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We present the theoretical basis and sample Monte Carlo data for the YFS exponentiated calculation of
ete"—=W"W~—f,f]+f,f, at and beyond CERN LEP 2 energies, where the left-handed paffts asfd
f{ are the respective upper and lower components of an SU@@ublet,i=1,2. The problem of gauge
invariance of the radiation from the unstable charged spiiis solved in an entirely physical manner. Our
formulas are illustrated in a prototypical YFS Monte Carlo event genera®nvw2, wherein both standard
model and anomalous triple gauge boson couplings are alld@Be856-282(96)03021-4

PACS numbsgs): 12.15.Ji, 12.38.Cy, 13.40.Ks, 14.70.Fm

[. INTRODUCTION curacy and appropriateness in Réf]. We note that recently
it has been verifie@7] that the approach in Rd5] is indeed
The problem of the precision calculation of the processaccurate enough for the requirements of the LEP 2 physics
e"e" =W W~ +n(y)—4 fermionstn(y) at and beyond program as it is currently envisioned. We will show that the
energies reached at the CERNe™ collider LEP 2 is of  YFS theory will afford us an arena in which we can resolve
considerable interest in connection with the verification andhis controversy.
tests of the S(P), XU(1) model of Glashow, Salam, and  While we were preparing this manuscript, we became
Weinberg[1] of the electroweak interaction. Indeed, theseaware of independent and related results by Baur and Zep-
processes are the primary objective of the initial LEP 2 physpenfeld (BZ) [8] for the problem of quark-pair annihilation
ics program, providing as they do both a window on the mostnto W™ followed by a lepton-pailV= decay, a process of
precise measurement of th& rest mass and a window on interest in hadron-hadron collider physics, for example. We
the most precise test of the fundamental non-Abelian triplewill therefore compare our approach with that of BZ in what
and quartet gauge field self-interactions in principle, for ex-follows. We shall see that the two approaches are consistent
ample. In this paper, we present the theoretical basis of theith one another. Moreover, during this same period, we
rigorous Yennie-Frautschi-Suur@/FS) [2] Monte Carlo became aware of an independent derivation in Fagfof the
(MC) approacH 3] to these processes. For completeness, wagolution of the gauge invariance problem for radiative cor-
shall illustrate our results with a prototypical Monte Carlo rections to the processes of interest to us here. We will there-
event generator, which will be exact in the infrared regimefore use the results of RgR] in what follows, as they are in
and will be of leading logarithmic accuracy througtie?) in complete agreement with our work insofar as the issue of
the hard radiative regime. A more accurate realization of ougauge invariance is concerned.
results will appear elsewhefd]. In addition, in the original YFS papd:2], there is no
Referring now to the results in Ref&, 6], it is clear that  explicit discussion of charged spin-1 massive radiation. Thus
there are problems of principle in carrying through a mani-we will need to extend the the rigorous YFS theory to this
festly gauge-invariant realization of the production and decase as well. This means that our analysis is of theoretical
cay of massive charged spin-1 boson pairg e~ with the  interest in its own right as a study of the infrared limit of
presence of radiation. Indeed, some controversy did exist imassless vector radiation from massive charged vector fun-
the literature on just how one should proceed even in thelamental particles.
stable particle casgb,6], where, for example, the current- Our work is organized as follows. In the next section, we
splitting approach of Ref.5] has been questioned as to ac-set our notational conventions. In Sec. lll, we derive the
extension of YFS theory to spin-1 charged particles. In Sec.
IV, we derive the corresponding YFS formula for the pro-
*On leave of absence from Institute of Computer Science, Jagekesseee” —W* W™ +n(y)—4 fermionstn(y) and show
lonian University, Krakav, Poland. that it is manifestly gauge invariantn Sec. V, we illustrate
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. Py FIG. 2. Infrared emission of a photon of four-momentinby
e” . (@ an incoming fermion of massn;, charge Q;e, and four-
kn Vn momenturmp, (') an incoming spin-1 charged boson of masg;,

chargeQye, and four-momentunp, (b) an incoming antifermion
- of rest massn; , charge—Q+e, and four-momentunp, and(b’) an
FIG. 1. Processe’e”—W'W~™—4 fermions=f,+f;+f,  incoming spin-1 charged boson of rest maég,, charge—Qye,
+f5, where ¢‘,), i=1,2, are S2), doublets. Herg, is the four-  and four-momentunp. Here the components @i, of course, must
change in passing from the fermion cases to the vector boson cases

fAA=f, f! he four-
momentum ofA,A=T;, T, and () and py(qp) are the four- incoming lines are on shell, for example.

momenta ofe™ (e”) andW™* (W™), respectively. We use the nota-

tion C_,=P, C=3%(1— y5)C for anyC. _
where the real infrared functioB and the virtual infrared

our YFS formula with Monte Carlo data based on the protofunctionB are given in Refs[2, 13, 15-17, and where we

typical MC event generatorFsww2 [10], which uses the Note the usual connections

Born level cross section of Reffl1] as an input to achieve

leading-logarithmic LL accuracy in the hard radiative regime k=Ko d3k
and exactness in the infrared regime. Section VI contains our 2a4B= f e —§(k),
summary remarks, and finally some useful formulas are col- Ko
lected in the Appendixes.
Sk
II. PRELIMINARIES sz d°k —o= &7 = (K max=K)] )

In this section we review the relevant aspects of our YFS
MonFe Carlo methods as tfley_pert{;un to thg problem of ®X3or the standard YFS infrared emission factor
tending our methods to th&™ W™ pair production processes
of interest to us here. In this way we also set our notation and

define our kinematics. _ o P, Qi 2
More precisely, the problem we study herein is illustrated S(k) = 1.2 {Qfo’(_k_ _k) +- } (3
in  Fig. 1, together with the respective m Pak Qs
kinematics: e +e” —=W"+W ™ +n(y)—4 fermions
+n(y) at c.m. systen{C.M.S) energies\s=2M,, so that it Q, is the electric charge of in units of the positron
we may neglecin?/s compared to 1. This corresponds to the charge. Here, the “-" represent the remaining terms in

case of LEP 2 and of the Next linear collid@tLC) (level 0 'S(k) obtained from the one given by respective substitutions
designs of the NLC now are in progress at several laboratogf Qs, p1. Qf/, andq; with corresponding values for the
ries [12]). Let us focus for the moment dV"W™ pair pro-  other pairs of the respective external charged legs according
duction part of Fig. 1. In Ref413, 14, for the case that the to the YFS prescription in Ref2] (wherein due attention is
Ws are replaced by the fermion péfif, of rest masses:;  taken to obtain the correct relative sign of each of the terms
and of chargestQe, we have realized by Monte Carlo in S(k) according to this latter prescriptipand in Refs[13,
methods the process”+e~—f+f+n(y) via the funda- 14], f#e, f' =f. o
mental YFS formula The YFS hard photon residuafs in Eq. (1), i=0,1,2, are
given in Refs.[13, 14 for YFS2, YFS3 so that these latter

+D

n=o0 n! =1 k? (2m)* initial (initial +final) state radiation, respectively, using a
Xexr{iy p1+q1—pz—qz—; K
sponding Monte Carlo realization of the respective applica-

% event generators calculate the YFS exponentiated exact
corresponding Monte Carlo realization of Edj). In the next
sections, we use explicit Feynman diagrammatic methods to

— d3p,d® - - - ;
X Br(Kyy... Ky) M, (1) tion of Eq. (1) to e"e"—~W'W +n(y)—4 fermions

- n 3. 4
do=g?x ReB+2aB) - f 11 'k dy O(c?) LL cross section foe™e™ —ff+n(y) with multiple
i
extend the realization of Eq1) in YFS2, YFS3to the corre-
P2d> +n(y).
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lll. YFS THEORY FOR MASSIVE CHARGED VECTOR i

PARTICLES Mog="+"" (—iQeey*)u(p)

p'—mg+ie
In this section, we present the required formulas for ex-

tending the exacO(a®) LL Monte Carlo realization of the —... Qee (p—Kk+mg) y*u(p)

hard photon residualg,, in YFs2, YFs3[13,14 to the corre- —2kptkitie ¢

sponding Monte Carlo realization for th&/* W™ -pair pro-

Qee

duction processes. We begin by deriving the respective YFS = [2p*—kE+i oK, Ju(p)
real and virtual infrared functions for these latter processes. k“—2kptie
Referring to the kinematics in Fig. 1 and to the definition Q.e
of the YFS infrared function$(k), S(k) in Ref.[2], we see =limMyg=--- 2—e (2p*—k*)u(p),
that to extend the infrared YFS calculusWds it is enough IR k®—2kp+ie
to show that in the respective infrared regime for an emitted @)

photon of four-momenturk the amplitude for spin 1, charge

Qwe, and masi,, for the emitting particle is related to that \yhere we define

for spin 1/2, charg&):e, and rest masm; by the substitu-

tions of the respective Lorentz group representation factor, limA(k)=lim A(k),

the charge, the corresponding four-vectors, and radiationless IR k—0

(Born) amplitude. From this result, it is immediate that the

formulas given in Ref[2] for for S(k), S(k) for spin 1/2  for any function.A(k). For Fig. 2a'), we get the correspond-

hold also for spin 1 with the corresponding substitution ofing result

charges and massive four-vectors. Let us now establish this

correspondence of the infrared regimes of spin-1/2 and (—i)(g¥ ™ —p'“p'*'IM2)

spin-1 massive, charged particles. Moy =-"*
The relevant situations are illustrated in Fig. 2, where in

we have the emission of a photon of four-momentubyy an

incoming fermion of charg&);e, rest masan;, and four-

(iIQwe)

p’Z—MS\,-I—ie

X[Garp(2p—K)*+ 0% (—p+2K)g

momentump to be compared with the analogous situation in +g4(—p’ —2K) ./ 1€? (p)

(@) where we have the emission of a photon of four-

momentumk by an incoming spin-1 vector bosoV~ of (Quwe)(g¥* —p'®'p’“'IM2)

chargeQ,,e, rest massvl,,, and four-momentunp. In (b), = K 2kprie [9arp(2p—kK)*
we have the emission of a photon of four-momentubyy an

incoming spin-1/2 antifermion of chargeQ:e, rest mass +2k5g5,—2ka/g’é—p;,gg]e"f(p)zlim/\/lz(a/)
m¢, and four-momentump to be compared with(b'), IR

wherein we have the emission of a photon of four-

momentumk by an incoming spin-1 vector bosoW* of — ... (Qwe) wfomy o
= 7 — (2p*—k*)eZ (p). )
charge —Que, rest massM,, and four-momentunp as k“—2kp+tie
well. From the standard Feynman methods, for Fig),2ve
have the amplitude fof =e for definiteness: Similarly, for Fig. Zb), we get the infrared limit as

[ v(P)Qeey*(— P+ k+me)

Moy =v(p)(—Qee) v —pt+k—metie e k2—2kp+i6

- 1
Qeev(P)| — Y*D— By + (P+me) v+ (Ky*+ y*K) + 5 (Yk—ky")
- kZ—2kp+ie

_ Qeev(p)[—2p#+kH—io*k,]
- KZ—2kp+ie '

. v(p)Qee(—2p*+k*)
":>II|LnM2(b): kze—zkp+|6 cee (6)

whereas for Fig. @') we compute the infrared limit as

(—i)(g¥P—p'¥'p'PIME)
(p"?=My+ie)

(Qwe)(g”"P—p'“"p'FIMG)
=-.- . [9ga(—2p+k)*+2kzg4— 2k g%+ PKailed (p)=limM
(k*—2kp+ie) B B BT PpYal€s M)

Mopry=-- (1Qwe)[9pa(—2p+K)“+gh(p' +2K) s+ gp(p—2K) ] €5 (P)

) "
:...Mfcg%(—zpuk*‘)eﬁ(p)- @



54 GAUGE-INVARIANT YFS EXPONENTIATION OF . .. 5437

This shows that the stated correspondence holds.
__ It follows that we obtain the YFS infrared functioh2]

B=pB—this gives 3,=0.382. ForB=p;, the Coulomb cor-
rection series is a well-behaved part of the usual perturbation

S(k) andS(k) for real and virtual soft photon emission from series and does not need special treatment in our analysis.

W™~ lines by substituting the respective mads, into the

Our requirement that th®(a?) Coulomb correction stay be-

corresponding expressions for these functions for emissiolow 0.03% for =g, is determined with an eye toward an

from e™~ lines:

(~) (~)
S (k)eﬁm=MW: S (Kw-w+

(~)
S (k)eelm:MW: S (K)w-w-»

(~) (~)
S (K)ee m=My,~ S (K)w+w+

ultimate goal of 0.1% total precision on our calculations—
this goal is, however, beyond the scope of the current paper.
It is apparent thaBy,-,,+ andBy-+ contain the same in-
frared divergences so that we may lB\'@,W in our YFS
exponentiation algebra without any change in the cancella-
tion of infrared singularities to all orders im so that such a
use of B\'N,W+ is fully justified by the original YFS argu-
ments[ 2]—the resulting cross sections are fully independent
of the substitution oBy,,-,,+ for By-w+ when the theory is
summed to all orders i as is proved in the original YFS

paper. Thus we will make this substitution here and treat the

Coulomb effect entirely according to the methods in Ref.

where the subscripts indicate the respective YFS infraredil8] It can therefore be seen that our procedure for arriving

functions foree ee ee. W W', W~ W~ andW*W* inthe  ata smooth transition, in our complete cross section, within

obvious manner. the limits of its physical precision tag, between the
One important point needs to be discussed before we turﬁoglomb-domlrlafecﬁao regime and the relativistig—1

to the application of Eqs(8) to W* pair production. This r€gime of thew i charge _form factor is entl_rely consistent

concerns the so-called Coulomb effét8]—the enhanced With the smooth interpolation of Schwinger in Rg19] be-

1/8 behavior of theD(«) virtual correction to the Born cross tween the analogous regimes of the respective charge form

section due to the exchangelof-0 virtual photons, wherg factors for spin-0 and sp|n-_1/2 massive charged.part!cles.

is the c.m.s velocity of one of th&s. Since the YFS We now turr_1 to'the application of the results in this sec-

virtual infrared  function &BW—W+EI[d4k/(k2—m$ tlor:t_toI thehretallzatl((j)_ntpf ou;fYIES_MPn_te C\Z/\a}lil\t;vgerproach to

+i€)]S(K)w-w+, wherem, is our photon infrared regulator muiliple photon radiative efiects 18 € — n(»)

mass, describes precisely this regime of the virtual photor"i1t LEP 2 and NLC energies.

phase space as well, we need to remove this Coulomb effect

from By,-w+ SO that it can be treated via the methods of Ref.

[18] as accurately as one desires without double counting it. V- GAUGE-INVARIANT YFS MONTE CARLO

This we do by defining the analytic subtraction APPROACH FOR ete”—-W™W™+n(y)

In this section we apply the results of the preceding sec-

, 6(B—B) . tion to develop a Monte Carlo event generatesww?2[10],
Bw-w+(B)=Bw-w+(B)— — 5 lim BBw-w+(B) which realizes the YFS exponentiated multiple photon radia-
B—0 tion in the procese™e” =W W™ +n(y), where we will
- also allow theW's to decay to four-fermion final states. In
=Bw-w+(8)— 13 0(B:—B), (99  the development presented here, we shall work to the leading
B logarithmic B, level in the respective YFS hard photon re-

sidualsf,, in Eq. (1) as it is applied tdV-pair production via
whereg is the usual step function and here we deternine  the substitutions in Eqs8).
the transition velocity which separates the nonrelativistic re- Specifically, on using the results in Ed8), we arrive at
gime from the relativistic one insofar as the Coulomb cor-the representation, for the process e —W" W~
rections are concerned, by the requirement that@e?) +n(y)—f, +f1+f5+f,+n(y), of the fundamental YFS
Coulomb correction(wa/B)%/12, be less than 0.03% for cross section formula

_® "3k 4
2a ReB+2aBE 1 d kJ d y

do=e Zulll 5o | e

xexp{iy

d®ps, d*pr7d®pr,d®p,

Py PPy Py
’
[EL S Mg Y

p1+Q1_p2_QZ_; ki|+D E(kl,---,kn)

X

(10
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where, referring to the kinematics in Fig. 1, we have the
identificationsp,= py, + pt7, G2= Py + P, for thew™, W~
four-momenta, respectively. The YFS infrared functions
B(Kna, D, andB, and by Eqs(8), are obtained from the
the corresponding ones for the proceSe™ —f+f-+n(y)

as given in Eq(3) and in Refs[13, 17] via the substitutions
(Qf!pf!mf)H(QW*!QZIMW)l (Q:p:mf)_’(QWJﬂva

Myy). Their analytical representations are given in Appendix w- o h
A. The hard photon residua)8,, how contain both the pro- e —._M,-<
duction and decay of th&/’s, which may, of course, occur @ &N

either on or off thew mass shell. We will work to theg,

level, and we have the identification . . . .
» and we have the identificatio FIG. 3. Imaginary parts necessary to include in the amplitude

for ete"—=W'W~ —4 fermions=f,+f;+f,+f, in order to
(11 maintain gauge invariance in the presence of radiation bywtse
themselves. Here the notation is identical to that in Fig. 1 and the
. . . . vertical dotted line indicates the standard Bjorken-Landau-
where _dQ+(—) IS the differential decay solid angle of cyyosky isolation of the respective imaginary part.
f1(f5) in the W' rest frame, for example. Here we take
the respective Born cross sectidorg,,,, from Ref.[11] for ~ and we have had in mind in particular the illustration, among
definiteness. The resull0) has been realized via the YFS other things, of the effect of th&/~ contribution to the YFS
MC methods of two of ug¢S.J. and B.F.L.W, see, for ex- real and virtual infrared functions in EqL0), as this effect
ample, Refs[3, 13], in the programyFsww2 [10]. has not been presented elsewhere.

Before we illustrate the type of predictions which we  Specifically, we will use the four-fermion final state
make withyFswwz for the LEP 2 or NLC physics scenarios, f1=¢, fi=s, f,=v,, f;=e for definiteness. With an eye
let us address one further important theoretical point contoward studies of the triple gauge boson couplings in the
cerning the fundamental result0). Specifically, the reader standard model S(@2)xU(1) theory of Glashow, Salam, and
may note that th&V= decay widthl',, does not appear in the Weinberg[1], we further follow the notation of Ref11] and
YFS infrared functionsB and B as they are given via the compute our results for no anomalous three-gauge-boson
result (8). Yet, evidently, when an™ of four-momentum couplings and for the valued&«=0.1,0A=0.1 for the devia-

p’ =p+k emits radiation of four-momentui the propaga- tions of the coupling parameters N away from their tree-
tor denominator that would most naively be present immedilevel standard model expectations of 1.0, 0.0, respectively, in
ately preceding the emission vertex would bethe notation of Ref[11]. This we do for three LEP 2-type
Dw(p')=p'2~M&+ip'?['y/M, and for p?=M3$, this c.m.s. energies/s=175, 190, and 205 GeV and for the
does not reduce to the YFR] infrared algebraic form NLC-type energy 500 GeV. The cross sections which we
k?+2kp. The attendant problems with electromagneticobtain from our simulation withvFsww2 were each deter-
gauge invariance are now well knoi$,6,8,9. The solution  mined from 16 events(except for 175 GeV, where we had
to this apparent dilemma is already presented in R8{<9]. 10P events and for the full solid angle acceptance for each of
Whenever thaV~ radiate, one can include their decay width the four-fermions in the final state. The results were com-
in their propagation provided one also allows the radiategputed for both the pure initial state YFS exponentiated
photon to couple to charges in the graphs which generate thgy-level case, as in Ref20], referred to as the ISRnitial
nonzero width to its respective order as well; see R&s9]  state radiationcase in the following, and in the case when
for a detailed discussion of these graphs, which are illusthe W™ contribution to the soft YFS exponentiated radiative
trated in Fig. 3 for the case th&Y, is computed td(«a), for  effects is treated exactly, which we refer to as the 3R
example. The net effect, as explained in detail in Rgfs9]  case in the following. Furthermore, for definiteness, and clar-
and as we have independently verified, is that the emissioity, the effect of the Coulomb correction, as given in Ref.
vertex for the photon in question is multiplied by a factor [18], is also illustrated in our results, both for the simple YFS
which replaces the preemission denominatorform factor ISR case and for the full YFS form factor
Dw(p')=p'?—MZ+ip' 2T/ My, for p?=M 3, with the de-  ISR+Y’ case—the presence of the Coulomb correction is
sired YFS infrared algebraic forrk?+ 2kp, thereby main- indicated by “Coul.” in the following. The corresponding

1— dogom
5 Po=dn a0~
2 dQ,da_

taining electromagnetic gauge invariance. results are illustrated in Table I.

We turn now to sample Monte Carlo data frorrsww2 What we see is that the effect of the full YFS form factor
in the LEP 2- and NLC-type energy regimes. This we do inis at the level of 0.14%, 0.39%, and 0.52%, respectively,
the next section. beyond the usual Coulomb effect at the LEP 2 energies 175,

190, and 205 GeV and is at the level of 0.81% beyond the
V. SAMPLE MONTE CARLO DATA FOR usual Coulomb effect at NLC energies for the case of the SM
e*e" = WHW™ +n(y)—4 fermions+n(y) couplings, giving a total effect beyond initial state radiation

of 3.00%, 2.59%, 2.44%, and 2.06% for the c.m.s. energies
In this section, we present sample Monte Carlo data fod75, 190, 205, and 500 GeV, respectively. For the case of the
the processe’e” =W W~ +n(y)—4 fermionstn(y) in anomalous couplings ofk=56\=0.1, the corresponding re-
the LEP 2- or NLC-type energy regimes. We have used ousults are 0.22%, 0.47%, 0.62%, and 0.25%, respectively, be-
Monte Carlo event generatofFswwz2 as presented above, yond the usual Coulomb effect for total corrections of
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TABLE I. Results of the 18 (except forE, ,=175 GeV, where

GAUGE-INVARIANT YFS EXPONENTIATION OF . ..

it is 1) statistics sample fromrswwz2 for the total cross sectioa %% [;%% T ' '
[pb]. The upper results at each value of energy are for standard : = %§§+ Coul. cons
model coupling constants, while the lower ones are for anomalous " + ISR + Coul. corr. + Y'-corr.
coupling constant$sk=o\=0.1). See the text for more details. 06 [ o ISR + Coul. corr. +Y'-corr. + An. c. c. ]
E.m. [GeV] ISR ISR+Coul.  ISR+Coul. corr. ' ]
corr +Y' corr.
175 0.4906:0.0002 0.504€£0.0002 0.50530.0002
0.4898+0.0002 0.503%0.0002 0.504&0.0002
190 0.6066:-0.0007 0.61930.0007 0.62170.0007
0.6034t0.0007 0.6166:0.0007 0.619%0.0007
205 0.635%0.0008 0.6488:0.0008 0.6514:0.0008
0.6315:0.0008 0.6436:0.0008 0.6476:0.0008
500 0.291@0.0003 0.2946:0.0003 0.297€:0.0004
0.35380.0004 0.35820.0004 0.35910.0004

5439

3.06%, 2.67%, 2.55%, and 1.50%, respectively, for the same

c.m.s. energies. Thus we see that at LEP 2 and NLC ener-

gies, the full form factor does indeed modulate the effect of FIG. 5. W™ angular distributions foE. ,, =500 GeV. See the
the anomalous couplings; this enhances its importance &Xt for more details.

both LEP 2 and NLC energies. Since the targeted accurac L

of the theoretical precision for the LEPV@W-pair produc- fYJ” form factor effect modulates the distributions most
tion cross section is 0.5%7], evidently, the full form factor
effect is very important for LEP 2 physics scenarios.

strongly near their peaks, near the forward direction for the
W™ when the incoming electron direction is used as the ref-
. . . erence direction. As the anomalous couplings modulate these
Indeed, we have looked into the manifestation of thesgyisyibtions over a large range of the respective production
effects in thew= production angular distributions. We show angles, we see that the smallarged values of the full form

in Figs. 4 and 5 four respective differential distributions for ¢5tor effects in Table | for the anomalous cases relative to
the total cross sections in Table | for the LEP 2 energy Ofihe SM cases for NLGLEP 2 energies is consistent with
Vs=190 GeV and for the NLC energy ofs=500 GeV,  the shapes of the distributions in Figs. 4 and 5. Also evident
where we feature the&/~ production angle distribution in the in the figures is the more pronounced anomalous coupling
c.m. system for all three SM coupling scenarios in Table leffect at NLC energies, as expected.

and with the final “ISR+Coul. corr+Y'-corr.” scenario for We end this section by noting that we have also imple-
the anomalous coupling case. We see in these figures that theented the full YFS form factor effect and the anomalous
couplings as well in an unpublished version of the program
KORALW [20] of three of us(M.S., S.J., and W.P.and we
have checked that the results frorrswwz2 and from this
new version ofKORALW [21] are in agreement within the

dopb1 L ; . o .
0 [7ad i — R statistical errors of the simulations. This is an important
: ISR + Coul. corr. ] cross-check on the results in this paper it will be presented in
05 F * ISR + Coul. corr. + Y’-corr. - d il el h 21
E ¢ ISR + Coul. corr. +Y'-corr. + An. c. c. etall elsew eré ]

VI. CONCLUSIONS

In this paper we have developed the YFS theory of
charged spin-1 bosons in the presence of possible nonzero
widths. We have applied our theory to the LEP 2 or NLC
processe” e —W*"W™ +n(y), allowing for theW pair to
decay to four-fermions. The result is the description, via the
Monte Carlo event generatgFrswwz2, of the respectiva(y)
effects on an event-by-event basis, in which the infrared sin-
gularities are cancelled to all ordersdn

Specifically, in our realization of the YFS theory for
charged spin-1 bosons, we have maintained the electromag-
netic gauge invariance of the &), XU(1) theory following
the works in Refs[8, 9]. In addition, we have also avoided
any doubling counting of the so-called Coulomb effect by
removing it analytically from the YFS virtual infrared func-
tion B. This resulted in the definition of a new YFS virtual

FIG. 4. W™ angular distributions foE ,,=190 GeV. See the
text for more details.
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infrared functionB’. We have illustrated our calculations Division while this work was completed. We would like to
with explicit Monte Carlo data at the LEP 2 c.m.s. energiesacknowledge the helpful discussion of E. Richter-Was in the
Js=175, 190, and 205 GeV and at the NLC energg  calculation of YFS form factors. This work was partly sup-
=500 GeV, for both standard model and anomalg¥§W  ported by the Polish Government Grants Nos. KBN
verticesV=vy,Z. We find in all cases that the effect of the 2P30225206 and 2P03B17210 and by the U.S. Department
radiation by theW* themselves is important, both in the of Energy Contracts Nos. DE-FG05-91ER40627 and DE-
production angular distributions and in the over all normal-AC03-76ER00515.

ization. In our YFS Monte Carlo realization of this effect, we

have worked to the leading, level in the current analysis. APPENDIX: YES INFRARED EUNCTIONS
The higher order hard photon residug@s, n=1, will be
considered elsewhefd] in this connection. In this appendix we present some analytical representa-

In summary, our Monte Carlo event generaimsww2  tions of the YFS infraredIR) functions corresponding to
now calculates, on an event-by-event basis, the multiple ph@mission of virtual and real photons for té" W™ -pair pro-
ton effects in the processe+e‘HW+W +n(y)—4  duction in thee"e™ annihilation. An important feature of
fermionstn(y) and includes, for the first time ever, the ef- these representations is that they are stable and fast in nu-
fects of the radiation by th&/~ themselves in the respective merical evaluation. Thus they are particularly suited for
YFS exponentiated soft photons, without doubling countingMonte Carlo implementations.
the so-called Coulomb effect and without spoiling the elec-
tromagnetic gauge invariance of the @) xU(1) theory?

1. Virtual photon IR function for the s channel

ACKNOWLEDGMENT . .
CKNO G S Thes-channel virtual photon YFS IR function Bés) for

Two of us(S.J. and B.F.L.W.acknowledge the kind hos- any two charged particles with four-momenpa,p, and
pitality of Professor G. Veneziano and the CERN Theorymassesn,,m, reads

a1 1+ m? 1+ m?—mZ m
2aR£(s,ml,m2)=;[(_|nM( p) 1)In y+M_PInM( p) Mi-mp my

In
p m;m, mim, S m;m, 2s m,
1 , 1 wu@+p) w(l+p) 1 mi+u(1+p) 2up
+—| 7=z | —In —— 5 IN" ———F———Liy| 70—
P 2 mj my 2 mytu(l+p) mi+u(1+p)
2up ]
-1, (A1)
2\ mo+ u(1+p)
|
where e mzy
2a ReB(t,mM)=— In—+|n§ 1]ln —=
T "
5 In—+|§ 2 — In M2
m;m, | *
p=N1-| =] (A2) oM e
m M TNt
andm,, is a fictitious photon mass used to regularize the IR It] (1
; o —InglIn —+z1In | +Liy| =| -1
singularity. mM 2 2\ 7 '
(A3)
2. Virtual photon IR function for the t and u channels
Thet-channel virtual photon YFS IR function Bét) for  where
two charged particles with four-momenpg,p, and masses
m,M, wherem<M,|t| reads 2
{=1+ t=(p1—p2)> (A4)

Tt

This program is available from the authors at the WWW URL
http://enigma.phys.utk.edu/pub/YFSWW/ and we look forward with The u-channel IR function RB(u) can be obtained simply
excitement to its application to imminent LEP 2 data. by replacingt—u in the above formula.



54 GAUGE-INVARIANT YFS EXPONENTIATION OF . .. 5441

3. Real photon IR functions § (ﬂ_Yi)(ﬂ_Yj)
- )= A
The YFS IR functionB corresponding to the emission of Xi(7)=In (=Y (n=y)!|’
real photons with energf, <K, in a process involving
any two unit charged particles with four-momenta,p, Y(19)=2Z14m)+Z( 1)+ Za 1) — Z34 1)

(both outgoing and massem; ,m, can be expressed as
+ 33X X3 ),

- a[(1 p(l+p) AK . (yj—yi) 17y
: =—{|= Zi(n)=2Re Lp| =—|+ 5 In’|——, (A7
2aB(P1,P2;Kmad W[(pln T Kl () ey L v E AL
1 1+8; 1 1+ 85 and
+ ﬁ In 1 B g In 1 8
1 P11 2 P2
ro=NE3-E, = VBT mi+ AT QR
+,U«A4(P1,pz)], (A5) 1 06+ (0% 0?)(Q%1 5
Y1255 | VATHQ -0+ >
— 2 VAZ+ Q%+ A
whereB;=+/1— m?/Ezi , andu andp are defined in EqA2).
The most complicated part of the above expression is the D
function A4(p1,p2)- It can be expressed as a combination of Y3 4=} [AZ+ Q%+ QO+ 03\ (Q+w’)(Q%+ &) ,
some number of logarithms and dilogarittfnisee also Ref. "2 VAZ+Q%—A
[22] for a similar calculation (A8)
A : 1 | rszQz_A where we used the notation
P2) = n
AP P T Q7 6D | | JAZr Q%A A=E,;—E,, Q=E,+E,,
Sd=my—m,, =m;+ms,,
X[XZ4 71 = X35 10) 1+ Y (32) = Y (70) { L
2= —(p1—p2)° A9
(A6) Q (P1—P2) (A9)
The only approximation used in deriving the above formulas
where is m.<K
Y max-

As one can easily check the dependence of the above

functions on the IR regulatom, cancels out in the sum

2By using some identities we managed to reduce the number c2aReB+2aB, which is used to construct the YFS form fac-
dilogarithms to 8 only. tor.

[1] S. L. Glashow, Nucl. Phy®2, 579(1961); S. Weinberg, Phys. [11] K. Hagiwara, R. D. Peccei, D. Zeppenfeld, and K. Hikasa,
Rev. Lett.19, 1264(1967); A. Salam, inElementary Particle Nucl. Phys.B282 253(1987.
Theory: Relativistic Groups and Analyticity (Nobel Symposium[12] See, e.g., D. Burke, Fermilab Linear Collider Workshop
No. 8) edited by N. SvartholngAlmgvist and Wiksell, Stock- “Physics with High Energye™e™ Colliders,” Batavia, Illi-
holm, 1968, p. 367. nois, report, 199%unpublishel

[2] D. R. Yennie, S. Frautschi, and H. Suura, Ann. PHsY.) [13] S. Jadach and B. F. L. Ward, Comput. Phys. Comrs6n351
13, 379(1961). (1990

[3] S. Jadach and B. F. L. Ward, Phys. Rev38 2897(1988. .
[4] S. Jadach, W. Placzek, M. Skrzypek, and B. F. L. Wénd [14] S. Jadach and B. F. L. Wardrs3 Monte Carlo program, avail-

preparatioh able from the authorunpublishegl
[5] D. Bardinet al, Phys. Lett. B308 403(1993. [15] S. Jadach and B. F. L. Ward, Phys. Rev4() 3582(1989.
[6] F. A. Berends, R. Pittau, and R. Kleiss, Nucl. Ph§426, 344  [16] S. Jadach, E. Richter-WaB. F. L. Ward, and Z. \\& Com-
(1994. put. Phys. Communiz0, 305(1992.

[7] W. Beenakkeret al, Physics at LEP 2, Proceedings of the [17] B. F. L. Ward, Phys. Rev. [36, 939(1987; 42, 3249(1990.
Workshop, edited by G. Altarelli, T. Sgorand, and F. Zwirner [18] V. S. Fadin, V. A. Khoze, A. D. Martin, and W. J. Stirling,

(CERN Report No. 96-01, Geneva, 199¥0l. 1, p. 79. Phys. Lett. B363 112(1995, and references therein.
[8] U. Baur and D. Zeppenfeld, Phys. Rev. Léats, 1002(1995. [19] J. SchwingerParticles, Sources and Fieldé&.ddison-Wesley,
[9] E. N. Argyreset al, Phys. Lett. B358 339(1995. Reading, MA, 1989 Vol. Ill.

[10] yFsww2 Monte Carlo program, available from the authors at[20] M. Skrzypek, S. Jadach, W. Placzek, and Z,s\V&Monte
the World Wide Web URL http://enigma.phys.utk.edu/pub/ Carlo programkoraLw 1.02 for W-pair production at LEP
YFSWW/. 2/NLC energies with Yennie-Frautschi-Suura exponentia-



5442 S. JADACH, W. PLACZEK, M. SKRZYPEK, AND B. F. L. WARD 54
tion,” CERN Report No. CERN-TH/95-205, 1996inpub- tion at LEP 2/NLC energies with Initial State akd-pair State
lished; Comput. Phys. Commur®4, 216 (1996. Yennie-Frautschi-Suura exponentiation,” UTHEP-96-0701,

[21] S. Jadach, M. Skrzypek, W. Ptaczek, B. F. L. Ward, and Z. 1996 (unpublishegl
Was, “Monte Carlo progrankorALw 1.30 forW-pair produc-  [22] S. Jadach and Z. V¢aActa Phys. Pol. B5, 1151(1984.



