

Phys. Rev. D46, 1980(1992.
[20] U. Baur and E. L. Berger, Phys. Rev.47, 4889(1993.
[21] U. Baur and D. Zeppenfeld, Phys. Rev. Lath, 1002(1995.
[22] J. Kripfganz and H. Perlt, Z. Phys. 41, 319(1988; H. Spies-
berger, Phys. Rev. 52, 4936(1995.

Phys. B246, 12 (1984); P. Arnold and R. Kauffmanijbid.
B349 381 (199); H. Contapanagos and G. Stermahbid.
B400, 211(1993; L. Alvero and H. Contapanagoigjd. B456,
497 (1995; W. Giele and S. Keller, FERMILAB-Pub-96/
332-T (report, April 1997.

[23] A. de Rujula, R. Petronzio and A. Savoy-Navarro, Nucl. Phys.[49] D. Albert, W. J. Marciano, D. Wyler, and Z. Parsa, Nucl. Phys.

B154, 394 (1979.

[24] D. B. DeLaneyet al, Phys. Rev. D17, 853(1993; Phys. Lett.
B 292 413(1992; 302 54QE) (1993; G. Siopsiset al, Acta
Phys. Pol. B23, 1133(1992.

[25] The LHC Study Group, D. Bousaret al, CERN/AC/95-05
(1995.

[26] G. 't Hooft and M. Veltman, Nucl. PhysB44, 189 (1972.

[27] V. N. Gribov and L. N. Lipatov, Sov. J. Nucl. Phy&5, 78
(1972; Yu. L. Dokshitzer, Sov. Phys. JETEB, 1216(1977;
G. Altarelli and G. Parisi, Nucl. Phy®8126, 298 (1977).

[28] A. Martin, R. G. Roberts, and W. J. Stirling, Phys. Lett384,
155 (1995; 387, 419 (1996; CTEQ Collaboration, H. Lai
et al, Phys. Rev. [b1, 4763(1995; 55, 1280(1997.

B166, 460(1980.

[50] S. Alekhin, hep-ph/961121@-print, November 1996

[51] ATLAS Collaboration, D. Gingrichet al, ATLAS Letter of
Intent, CERN-LHCC-92-41992; ATLAS Collaboration, W.
W. Armstrong et al, ATLAS Technical Design Report,
CERN-LHCC-94-43(1994).

[52] CMS Collaboration, M. Della Negrat al, CMS Letter of In-
tent, CERN-LHCC-92-3(1992; CMS Collaboration, G. L.
Bayatianet al, CMS Technical Design Report, CERN-LHCC-
94-38(1994.

[53] M. Dittmar, Phys. Rev. b5, 161(1997.

[54] K. Eggert and C. Taylor, CERN-PPE/96-18@&port, October
1996.

[29] W. A. Bardeen, A. J. Buras, D. W. Duke, and T. Muta, Phys.[55] M. Breidenbactet al, SLAC-CN-409(1996.

Rev. D18, 3998(1978.

[30] J. F. Owens and W. K. Tung, Annu. Rev. Nucl. Part. 3&.
291 (1992.

[31] H. Baer and M. H. Reno, Phys. Rev.43, 2892(1991)).

[32] M. Bohm and W. Hollik, Nucl. PhysB204, 45 (1982.

[56] U. Baur, T. Han, N. Kauer, R. Sobey, and D. Zeppenfeld,
Phys. Rev. D56, 140(1997; E. Richter-Was, Z. Phys. 64,
227(1994; S. Laporta and R. Odorico, Nucl. Phy&266, 633
(1986; Comput. Phys. Commurd9, 127 (1986; R. Odorico,
ibid. 59, 527 (1990.



