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Two photon radiation in W and Z boson production at the Fermilab Tevatron collider
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We present a calculation of two photon radiationtandZ boson production in hadronic collisions, based
on the complete matrix elements for the procesﬁs—dtvyy and qa—>l *I~ yy, including finite charged
lepton masses. In order to achieve stable numerical results over the full phase space, multiconfiguration Monte
Carlo techniques are used to map the peaks in the differential cross section. Numerical results are presented for
the Fermilab Tevatron.

PACS numbss): 12.15.Lk, 13.85.Qk, 14.70.Fm, 14.70.Hp

I. INTRODUCTION expected in the near future from measurements at UEPR
and the Fermilab Tevatrgmp collider [5]. The ultimate pre-
The standard model of electroweak interaCti(ﬁBM) SO cision expected foMW from the combined LEP2 experi_
far has met all experimental challenges and is now tested @ents is 30—40 MeV11]. At the Tevatron, integrated lumi-
the 0.1% leve[1]. However, there is little direct experimen- nosities of order 2 fb* are envisioned in the Main Injector
tal information on the mechanism which generates thesra (Run Il), and one expects to measure Wemass with a
masses of the weak gauge bosons. In the SM, spontaneoggecision of approximately 40 Mel5] per experiment. The
symmetry breaking is responsible for mass generation. Thgrospects for a precise measurementvaf, would further
existence of a Higgs boson is a direct consequence of thignprove if a significant upgrade in luminosity beyond the
mechanism. At present the negative result of direct search@ga| of the Main Injector could be realized. With recent ad-
performed at the CERNe"e™ collider LEP2 imposes a yances in accelerator technolof2], Tevatron collider lu-
lower bound ofM},>98.8 GeV[2] on the Higgs boson mass. minosities of order 1% cm=2s™! may become a reality, re-
Indirect information on the mass of the Higgs boson can b&ylting in integrated luminosities of up to 10Th per year.
extracted from theM; dependence of radiative corrections it a total integrated luminosity of 3073, one can target
to the W boson massMyy, and the effective weak mixing 3 precision of thenV mass of 15-20 Me\[5]. A similar or
angle, Siﬁa?ﬁt. Assuming the SM to be valid, a global fit to better accuracy may also be reached at the [LH:[Q

all available electroweak precision data yieldéoae-sided In order to measure th&/ boson mass with high precision
95% confidence levelC.L.) upper limit onM, of about 260 in a hadron collider environment, it is necessary to fully
GeV[1-3]. understand and control higher order QCD and electroweak

Future more precise measurementshf, and the top (EW) corrections toW production. The determination of the
quark massim,,,, will lead to more accurate information on W mass in a hadron collider environment requires a simulta-
the Higgs boson magd—6]. Currently, theW boson mass is neous precision measurement of thboson massv,, and
known to =42 MeV [7] from direct measurements. The un- width, I',. These quantities serve as reference points. When
certainties of the individual experiments contributing to thiscompared to the value measured at LEP, they help to accu-
value are between about 80 MeV and 110 MEA8]. The  rately determine the energy scale and resolution of the elec-
present uncertainty of the top quark mass from direct meatromagnetic calorimeter, and to constrain the muon momen-
surements is=5.1 GeV[9]. With a precision of 30 MeM10  tum resolution[5]. In order to extractM, from hadron
MeV) for the W mass, and 2 GeV for the top quark mass,collider data, it is therefore also necessary to understand the
My can be predicted from a global analysis with an uncerhigher order QCD and EW correctionsZdoson production
tainty of about 30%(15%) [5,6]. Comparison of these indi- in hadronic collisions.
rect constraints oMy with the results from direct Higgs Electroweak radiative corrections have a significant im-
boson searches at LEP2, the Fermilab Tevatron collider, anplact on the/V andZ boson masses and widths extracted from
the CERN Large Hadron CollidgtHC) will be an impor-  experiment. Recent improved calculations of théw) EW
tant test of the SM. They will also provide restrictions on thecorrections toWV production[14], and of theO(«) QED cor-
parameters of the minimal supersymmetric extension of theections toZ production in hadronic collision§l5], have
standard modelMSSM) [10]. shown that the main effect is caused by final state photon

A significant improvement in th&/ mass uncertainty is radiation. When detector effects are includédg) radiative

corrections shift th&V mass by about-50 MeV in the elec-

tron case, and approximatetyl60 MeV in the muon case
*Email address: baur@ubhex.physics.buffalo.edu [16,17]. The effect on th& mass is about a factor two larger
"Email address: tstelzer@uiuc.edu than that onMy for both electron and muon final states.
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O(a) photon emission also shifts the width of tiéboson  numerically stable and accurate results for such processes, a
extracted from the tail of the transverse mass distribution bynulti-channel Monte Carlo approa¢®?2], augmented by the
approximately—70 MeV [18]. The size of the shift itM,y, adaptive weight optimization procedure described in Ref.
M, and theW width introduced by the®(a) corrections [23], is frequently used. The disadvantage of the multi-

raises the question of how strongl(a?) corrections affect channel Monte Carlo approach is that the peaks in the matrix
these quantities. elements have to be mapped by hand, thus requiring a sub-

stantial amount of analytic work which has to be repeated for
each new process one wishes to analyze.

Our calculation is based on a similar approach which adds
the benefit of largely automating the mapping of the peaks in
Sthe matrix elements. The process independent features of our

[e] . . . .
¢ | tial calculati for thé)( a? | phot approach, and the resulting multiconfiguration Monte Carlo
ar, only paria fa cluia 'ons tor ) (Ci) rea+p_o ONn €O (MCcMC) integration program, are briefly described in Sec.
rections,pp—W=—1"vyy andpp—y*,Z—=1"1"yy exist | "£|| details will be given elsewherf24]. In Sec. Il we
[19,2(]d_ln_Ref_. (19] tge structfure f”QCt'O”I apipr_oach fgr p:o- discuss technical details associated with the calculation of
ton radiation is used to perform the calculation and, there;, qg—1*1"yy and qq'—lvyy matrix elements and

fore,. onI)_/ f'n"fll ;tate photon radiation in thelleadlngllog ap'present numerical results for two photon radiatio’Wrand
proximation is included. The results obtained using this

approach are reliable only for small opening angles betwee?.eventS at the Tevatron collldepp chI|S|ons at 1.8 Tey.

the photons and the charged leptons. The calculation of Re _mally, summary remarks are given in Sec. IV.

[20] is based on the full set of the tree level Feynman dia-

grams contributing tdvyy andl*1~ yy production. In ad- Il. PHASE SPACE INTEGRATION

dition, to preserve gauge invariance when finité width _ _

effects are included, the imaginary part of théWy and The matrix elements fogg—1"1"yy andqq’—lvyy

WWyy one-loop vertex corrections is taken into account.have many sharply peaked regions throughout phase space.

However, charged leptons are assumed to be massless, aficddition to the Breit-Wigner resonances aroundwher Z

thus a finite lepton-photon separation cut has to be impose@ole and a pole at smdlf | ~ invariant masses due to photon

in order to avoid the collinear singularities associated withexchange, there are singularities when either photon be-

final state radiation. comes soft, or collinear with a charged particle. Although
The first step towards a calculation of ti«?) correc- these soft and collinear singularities are regulated by energy

tions toW andZ boson production in hadronic collisions thus Or transverse momentum cuts and fermion masses, they re-
is to perform a calculation dfryy and!*|~ yy production ~ Sultin large contributions to the cross section over relatively

In order to r(g!iably calculate the(_i)mpact of th@(a?)
corrections topp—W*—I1*v and pp—y*,Z—1*1~ (I
=e, u) on theW andZ masses extracted from experiment, a
full calculation including real and virtual corrections, which
is valid over the entire allowed phase space, is needed.

which small regions of phase space and cause difficulties for stan-
is based on the full set of Feynman diagrams contributinglard integration techniques. _

at the tree level, Integrating over the parton distributions and final state
includes finite lepton mass effects, momenta in general requires performing aNRa —4)+2
is gauge invariant when finité/ width effects are taken dimensional integral over a phase space which may include

into account, many cuts. Her&\;,, is the number of particles in the final

and is valid for arbitrary lepton-photon opening angles. state. If the number of dimensions is large, the integral is

In addition, in order to obtain reliable information on the most easily carried out using Monte Carlo techniques. Monte
shift in M,y and M, caused by two photon radiation, the Carlo integration approximates the integral by taking the av-
numerical calculation should be stable for photon energies s&fage of a number of pointsy, selected at random, and
small as the tower threshold of the electromagnetic calorimmultiplying by the volumey, over which one is integrating,
eter of the Tevatron experiments, which is@100 MeV).
In this paper we present such a calculation. 1

While the calculation of theqg—!*1"yy and qq’ f fogdx=g 2 fx)xV. (1)
—lvyy matrix elements is straightforward, the phase space '
integration presents some challenges, due to the sharp peaks
in the matrix elements which arise from the soft and collin-Provided the functiorf(x) which is to be integrated is suf-
ear singularities. The collinear singularities associated witHiciently flat, the number of points for convergence is inde-
final state radiation are regulated by the finite mass of thggendent of the number of dimensions. Howeverf (iX) is
leptons whereas soft and initial state collinear singularitiesharply peaked convergence may be exponentially slow.
are rendered finite by transverse momentum cuts imposed on In order to use Monte Carlo techniques for integrating a
the photons. Both soft and collinear singularities producesharply peaked function, it is necessary to remove the peaks.
large contributions to the cross section in small regions oPeaks which are analytically integrable, and for which the
phase space. Standard adaptive Monte Carlo integration rointegral is invertible, can be smoothed with the appropriate
tines such aweGAs [21] do not yield a numerically stable transformation of variables. A Breit-Wigner resonance is an
result of the cross section for processes which exhibit a comexcellent example for such a case. The transformagion
plicated peaking structure in the matrix elements. To obtair= arctank) removes the peak and makes the integrand flat.
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Collinear and soft poles often require more involved trans-1
formations which may not have general analytical solutions.
Adaptive Monte Carlo programs such @sGAS are able
to flatten peaks by using numeric approximations of the in-
tegrand. The result is not as fast, or efficient as analytically
removing the peaks, however it is more convenient. For mose
applications this is very desirable. The major restriction is
that programs such agGAs can only remove peaks which 4
are in the plane of one of the integration variables. For ex-
ample, these programs will successfully flatten the peaks ir
the function o 6

nu_mu 5

>

nu_mu

nu_mu nu_mu

f(ny):gyy (2) 2 graph 4 2 graph 5 graph 6
FIG. 1. The Feynman diagrams contributing te,v,
—e'e  yy at the tree level, as generated ADGRAPH. A (2)
1 1 represents a photoZ bosor), e an electron or positron, and
(Xy)=———, (3) nu_mu a muon neutrinoy,, .
X+y X—y

but they will not be able to flatten those for

represents one of the dimensions of integration. The opera-
unless a change of variables is performed. For processes witton is invertible so it can also return the set of random num-
relatively few peaks, it is usually possible to map each pealbers associated with any point in phase space. The user
to one of the integration variables. For complicated processpecifies the momentum flow of the contributing Feynman
such agyg—1*1"yy andqq’ —Ivyy, this is not the case. diagrams in a simple _inclgde file, together With the masses
In cases where it is not possible to simultaneously magnd widths of the Breit-Wigner resonances which appear in
every peak to an integration variable, there are two classes §@ch diagram. All other aspects of the phase space integra-
solutions available. The first is to divide up phase space witiion are handled automatically by the program. A more de-
cuts, such that the peaks in each region can be mapped to tfdled description of the approach will be given elsewhere
integration variables. An adaptive Monte Carlo integration[24]- ] . . ) .
routine is used for each region separately. The results from The convenience of MCMC is best illustrated in a simple
each region are combined to obtain the total cross sectioxample. Consider the proces,y;MHe*e‘ vyv for a center
This method is effective for processes with relatively simpleof mass energy of/s=100 GeV, where each of the final
peaking structure, however as the number of peaks increasetate particles is required to have a transverse momentum
the technique quickly becomes cumbersome and prone tp;>10 GeV. The electron mass is assumed to be variable.
error. The six Feynman diagrams associated with this process can
The second techniqUy@2,23 is to choose points in phase easily be generated with a program suchvia®GRAPH [25].
space not according to a single distribution, but according tad’he diagrams generated by MadGraph are shown in Fig. 1.
the sum of multiple distributions. Each distribution is respon-Each diagram represents a phase space configuration in the
sible for a specific set of peaks. The optimal number ofMCMC code with the appropriate poles mapped to the inte-
points from each distribution is chosen using an algorithmgration variables.
which minimizes the Monte Carlo integration errf23]. These configurations are input to the integration package,
With each channel, a different set of poles is analyticallywhich then searches for peaks, and determines the optimal
removed. The resulting code is very fast and efficient, hownumber of points to choose from each configuration using an
ever it requires significant analytic work, which must be re-algorithm which minimizes the integration error. Table |
peated for each new process. compares the cross sections obtained using the traditional
In our approach, we have combined the power of multi-single configuration approach with those from MCMC as the
channel integration with the convenience offered by adaptivelectron mass is varied from 0.01 GeV to 10 GeV. Notice
Monte Carlo integration routines such @sGAS. The result  that for large masses, the matrix element is relatively flat and
is a general and flexible multiconfiguration Monte Carlo pro-a single configuration accurately integrates the cross section.
gram called MCMC which can numerically integrate sharplyHowever, as the electron mass decreases, the contribution
peaked functions in many dimensions with minimal inputfrom the collinear regions becomes increasingly important,
from the user. and the single configuration package is unable to accurately
Feynman diagrams offer a convenient mechanism for deintegrate the function. Not only is the error larger, but even
termining in which dimensions peaks may appear. At treavith 5x 1(P integration points, the single configuration inte-
level strong peaks in the cross section are always associatgdation is giving the wrong result as it samples all of the
with a propagator going on-shell. We have implemented goints from the peaks it has mapped to integration variables,
general phase-space generator based on Feynman diagramsmpletely neglecting the peaks which are only sampled by
Given a tree-level Feynman diagram, it maps a set of randorthe other configurations. Due to the mass singular terms as-
numbers to a point in phase space such that each propagatasciated with final state radiation in the collinear limit, the
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TABLE |. Integrated cross section for the proces§7ﬂ mass measurements at hadron colliders. To calculate the ma-
—e'e” yy at Js=100 GeV as a function of the electron mass for trix elements forqg—1*1"yy and qq'—|*vyy we use
single and multiconfiguration adaptive Monte Carlo integration. AyapGRAPH which automatically generates the SM matrix el-
pr>10 GeV cut is imposed on all final state particles. In all casesements inHELAS format. When photon exchange is taken
8x100 000 events_ are ge_nerated to set the grid, axdl Billion into account, 40 Feynman diagrams contributel 1o~ yy
events for evaluating the integral. production, while there are 21 diagrams férvyy produc-
tion. Taking into account symmetries in the phase space

Electron mass Multiconfiguration Single configuration

(GeV) o (i) 2 o (fb) 2 mapping, 20(_12) different configurations contribute tgq
=171 yy (99" —1vyy).
0.01 88.4-0.8 02 4893 0.3 In order to maintain electromagnetic gauge invariance for
0.1 46.34-0.08 0.7 36.32 11 g’ —I1*vyy in presence of finiteV width effects, thew
1.0 17.14£0.03 1.0 16.50.2 0.7

propagator and th&/ Wy andW Wy vertex functions in the
10.0 1.99¢:0.003 0.3 1.9920.003 0.2 amplitudes generated byADGRAPH have to be modified
[20,31]. Finite width effects are included by resumming the
imaginary part of thV vacuum polarizationlI(q?%). The
cross section scales approximately wiﬂtog(rrﬁ/s)]2 for  transverse part ofl,,(q?) receives an imaginary contribu-
small electron masses).<1 GeV. This provides a simple tion
check on the accuracy of the MCMC result.

The primary difference between our approach and other
multichannel techniques is its generality. The mapping of
uniformly distributed random numbers to points in phase
space can be broken down into two steps. First the uniformlyvhile the imaginary part of the longitudinal piece vanishes.
distributed random numbers are deformed into non-uniformhe W propagator is thus given by
numbers, with a corresponding Jacobian. Next these non-

I
|mn3v(q2>:q2ﬁ (4)

uniform numbers are mapped to four-momenta in phase DE(q)= =i v CI"“QV(1+i |
space with another Jacobian. For each step, one can choose ~W D= 92— M2+ia2yw 9 M2, Ywl s

to perform an analytic transformation which will be very (5)
efficient for the particular process being studied, or one can

choose a general transformation which is not optimized fomith

the specific process, but will work for any process. The ap-

proach of Ref[23] produces highly optimized code for both Tw 6
transformations. In Ref[26], a general procedure for the VW_W\,’ )
transformation from uniform space to a deformed space is

given, but optimized procedures for the transformation towherel',y denotes th&Vwidth. A gauge invariant expression
phase space are chosen. The MCMC program provides gefer the amplitude is then obtained by attaching the final state
eral algorithms for both transformations, similar to the ap-photons to all charged particle propagators, including those
proach used bgoMPHEP[27,28] to perform the phase space in the fermion loops which contribute tdy,(q%). As a re-
integration. The resulting code is in general slightly slowersult, the lowest ordelWWy and WWyy vertex functions,
than that resulting from the other two approaches, howeveF §#* andT'§## , are modified 20,31 to

we believe its user friendliness makes up for this shortcom-

ing. The advantage of user friendly programs at the expense LeBr=T P (1 +iyy), )
of computer time has already been demonstrated by pack-
ages such aslADGRAPH, COMPHEP[27,29 and GRACE [29] [aPrP=TEPIP(1+iyy). (8

which quickly produce non-optimized tree-level matrix ele-
ments. Indeed the synthesis of the integration package out- The SM parameters used in our numerical calculations are
lined here with automatically generated matrix elements wilMw=80.3 GeV, I'y=2.046 GeV,M;=91.19 GeV,I';
allow the user to concentrate on the physics issues rather 2.49 GeV, anda(M2)=1/128. These values are consis-
than numerical integration techniques. While MCMC natu-tent with recent measurements at LEP, LEP2, the SLAC Lin-
rally interfaces withMADGRAPH andHELAS [30], matrix ele-  ear Collider(SLC) and the Tevatrofi7]. We use the parton
ments resulting from any other automated or non-automatedistribution functions set A of Martin-Roberts-Stirlirfj§2]
calculation can be used. with the factorization scale set equal to the parton center of
mass energy\/g. All numerical results are obtained f@p
collisions with a center of mass energy ¢$=1.8 TeV. In
run 11, the Tevatron collider is foreseen to operate/at=2
TeV. For a center of mass energy of 2 TeV, results qualita-
We shall now discuss the calculation é¥yy and tively similar to those reported here are obtained. Cross sec-
| "1~ yy production in hadronic collisions, together with tions are about 5% higher than those found fsr=1.8 TeV.
some phenomenological applications relevant for futdfe Since the total cross sections 16rvyy andl ™~ vy+y produc-

ll. 1»yy AND 1*1~yy PRODUCTION
AT THE FERMILAB TEVATRON
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2 2
102 prr e g 107 e 3
oa) ppo1tlyy b) pp-liuyy 3
Vs = 1.8 TeV Vs = 1.8 TeV ]
101 pr(y)>0.1 GeV 1ol pr{7)>0.1 GeV
= FIG. 2. The distribution of the separation be-
& tween the two photonsAR,,, for (8 pp
100 —1*17yy and(b) pp—1*vyy at s=1.8 TeV.
| F The solid and dashed histograms show the differ-
> ential cross sections for electrons and muons, re-
© spectively. The cuts imposed are described in the
1071 | text.
3 solid: e | ] F solid: e L ]
L L [ [
dash: u =] | dash: u [l
[
Y PR I PSP P AT Rpne-) I SO P D U
0 1 2 3 4 5 0 1 2 3 4 5
AR,, AR,

tion are equal inpp collisions, we shall not consider the ~ Since we are mostly interested in photon radiatiotin

|~ vy channel in the following. and Z decays, we impose additional cuts on the di-lepton
To simulate the fiducial and kinematic acceptances of delhvariant mass,
tectors, we impo_s_e the following transverse momentpg) ( 75 Gem(ll)<105 GeV, (11)
and pseudo-rapidityz) cuts on electrons and muons:
and the transverse mass of thesystem,
electrons muons
65 GeV<my(lp7)<100 GeV. (12
e)>20 GeV >25 GeV . - : :
|pTEe))|<2 5 FTE'LL;|<1 0 CDF and DOutilize similar cuts in theirW mass analyses
K ' K ' [16,17. Events satisfying Eqs11) and (12) are calledZ
pr>20 GeV pr>25 GeV —1*1~ andW—|v events, respectively, in the following.

To demonstrate that the multiconfiguration Monte Carlo
Here, pr denotes the missing transverse momentum whiclapproach we use yields accurate results both in the collinear
we identify with the transverse momentum of the neutrino inregion as well as for photons emitted at large angles, we
| vyy production. Thepr cut is only applied inlvyy pro-  show in Fig. 2 the differential cross section versus the sepa-
duction. The cuts listed above approximately model the acration between the two photons in the azimuthal angle-
ceptance of the Collider Detector at Fermil@DF) detector  pseudorapidity plane,
for electrons and muons in run |. Qualitatively similar nu-
merical results are obtained if cuts are used which approxi- AR, =VA$S +A7S,. (13
mate the phase space region covered by the upgraded C
detector for run 1I[33], or if cuts are used which model the
acceptance of the D@etector{34].

In addition to the lepton cuts listed above, a pseudo
rapidity cut

%e strong peak for smalAR,, arises when both photons
are emitted by the same charged lepton, and the photons are
collinear with the lepton. The peak aR,,~3 in [T yy
production originates from Feynman diagrams where the
photons are radiated off different leptons. Since photons do
| 7(7)|<3.6, (9) not couple to neutrinos, thi_s peak is absenh_hy)_/_produc-
tion. For electrons, the collinear peaks are significantly more
and a transverse momentum cut on the photons are imposete[onouncgd than for muons. The difference in the differenti_al
In order to be able to accurately determine the shift inthe 0SS sections for electrons and muons away from the collin-
andZ boson masses induced by photon radiation correctly, & regions is entirely due to the differept and rapidity
is necessary to consider photon transverse momenta as IFMtS |mpos§d on these particles. The statistical quctanons
as the calorimeter threshold of the detector, which is abou® uite uniform over the full range afR,,, values consid-

100 MeV. Subsequently, we therefore require ered, indicating that the MCMC program distributes the gen-
' erated events and their weights appropriately. Away from the
pr(y)>0.1GeV (10)  collinear peaks, our calculatibagrees with that of Ref20]

in all our calculations unless stated otherwise explicitly. The

photon transverse momentum and pseudo-rapidity cuts ar€'parton level FORTRAN programs for pp—I|=vyy and pp
necessary to avoid soft singularities and collinear diver-—1*1~vy which include the MCMC source code are available
gences associated with initial state radiation. upon request from the authors.
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TABLE II. Fraction of W—ev andW— uv events(in percent ~ Z—|*|~ events at the Tevatron which contain two photons
containing one or two photons with a transverse momentungs a function of the minimum photon transverse momentum.
pr(y)>pT"(y) at the Tevatron §p collisions at\s=1.8 TeV). For comparison, we also list the event fractions containing
Fractions are obtained with respect to the lowest order cross seone photon. Fractions are obtained by normalization with
tion. The cuts imposed are specified in the text. The relative statisrsespect to the lowest order cross section within cuts. The
tical error on the event fractions from the Monte Carlo integration isresylts forl vy and| il ~y production are obtained using the

approximately 1%. calculation of Ref[31]. No lepton-photon or photon-photon
o separation cuts are imposed.
P () W—evyy Approximately 3%(1%) of all W—ev (W— uv) events,
(GeV) Woevy W—evyy [Eq. (14)] and 14%(5%) of all Z—e"e™ (Z—u " ") events, contain
0.1 239 3.05 286 two photons with a minimum transverse momentum of
0.3 173 156 1.50 pT'"(y)=0.1 GeV. Because of the mass singular logarithms
1 10.4 053 054 associated with final state photon bremsstrahlung in the col-
3 482 0.09 0.12 linear limit, the fraction ofW—ev and Z—e"e~ events
10 0.56 1.%10°3 1.6x10°3 with two photons is more than a factor 3 larger than the

corresponding fraction oN— uv andZ—u™* 1~ events. In
contrast toW events, both leptons can radiate photonZin

min
p(TGGf\X) W vy W uvyy V[VE_q)’Lzﬂ)/]y decays. As a result, the probability @ —1"1~ events to
radiate two photons is more than four times thaW\of-|v
0.1 135 0.99 0.91 events. For increasingT'"(y), the fraction of W and Z
0.3 9.65 0.48 0.47 events containing photons drops quickly.
1 5.74 0.17 0.16 For small photon transverse momenta, the cross section is
3 2.65 2.K10°? 3.5x1072 completely dominated by final state radiation. In this region,
10 0.33 6.%x10°4 5.4x10°4 the fraction of events containing two photor®,;, can be
estimated using the simple formylas]
to better than 1%. In this region, conventional adaptive p2
Monte Carlo routines such a&&GAs are sufficient in order to Pz=—1 (14)

obtain a numerically stable result. The distributions of the
separation between the photons and the charged Iéjetpn
tons are qualitatively very similar to th&R.,, spectrum. where P, is the fraction of events containing one photon.

In Tables Il and llI, we list the fraction ofW—I|v and  The results obtained using E@.4) are also listed in Tables

Il and Ill. For large values op+(y), the available phase

TABLE lIl. Fraction of Z—e*e™ andZ—u*u™ events(in  space for final state radiation is strongly reduced by the
percent containing one or two photons with a transverse momen{ransverse momentum cuts imposed on the leptons, and ini-
tum pr(y)>pT'"(y) at the Tevatron §p collisions at\s=1.8 tial state radiation plays an increasingly important role. For
TeV). Fractions are obtained with respect to the lowest order crospT'"(y)=3 GeV, Eq.(14) therefore becomes more and more
section. The cuts imposed are specified in the text. The relativinaccurate.

statistical error on the event fractions from the Monte Carlo inte- The large mass singular terms associated with final state

gration is approximately 1%. bremsstrahlung result in a significant change in the shape of
o T the my(Ip+) and the di-lepton invariant mass distributions.
PT (%) L L Z—e'e yy This is demonstrated in Fig. 3. Here we do not impose the
(GeV) i-eey i—eeyy [Eq. (14)] di-lepton invariant mass cut and thetransverse mass cut of
01 523 14.6 13.7 Egs. (11) and (12). In Fig. 3a we show the ratio of the
0.3 30.1 7.80 764 "1~ yy and the lowest ordel* |~ cross section as a func-
1 25.0 3.05 313 tion of m(Il'). The cross section ratio is seen to vary rapidly.
3 129 0.61 0.83 The dip atm(ll)=Mj is a direct consequence of the Breit-
10 217 1%10°2 2 4% 102 Wigner resonance of th& boson. Below theZ peak, the

cross section ratio rises very sharply and in the region
70 Ge\<m(eg <80 GeV, the cross section ratio is of or-

Pr () Zopwtp vy der one in the electron case. The dip locatedn@ll ) =M
+ - + - .
ks LoETEY  Iome Y [Eq. (14] and the substantially enhanced rate F())f events (\allvﬂigh twg pho-
0.1 31.2 4.76 4.87 tons below the resonance peaks are caused by final state
0.3 23.8 2.67 2.83 bremsstrahlung in events where thid ~ yy invariant mass
1 15.4 1.07 1.19 is close toM .
3 8.19 0.25 0.34 Figure 3b displays the ratio of the vyy and thel " v
10 1.62 8.4 1073 1.3x10°2 cross section as a function of the transverse mass. Here

the dip atmy(Ip1) =M,y is due to the Jacobian peak in the
| v transverse mass distribution. Because of the long tail of
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FIG. 3. Ratio of(a) thepp—!*1~yy and the

lowest ordempp—1*1~ cross sections as a func-
tion of thel ™|~ invariant mass, angb) the pE
—1*vyy and the lowest ordepp—I|*v cross
section versusm(Ip;) at ys=1.8 TeV. The
solid and dashed histograms show the cross sec-
tion ratios for electrons and muons, respectively.
The cuts imposed are described in the text.
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the lowest ordem+(Ip+) distribution belowMy, and the fact identification requirements and their effects on the size of the

that photons are not radiated by neutrinos, the enhancemelB¥V correctionswW and Z boson production are detector de-

in thelvyy to | v cross section ratio is less pronounced thanpendent.

that encountered in the"|~ case. In the region of large

transverse masse;;rJT(IpST.)>}00 GeY, the shgpe of_ the IV. SUMMARY AND CONCLUSIONS

transverse mass distribution is sensitive to\Wevidth. Fig-

ure 3b shows that two photon radiation significantly modifies The mass of th&V boson is one of the fundamental pa-

the shape of then(Ip1) distribution in this region. This will rameters of the SM and a precise measuremei gfis an

directly influence thaV width extracted by experiment. important objective for current experiments at LEP2 and fu-
The shape changes in the transverse mass and the di- ture experiments at t_he Tevatron. A precise measurement of

lepton invariant mass distributions suggest that two photof¥!w helps to constrain the Higgs boson mass from radiative

radiation may have a non-negligible effect on the measureﬁorreCtions' It will also provide restrictions on the parameters
W andZ masses, and also on tiéwidth extracted from the of the MSSM. In order to perform such a measurement at a

high transverse mass region. Since the shape change cau ron collider, it is crucial to fully control higher order

by two photon radiation in the distribution used to extract the D and EW corre_ctlons t(sN_ prodgghon. In a precision
measurement oMy, in hadronic collisions, a simultaneous

g1ass IS more pronou?cde(: |nthZecas%, thiIShl'ﬂ n trtf tdetermination of the mass of thé boson is required for
0SOn Mass 1S expected o be considerably ar%er an r1:‘%1Iibration purposes. A detailed understanding of the QCD
shift in My, . For a realistic calculation of howW(«~) cor-

. and electroweak corrections Bboson production is there-
rections affect theV and Z resonance parameters, soft and¢y e a1s0 necessary.

virtual corrections and detector resolution effects need to be Recent calculation§14,15 have shown that the)(a)

included. electroweak corrections t&/ and Z production have a sig-
We have not taken into account detector resolution effectgjficant impact on the weak boson masses extracted from
or realistic lepton and photon identification requirements inexperiment. The dominant contribution originates from final
the calculations presented in this section. In particular, wetate photon radiation. The magnitude of the shifvig and
have assumed that photons and leptons with arbitrary smaii, induced by theO(«) corrections suggests thél(«?)
opening angles can be discriminated. In practice, the finitgorrections may have an effect which cannot be ignored in
resolution of the electromagnetic calorimeter makes it diffi-future W mass measurements at the Tevatron. In this paper
cult to separate electrons and photons for small openingie have presented a calculation of the ré@§kx?) photonic
angles between their momentum vectors. Electron and phagorrections toW and Z boson production in hadronic colli-
ton four-momentum vectors are therefore recombined if theisions. Our calculation is based on the full set of Feynman
separation in the azimuthal angle-pseudorapidity plane igiagrams contributing to*1~yy andlvyy production and
smaller than a critical valugl6,17]. This eliminates the mass includes finite lepton mass effects. In order to maintain
singular terms associated with final state photon radiatiogauge invariance ihvyy production, theW propagator and
and thus may reduce the fraction\@fandZ events with two  the WWy and WWyy vertex functions are modified using
photons significantly. Since muons are identified by hits inthe prescription given in Ref§20] and[31].
the muon chambers, the four momentum vectors of muons In order to accurately determine the shift in ¥Aeand Z
and photons are not combined for small opening angles. Inmasses caused by photon radiation, the numerical calculation
stead, one frequently requires the photon energy to be beloghould be stable for arbitrarily small or large lepton-photon
a thresholcE, in a cone around the muon. The mass singulaopening angles as well as for photon energies as small as the
logarithms thus survive in the muon case. The precise leptotower threshold of the electromagnetic calorimeter of the
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Tevatron experiments, which is ¢7(100 MeV). Due to the andZ events containing two photons can be estimated with
collinear and soft singularities present, this poses a chalan accuracy of 20% or better using a simple equal&se
lenge. Standard adaptive Monte Carlo integration routine€q. (14)].

such asveGAs do not yield a stable result for processes with  Two photon radiation was also found to significantly alter
a complicated peaking structure in the matrix elements, sucthe shapes of thg boson resonance curve and thetrans-

as qgq—!*1"yy and qq'—lvyy. To obtain numerically Verse mass distribution. The shift in til¢andZ masses, and
stable and accurate results in these cases, multi-chann@lthe W width measured from the tail of the transverse mass

Monte Carlo integration techniques are frequently used. Thiglistribution, caused by th€(a?) real photon corrections
approach requires that the peaks in the matrix elements afgay thus be non-negligible for future hadron collider experi-
analytically mapped. To calculate the cross sections fofents. For a realistic estimate of how strongly théa?)
| *1~yy andl vyy production at hadron colliders, we devel- corrections affect théV boson parameters extracted from
oped a multiconfiguration Monte Carlo integration routine €xperiment it is necessary to include the effects of soft and
called MCMC which is based on a similar approach, addingvirtual corrections, as well as detector resolution effects. The
the benefit of largely automizing the mapping of the peakscalculation oft *I ~yy andl vy production presented in this
MCMC thus can be used to calculate other processes witRaper thus only is the first step towards a more complete
matrix elements exhibiting a complex set of peaks with al-understanding of th€)(a?) electroweak corrections taV
most no additional effort. The algorithm which is used in andZ production in hadronic collisions.
MCMC to map out the peaks is based on the Feynman dia-
grams which contribute to the process considered.
ImposingW and Z boson selection cuts on the final state
leptons, we found that a significant fraction of weak boson We would like to thank R. Brock, Y-K. Kim, M. Lan-
events contains two photons. The probability Zoevents to  caster, D. Waters and D. Wood for stimulating discussions.
radiate two photons is almost a factor five larger than that foOne of us(U.B.) is grateful to the Fermilab Theory Group,
W events. FoW— uv andZ—u™ u~ decays, the rate for where part of this work was carried out, for its generous
two photon radiation is about a factor 3 smaller than thehospitality. This work has been supported in part by DOE
corresponding rate for decays with electrons in the final statecontract No. DE-FG02-91ER40677 and NSF grant PHY-
If the photonpy is less than about 3 GeV, the fraction\®f  9600770.
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