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We present the leading-logariththl) final-state radiative effects for the exab{«) YFS exponentiated
(un)stableWW pair production at CERN LEP2 or NLC energies using Monte Carlo event generator methods.
The corresponding event generator, version 1.12 of the prograwws, wherein both standard model and
anomalous triple gauge-boson couplings are allowed, genaré4dsradiation both from the initial state and
from the intermediat&v/* W~ state, and generates the LL final stitedecay radiative effects. Sample Monte
Carlo data are given for illustration.

PACS numbgs): 12.15.Lk, 12.20.Ds, 13.18.q, 14.70.Fm

The role of the final-state radiatiig-SR) effects in the authors of Ref[2] have made an independent cross-check of
processes’e” —W' W™ +n(y)—4f+n(y) at and beyond their estimates of the FSR line-shape effects &jre”
CERNe*e™ collider LEP2 energies is of considerable inter- —W*W~—4f in Ref. [3]. There they present an exact
est for the LEP2 and Next Linear CollidéNLC) physics  O(«) calculation of the process in the double-pole approxi-
programg 1-3]. In this paper, we evaluate for the first time mation (DPA), wherein they retain in the pole expansion
the possible interplay between the exélta) electroweak [10] of the completee™ e —4f amplitude, only the terms
(EW) corrections and the leading-logarithfioL ) final-state  containing the double pole in th® matrix at the complex
radiative effects for these processes whenrthg) radiation  mass squaredyl®= M\Z,\,—iMWFW, whereMy,,I"y are the
is realized according to the amplitude-based Monte Carloespective mass and width of theéboson, and where in the
(MC) event generator techniques described in Rpfs5], residues of the respective double poles they project the re-
wherein infrared singularities are cancelled to all ordera in spectiveO(«) corrections to an appropriate on-shell point.
by using the extension to spin 1 charged particles of thélenceforth, we refer to the on-shell residue projected DPA
theory of Yennie, Frautschi and SuutéFS) for QED [6]. as to the leading pole approximatioPA), with more gen-

The final-state radiative effects are realized in the LL ap-eral applications in mind: for example, in a triply resonant
proximation using the calculation of the programoTtos[7] ~ Process, the LPA would correspond to the triple pole terms
in which a non-radiative final-state process is used to geneil the respectiveSmatrix element with the residues pro-
ate up to two photons in the corresponding radiative proces§cted to an appropriate on-shell point. In this gauge-
by iterating the structure function evolution equafidor invariant calculation, these authors find that tﬂe FSR peak
QED [8]. The exactO(a) YFS exponentiated final-sta/  reduction effect is~14.4% forw* (") —e" Dy (1), to be
decay radiative effects will be published elsewhf®& In  compared with their estimate of 14% in Ref.[2]. We will
this connection, we note that we expect the non-leadingompare our results with those in Reffg,3]. We emphasize
O(a) and higher order@(a"), n=2) final-state radiative that our work differs from the work of Ref2] in that we
effects to be small-1% in the peak reduction effef®] for  include the exact EWO(«) corrections with YFS exponen-
example, even for a “bare trigger” acceptance for the out-tiation in the production process and we actually calculate
going final charged particles. This has been found by théhe effects of the FSR in thé/-pair production and decay
authors of Ref[2], who analyzed the effects of final-state process at LEP2 or NLC energies; in REf], only the pro-
radiation inZ decay in the naive exponentiat¢elxact and cessyﬁfﬁﬁzz_)e+e*+ ,,;T is actually calculated, and a
LL) O(«) approximation and who estimated the correspondheuristic argument is used to estimate the corresponding re-
ing size of the analogous effects\id decay, such as-14%  sults for final-staté\-decay radiation. Thus, our calculations
for the total peak reduction effect. Indeed, more recently, thevill also be a comment on the accuracy of these heuristic

arguments in the presence of the YFS exponentiated exact
O(a) corrections to theW-pair production process. Our
To be precise an ansatz is provided, which reproduces the LWOTk differs from that in Ref{3] in that we include the YFS
terms. It includes transverse degrees of freedom for the photofXPPonentiation of the exac®(a) production process in the
4-momentum, and assures coverage of the full phase space aMypair intermediate state and ti¥ «)® LL FSR whereas, in
rules of energy-momentum conservation. The photon angular disRef. [3], the exactO(«) correction to the production and
tribution is chosen to reproduce exactly the one of the soft photorilecay processes for thd pair in the leading pole approxi-
limit. See Ref[7] for more details. mation is calculated without exponentiation. The leading
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FIG. 1. The invariant mass distributions W~ reconstructed from its decay products,v,, four-momenta. In the left pictures the
electron is treated exclusivelybare” electron), while in the right pictures it is treated calorimetricallydressed” electron—its four-
momentum is combined with four-momenta of all photons emitted within an angle of 5° around its dire€tieninput values aré/,y
=80.23 GeV, I'y=2.034 GeV.

pole approximation treatment of the attendant non-QED bremsstrahlung correction we stress that, since the real
factorizable corrections in Reff11,12,14 is also retained. photon hask?=0, the corresponding running charge is the
The latter non-factorizable corrections have been showmsual one. It can thus be shown that,(M«), bremsstrah-
[11,12,14 to be small and, as we explain in R€E], when lung residues of the on-shell fermion-loop scheme are
one works up to but not includin@((a/7)I"y/My,) as we  equivalent to those in the LPA; in both cases all infrared
do, such effects may be dropped, which we do. We stressingularities are properly cancelled and not only is the QED
that the suppression of non-factorizable corrections byauge invariance preserved but also the 8, XU,
O((alm)I'w/Myy) only holds for those distributions that are gauge invariancf4,5]. For this reason, in ordé?(«), in our
inclusive with respect to the invariant masses of e final result, any reference to the fermion-loop scheme is
bosons. As is noted in Ref§l12,14], the non-factorizable purely pedagogical. What we arrive at is precisely the LPA,
effects on theW mass measurement turn out to be numeri-with full on-shell residues for the respective double pole ap-
cally small. This, however, merely reflects the intrinsic proximation. Indeed, as the YFS expansion is not generally
smallness of pur€(al/w) corrections without logarithmic familiar, if one looks at Eqs(1) and(2) in Ref.[5], which

enhancement and does not imply an additional suppressidglve the on-shel)(a) contributions to the YFS residuaf,

by I'w/Myy. Thus, although we start our calculation in Ref. andﬁl, respectively, for the production process il in the LPA,

[5] in the fermion-loop schemgL5], when we focus on the —0)
O(a) EW correction, we go to the leading pole part of the ©"€ may think that the lowest-order contributiondg, Af”

respective production amplitude. We also make the appI’OXIn the notation of Ref]5], is not required either to be evalu-
mation of using on-shell residues for this double pole part,‘[p"t‘f’d at the corresponding on- she:cl pom]:t as well. lHowever
with which we then approximate the correspondige) € fight-hand side of Eq2) in Ref. [S], for example, in-

EW correction. In our Monte Carlo event generator ap- volves the subtraction, from the corresponding on-shell

proach, we stress that the full off-shell phase space is alway<(@) Premsstrahlung cross section, of the product of the

retained here. We improve our result by using the complet& FS real emission infrared functio® [6,4] by the on-shell
on-shell residues for EW corrections rather than their onlowest order Born cross sectiowe need to stress that YFS
shell fermion-loop scheme representatives. Indeed, for ththeory then forces the contribution {8, corresponding to
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FIG. 2. The angular distributions 8/~ reconstructed from its decay producns‘,?e, four-momenta. In the left pictures the electron is
treated exclusively“bare” electron), while in the right pictures it is treated calorimetrically as defined in Fig. 1.

described in Ref[7]. The net probability of the respective
event is unchanged; i.e., the normalizationvebww3-1.11
is unaffected by this interface, which will be described in
more detail elsewherfd]. We refer to the version ofr-
sww3 that contains this final-state radiative interfaceto-
TOs as YFsww3-1.12 and it is available from the authors
[13]. In what follows, we present some sample Monte Carlo
data fromyFsww3-1.12 to look into the possible role of FSR
B.F.L.W) [16], as extended to spin 1 particles in Ref], to  in the presence of th&(«) EW corrections. For definite-
arrive at the respective exal(a),.,q YFS exponentiated Ness, we focus here on the current LEP2 c.m. system.s)
results realized ivFsww3-1.11. Hence, we stress that, as farenergy of 190 GeV and on the standard mog&\)) cou-
as theO(a) correction to the production process under studyPlings. The complete discussion of both LEP2 and NLC en-
is concerned, the results in Ref8,5] should be equivalent, ergies with the illustration of anomalous couplings will ap-
in view of the many cross-checks carried out by the author§ear elsewherg].
of Refs.[17—19 of the two corresponding electroweak on-  Specifically, in Figs. 1-8, we show the results obtained
shell calculations used therein. with YSFww3-1.12 on the processes e” —W"™W™ +n(y)
More precisely, starting from the calculations in the pro-—cs+1v,, |=¢, u, for the cosine of theW production
gram YFsww3-1.11 in Ref.[5], which feature the exact angle distribution in the c.m(lab) system, for theWw mass
O(a)prod YFS exponentiated results for the processe™ distribution, with both “bare” and “calorimetric” defini-
—W"W™ +n(y)—4f+n(vy), we have interfaced the out- tions of that mass, for the c.m.s. lepton final energy distribu-
going final state to the prograrHOTOS[7]. The latter uses tion, for both calorimetric and bare definitions of that energy,
the structure function evolution equation for QIEB} to gen-  and for the corresponding distributions of the cosine of the
erate up to two final-state decay photons for eéthccord-  lepton decay angle in thé/ rest frame. We note the follow-
ing to the respective LL probabilities to radiate; here theing properties of these results. First, concerningWenass
corresponding angular distributions of the decay photons ardistributions in Figs. 1 and 5, we see that the respective
all generated in accordance with this LL approximation asaverage values d¥l,, are as given in Table I. Ther&W-ex

this respective lowest-order Born cross sectigf’, to be
evaluated at the on-shell point as wellhus, according to
YFS theory, Eqs(1) and(2) in Ref.[5] are entirely equiva-
lent to results in Ref[3] for the production process, for
contributions up to and including tern@(«). As can also
be seen from the results in R§8], these approximations are
valid up to but not includingd((a/#)I"w/My). We then
apply the YFS Monte Carlo methods of two of (8.J. and
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FIG. 3. The distributions of
the final state electron energy in
the laboratory frame. In the left
pictures the electron is treated
exclusively (“bare” electron),
while in the right pictures it is
treated calorimetrically as de-
fined in Fig. 1.

FIG. 4. The distributions of
the electron decay angle’s cosine
in the W™ rest frame. In the left
pictures the electron is treated
exclusively (“bare” electron),
while in the right pictures it is
treated calorimetrically as de-
fined in Fig. 1.
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TABLE I. The results of the 128 10P statistics sampleéveighted evenis(except forBorn, where the sample is 54010° of such eventsfrom
YFsww3-1.12 for the average value df, as computed with the levels of radiative corrections as indicated for both bare and calorimetric
treatments of the final lepton. See the text for more details.

Ecm [GeV] Calculation FSR Cut (My) [GeV]
W~ Hefje
190 Born - BARE 80.253+0.008
EW-ex No BARE 80.146+0.036
No EW No BARE 80.142+0.036
No EW Yes BARE 78.614+0.035
EW-ap Yes BARE 78.613:0.035
EW-ex Yes BARE 78.618+0.035
No EW Yes CALO 79.7270.036
EW-ap Yes CALO 79.725:0.036
EW-ex Yes CALO 79.731:0.036
W *)'“;/L
190 Born - BARE 80.253-0.008
EW-ex No BARE 80.146+0.036
No EW No BARE 80.142+0.036
No EW Yes BARE 79.374:0.036
EW-ap Yes BARE 79.373:0.036
EW-ex Yes BARE 79.378:0.036
No EW Yes CALO 79.725-0.036
EW-ap Yes CALO 79.724+0.036
EW-ex Yes CALO 79.730:0.036

TABLE II. The results of the Breit—Wigner line shape fit to thesww3-1.12 MC sample for th&V/~ invariant mass distribution & s
=190 GeV. The input values of the&/ mass and width wertl,,=80.23 GeV and’\y=2.03367033 Ge\(this value was used in the
I'\fix fit). The fits were performed for twi/ invariant massvl ranges, as indicated in the table. See the text for more details.

My or My/Ty, [GeV]

W™ —e v,
M range No FSR FSR-BARE FSR-CALO
[GeV] I'yAfix T\ Ait I'yAix Iy Ait 'y Afix Ty Ait
Born 78 — 82 80.240 80.240/2.0413
76 — 84 80.239 80.239/2.0376
No EW 78 — 82 80.231 80.231/2.0442 80.166 80.168/2.2105 80.216 80.217/2.0831
76 — 84 80.227 80.227/2.0372 80.142 80.135/2.2547 80.207 80.207/2.0892
EW-ap 78 — 82 80.166 80.168/2.2105 80.216 80.217/2.0832
76 — 84 80.142 80.134/2.2547 80.207 80.207/2.0892
EW-ex 78 — 82 80.231 80.231/2.0443 80.166 80.168/2.2105 80.216 80.217/2.0832
76 — 84 80.227 80.227/2.0372 80.142 80.134/2.2547 80.207 80.207/2.0892
W7~>,Uf:#
Born 78 — 82 80.241 80.241/2.0308
76 — 84 80.250 80.250/2.0295
No EW 78 — 82 80.232 80.232/2.0342 80.198 80.199/2.1196 80.217 80.218/2.0731
76 — 84 80.238 80.238/2.0307 80.192 80.190/2.1481 80.217 80.217/2.0845
EW-ap 78 — 82 80.198 80.199/2.1196 80.217 80.218/2.0731
76 — 84 80.192 80.190/2.1481 80.217 80.217/2.0845
EW-ex 78 — 82 80.232 80.232/2.0343 80.198 80.199/2.1196 80.217 80.218/2.0731
76 — 84 80.238 80.238/2.0307 80.192 80.190/2.1481 80.217 80.217/2.0845
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denotes the exaaD(«),q calculation of EW corrections nhounced than those for the case; the calorimetric accep-
[5], EW-apdenotes the approximate treatment of these EWance reduces the size of the FSR effects; the results are not
corrections as given in Ref20], andNo EWdenotes that the Vvery sensitive to the EW correction to the production pro-
EW corrections other than the ones coming from LL cess. If we compare the predictions with and without FSR for
[O(a?)] initial-state radiation are turned off. The calorimet- the EW-exandno EWcases, we get a measure of the modu-
ric results are all closer to their respectiNe FSRanalogues lation of the FSR on the EW correction. From the curves in
than are the bare results, as expected. The effects of the FSRr Figs. 1 and 5 and the respective plots of thep as

for the muon case are all respectively smaller than the cordefined in the figures we see that this modulation is as ex-
responding results for the electron case, again as expect@&Ct?d- ‘Concerning the cosine of th'¢ production angle
because of the smaller radiation probability for the muondistributions, we see the interplay of the exact EW correc-
The size of the shift ofM,y) is generally consistent with the tions on the one hand and the FSR on the other. Further, we
discussion in Ref[2], which deals with primarily the line see that the approximate EW corrections of R2@], while
shape(peak position and heightin detail we see that, in the & definite improvement over the no EW corrections at all, are
presence of the FSR, at the level of our statistical errors, fopot sufficient to describe this interplay at the level of
an average quantity such &8ly,), all three calculations in 0-5-1.0%. Similar remarks hold for the lepton energy dis-
the table are sufficient, as expected. With regard to the guesiibution in the c.m. system, although the corresponding in-
timates made in Ref2] concerning the peak reduction and Sufficiency is reduced to the level 0f0.3% for theBARE

the peak position shift, we see from tB&REcurves in Fig.  caSe; for example for electrons. Concerning the distributions
1 that our result of 13.5% for the peak reduction in gie ~ Of the cosine of the lepton decay angle in Werest frame,
case(comparing theEW-excurves with and without FSRs W€ again see the importance of including both the EW cor-
in good agreement with the 14% guesstimate of R&fand rections and the FSR in Figs. 4 and 8, for the electron and the
with the 14.4% found in the rece@®(«) on-shell LPA re- muon, respectively. In all cases, the results for the muon,
sults in Ref[3]. The~—57 MeV estimated in Ref2] for particularly theBARE results, are less affected by the FSR
the corresp.oncliing peak position shift in the case was than are the corresponding results for the electron, as ex-
recently updated to-77 MeV in Ref.[3]; for the u case, pected. We stress that our results in Figs. 1-8 are generally

: o istent with those in Ref3], keeping in mind that we
the updated expectation from R¢8] for the peak position consis .
shift is —39 MeV. For completeness, we note that the sizereat theO(a?) LL FSR_and the YFS exponentiated on-shell
of the peak reduction effect in the case has been found to exactO(a)prog pro.ductl.on Process, .when’aas RES] treats
be ~8% in Ref.[3] whereas in Fig. 5 we find 7.6%, again only O(a) corrections in our LPA'. In which only on-shell
showing good agreement between our results and those m&due_s are used. Indeed, in z,;\ddmon _to the agreemen';s al-
Ref.[3]. Indeed, to compare our results for the peak positio Qady C'tedt we caI.I the reader’s attention to the normaliza-
shift with those just cited from Ref3], we have performed \|/o_n_correct|on n '.:'g' 9 (O)f Ref[3]. at the c.m.s. energy pf
Breit—Wigner fits to our line shapes in Figs. 1 and 5 with the VS~ 190 Gev, it is —11%, in very good agreement with

values, both fixed and floating, of théwidth. The results of ©U" result in Ref.[5], which is (1+ Sprod) (pw)*— 1=
our fits are shown in Table II. For comparison, the fits are 11.1%; for the latter result, we have used Table Il in Ref.
done for two different mass intervals, from 78 GeV to g2 (5] for the relative correctiomp,q=—9.9% to the produc-
GeV, and from 76 GeV to 84 GeV, to illustrate the role of fion process, and the result in RE21] for the O(«) correc-
the wings of the resonance in the fits. From these results wion to the leptonic partial widttp,,— 1= —0.686%. In ad-
find that theBARE peak position shifts are estimated using dition, we can note that, for the case of the, decay
the narrow fit range as 80.1680.240=—72 MeV and channel, our results are also consistent with those in[Réf.
80.199- 80.241=—42 MeV for thee and u cases, respec- for the peak position shift and peak reduction effects. In view
tively. We also computed the shift in the average invarian©f our higher-order corrections, we find quite reasonable all
mass(My) of the W in the narrow range from 78 GeV to 82 the agreements noted here. A more detailed discussion of
GeV as another estimate of the peak position shift for theuch comparisons will appe#®]. We stress that we have
BARE trigger and we found-81.5+1.4 MeV and—43.9  arrived at our results through a MC event generator realiza-
+0.9 MeV for thee and u cases, respectively. Thus, both tion of our calculation, in which realistic, finitpr, n(y)
sets of estimators of the peak position shifts are in reasonabl@diation is incorporated in the production process on an
agreement with the results given in RES];? in this connec-  event-by-event basis, whereas the results in Rfare all
tion, we recall the slight difference in beam energy betweerseémi-analytical. This enhances the significance of the general
our studieg95 Ge\) and those in Ref.3] (92 Ge\). More- ~ agreement of our results where they do overlap.
over, we see in Table Il the same pattern of results as we see The issue of whether the calorimetric results are more
in Table I: the FSR effects for the case are more pro- realistic than the bare ones appears to depend on whether one
is talking about the muon or the electrdfor the electron, it
is very difficult to separate the soft photons with energy

— . )
2The fit mass shift and the peak position shift approach one an-rW that are responsible for the FSR effects of Widine

other as the fit range approaches a zero size interval around the
peak; a similar remark applies to the shift in the average mass
relative to the range over which it is taken around the peak. 3T. Kawamoto(private communication
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shape as discussed already in RE2s3]; they are just a part Two of us(S.J. and B.F.L.W.acknowledge the kind hos-
of the electromagnetic calorimeter response in generapitality of Professor A. De Rula and the CERN Theory
which is used to measure the electron energy. For the muomivision while this work was being completed. Two of us
the energy is usually measured by a muon chamber in whichB.F.L.W. and W.P. acknowledge the support of Professor
in general, these soft photons are not present. Thus, for the. Schlatter and the ALEPH Collaboration in the final stages
electron, our calorimetric results are more realistic; for theof this work. One of ugZ.W.) acknowledges the support of
muon, it is the other way around. In either case, we see thdhe L3 group of ETH Zurich during the time this work was
precisionW-pair production and decay studies need to takeperformed. This work was partly supported by Polish Gov-
the interplay between the FSR and the EW corrections internment grants KBN 2P03B08414 and 2P03B14715, the
account so as to obtain the most precise tests of the SM; olaria Skiodowska-Curie Joint Fund 1l PAA/DOE-97-316,
calculations invrsww3-1.12 offer an avenue to achieve that and by U.S. Department of Energy contracts DE-FGO05-
goal. 91ER40627 and DE-AC03-76ER00515.
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