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Measurement of theWWy coupling in the processey— vqaoff the W-boson resonance
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We study theV Wy gauge boson coupling in the process— vqaoff the W-boson resonance by evaluating
the helicity amplitudes of all contributing Feynman diagrams. We examine this process for 500 GeV and 1
TeV e*e™ colliders including the photon spectra obtained from both a backscattered laser and from beam-
strahlung radiation. The couplings could best be measured using the backscattered laser phofdis, |with
<0.08 and—-0.07<\,<0.10 at a 500 GeV collider arjd ,|<0.03 @a 1 TeV collider, all at 95% C.L. Except
for the relatively weak limits o« at s=1 TeV, these sensitivities are the same order of magnitude as can
be obtained from real singlé/-production demonstrating that additional information can be obtained from
non-resonant final states50556-282199)01811-1]

PACS numbdps): 12.15.Ji, 12.60.Cn, 14.70.Fm

I. INTRODUCTION In particular, the properties 8/ bosons, including theWw
coupling, has been examined in numerous publications
Despite the fact that the standard model of the elecf14,15 and the measurement of th&VW vertex via single
troweak interaction§1] agrees extraordinarily well with all W production is well establishegd 6]. Our purpose here is to
existing measuremen{g] there is a widespread conviction Point out that one can obtain additional useful information in
that it is nothing more than a low energy limit of a more other kinematic regions, in particular by studying the cross
fundamental theor3]. An approach to probe for new phys- section off theW-boson resonance in the process— vqq.
ics is to represent new physics by additional terms in arOur calculation includes both contributions from virtual
effective Lagrangian expansion and then to constrain the casingle W boson production and its decay to final state fermi-
efficients of the effective Lagrangian by precision experi-ons and the contributions to the final state that do not pro-
mental measuremeni8—6]. The bounds obtained on the co- ceed via an intermediaté/ boson. The interference of the
efficients can then be related to possible theories of newarious diagrams provides additional information off the
physics. In particular, the trilinear gauge boson couplingd€Sonance. In our analysis we considered the various back-
have been described by effective Lagrangighsd]. In one ~ 9rounds that may obscure results for hadraMdecay. We
commonly used parametrization, for on shell photons, thd0Cus onW production at 500 GeV and 1 Te¥" e col-
CP andP conservingyWW vertex is parametrized in terms liders and compare the sensitivities achievable using a back-
of two parametersk., and\, [8]. Although bounds can be scattered laser photon spectrum and a beamstrahlung photon
extracted from high precision low energy measurements angP€ctrum.
measurements at tH#’ pole[10], there are ambiguities and
model dependencies in the resulfisl]. In contrast, gauge Il. THE WWy EFFECTIVE VERTEX
boson production at colliders can measure the gauge boson ) )
couplings directly and unambiguously. The current world av-  Within the standard model the/Wy vertex is uniquely
erage on these parameters from direct measurement of gauggtermined bySU(2), X U(1) gauge invariance so that a
boson production at the Fermilab Tevatrpp collider and precise measurement of the vertex poses a severe test of the
the CERNe* e~ collider LEP aredk,=0.13+0.14 andy, ~ 92uge structure of the theory. The most gen¥valiy ver-
_ L4 Y tex, assumingCP conservation and Lorentz invariance for
=—0.03£0.07[2]. In the future, the CERN Large Hadron hell photons and when tha boson le t n-
Collider (LHC) [12] and the Next Linear CollidefNLC), a o1 SN€" photons and whe 0sons couple 1o esse
high energye* e collider [13], are expected to make more tially .massless fermlonéwmc_h effectively results iy, W
gh energye € co P =0) is commonly parametrized &8,9]
precise direct measurements to the percent level or better. yp '
The idea of constructingy andy+y colliders using either
high energy photons from lasers bgc_kscattered from a high Loyw= —ie{(WT WMAV_WTAVW/LV)+K WTWVF/LV
energy electron beam or photons arising from beamstrahlung 4 my “ [
radiation has received serious attention. The physics possi- N
bilities of ey colliders are the subject of a growing literature. + MTVWIMW;VLFVx} 1)
w

*Present address: Department of Oceanography, Dalhousie Univhere A* and W* are the photon andVv™ fields, W,
versity, Halifax, NS, Canada B3H 4J1. =d,W,—d,W, andF,,=3,A,—3,A, denote theW and
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photon field strength tensors, aMl,, is the W boson mass.
The vertex given by Eq(1) is, technically, only valid for
on-shell gauge bosons; the possibility of off-shell bosons
would lead to additional terms in the vertex. For the purpose:
of this analysis, we will assume that these possible additione -
terms (which must be identically zero for on-shell bosns ;
remain much smaller than the “leading” terms we do con-
sider here. A more careful analysis should include the off-
shell terms. At tree level the standard model prediets - -
=1 and\ ,=0. Other parametrizations exist in the literature
such as the chiral Lagrangian expansion and one can map tl _
parameters we use to those used in other approddh&ls v
One expects thany~O(10*2) and\ , is suppressed by an
additional factor of 10Q4]. These order of magnitude esti-
mates are confirmed by explicit calculation. Technicolor ,\j‘j\fw
theories givesky=—0.023 andék.,=0 [6] and supersym- ¥
metric theories giveSKmaXz7><10‘§ and A =102 [17]. 9 0
A deviation of more than several percent would therefore
signal something very radical such as composite gauge FIG. 1. The Feynman diagrams contributing to the pro@ess
bosond 18]. —vqq.

Deviations from the standard moded= dxk=x—1\)
lead to amplitudes which grow with energy and thereforeacceptance. Our conclusions are not sensitive to the exact
violate unitarity at high energy. As one approaches the scalealue of this cut. We also impose a cut on the minimpn
at which new physics becomes important additional contrito suppress backgrounds. We do not include fragmentation
butions from non-standard model dynamics will, of course,and hadronization effects and identify the hadron jet mo-
prevent an actual violation of unitarity. However, it is com- menta with that of the quarks. The signal we are considering
mon to introduce momentum dependence in the form factorgs therefore

a(qd, ,a\z,\,,qf/: 0), so that the deviations vanish when either

-
i}

lg2| or |2/, the absolute square of the four momentum of e ty—jtitpr. ©)
the vector bosons, becomes laf@8]. We therefore included
the form factors A. Backgrounds

The potential backgroundg21] to the process we are
studying can be divided into 3 categori€drect which are

whereA represents the scale at which new physics become® ¥—€ Z°—€ qq where the outgoing~ is not observed
important, which we take to bA=1 TeV, andn is chosen and e e*— yZ°— yqq where the outgoingy is not ob-
as the minimum value compatible with unitarity, which we servedOnce resolvedndtwice resolvegprocesses with par-
take to ben=1. We find our results to be quite insensitive to ton level subprocesses such éz{yq—>qg) and fr(gg

the inclusion of the form factor for the energies affficon-  _,qq) respectively, in which the hadronic structure of the

a(ady. a5, 0) =gl (1+] g3/ AD(1+[a3//AD] ™" (2)

sidered in our analysis. photon acts as partons in the subprocesses.
Thee e"—Z%y is easily removed by imposing the con-
Ill. CALCULATION AND RESULTS straint that the photon not be observed while at the same time

i o _ there is significant missingr in the event. We show the
The Feynman diagrams contributing to the procSy  jet_jet invariant mass for the signal and remaining back-
—vff are given in Fig. 1, though th&/Wy vertex we are  grounds for the backscattered laser case witfs
studying contributes only via diagram 1b. To obtain the cross=500 GeV in Fig. 2. These results include the detector ac-
sections and distributions we used the CALKUL helicity am-ceptance cuts of 162 fe-jer<170° andpr(jet)>5 GeV
plitude technique20]. The helicity amplitudes correspond- piys the cupp;>10 GeV. These remaining backgrounds can
ing to Fig. 1 are given in Ref{15]. We treat the photon pe removed by requiring larg; such that thedy is greater

distributions as structure functions and integrate them withhan the maximum possible for the unobserved electron
the ey cross sections to obtain our results. For our numerica{~40 GeV fors=500 GeV).

results we takea(M;)=1/128, M\y,=80.22 GeV, T’y
=2.0 GeV, sikg,=0.23.

The signal we are studying consists of two hadronic jets
and large missing transverse momentyw)(due to the neu- We are interested in the sensitivity of the process
trino from the initial electron beam. We impose the kine- — vqq for \'s=500 GeV and 1 TeV. In particular, we stud-
matic cut that visible particles in the final state be at least 109ed the effect of anomalous couplings on the cross section of
from the beam direction to account for the limited detectorthe hadronic modes fdvl;;>M,y. In general, deviations of

B. Results
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FIG. 2. Dijet invariant mass for the signal and backgrounds. The 2
solid line is the signal, while the dashed line is the signal with the
detector resolutiom)T cut given in the text. The short dashed curve g
is theey— eZ background, the long dashed curve is the total of the %
singly resolved backgrounds and the dotdashed curve is the total of ~
the doubly resolved backgrounds. '-8 0 100 200 300 400 500

the gauge boson couplings have a substantial effect on the M
cross section off thg/ resonance although, once the reduced
Cross section is taken into account, the statistical significance FIG. 3. The hadron jet invariant mas#l(g) distribution for
is not really enhanced. Nevertheless this measurement dogs=500 GeV.(a) For the backscattered laser photon spectrum and
point out that there is useful information to be obtained not(b) for the beamstrahlung photon spectrum. In both cases the solid
just from the study of on-shell gauge boson production. line is the standard model prediction, the long-dashed line is for
We considered two possibilities for the photon spectrum:,=0.6, \,=0, the short-dashed line is for,=1.4,\,=0, and
that arising from laser backscattering from one of the electhe dotted line is for,=1, x,=0.4.
tron beams and beamstrahlung, which is the radiation which
arises when intense beams of electrons pass through one £
other. For the results using the beamstrahlung photon spe
trum we concentrate on the beam spectrum resulting fro
the G set of parameters of RdR2]. The results are not
sensitive to the specific choice of beam parameter se
Weizacker-Williams contributions were included in the
beamstrahlung results.
The NLC is envisaged as a very high luminosity collider,
with integrated luminosities for a Snowmass year’(&&c)

— 1 _ .
expected to be-60 fb~! for a /s=500 GeV collider and for the kinematic region defined byl gg>M i With non-

~200 fo* for a Js=1 Tev collider. The Cm?S Seclions  gtandard vector boson couplings to the standard model ex-
for the procesey—Wv—qqv at ys=500 GeV is 16.6 pb pectations. As pointed out above, we eliminate backgrounds
for the backscattered laser mode and 10.8 pb for the beanby the kinematic cup;>40 GeV, which has little effect on
strahlung mode, leading te- 10° events per year, while at the signal. For ys=500 GeV we find that forMgq
Js=1 TeV the cross sections are 19 pb and 31 pb, respec=100 GeV we obtain the 95% C.L. sensitivity of0.09
tively, leading to~6x 10° events/year. <8k,<0.08 (-0.1<8x,<0.08) and —0.1<\,<0.16
We, however, are interested in the cross section off th?—0.16<)\,/<0.24) for the back scattereeamstrahlung
W-resonance. Theq invariant mass distribution is plotted in cases.
Fig. 3 for ys=500 GeV. Very clearly, the cross section off  For s=1 TeV we use an integrated luminosity of
the W-resonance is seen to be sensitive to anomalous cogg fly 1. The invariant mass distributions of tlyg pair is

plings so that theq invariant mass distribution above thi¢  very similar to the 500 GeV except that it extends out about
mass provides useful information. If, for example, we inte-a factor of two further. FoM;,>600 GeV we obtain the
grate theM 4 spectrum from 100 GeV up, we obtain a cross95% C.L. sensitivity of[x,|<0.03 (\,|<0.05) for the
section of 0.25 pb for the backscattered laser mode whichack scatteredbeamstrahlungcases. Thex, sensitivities
offers considerable statistics. FoM;>300 GeV, o are relatively weak and are therefore not given. Because of
=0.006 pb which yields~400 events/year. More impor- the relatively small cross section once g cut has been
tantly, this highMyq region shows a higher sensitivity to imposed statistical errors dominate, so that these results are

qq

omalous couplings than tiv,, pole region.

_ In general, the experimental errors are not limited by sta-
istics, but rather by systematic errors. Estimating systematic
errors requires detailed detector Monte Carlo studies which
e do not attempt. For cross sections we assume a system-

atic error of 5%[23] which is combined in quadrature with
statistical errors based on the integrated luminosities given
above.

To quantify the measurement sensitivity of the gauge bo-
son couplings cross sections we compare the cross section
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not very sensitive to the exact value of the systematic erroties obtained from singl®/ production which demonstrates
we assumed. that useful information can be obtained from the measure-
ment of off-mass-shelW production iney collisions. To be
V. CONCLUSIONS sure, measurements can be made usiAgair production at
_ the NLC that are at least an order of magnitude bdt&}

We studied the processy— vqq which proceeds via a but it is difficult to disentangle th&VvWsy vertex from the
number of processes, including an intermediatboson, for  WW?Z vertex in that process, so that if deviations are ob-
both backscattered laser and beamstrahlung photon speserved measurements such as those described here could be
trums with NLC energies of/s=500 GeV and 1 TeV. Our important in disentangling the physics.
purpose was to point out that at high energy, off resonance
kinematic regions can provide additional information to real
gauge boson production since interference effects between
these other diagrams and téproduction diagrams enhance  The authors are most grateful to Tim Barklow, Pat Ka-
the significance of anomalous couplings. Fofs lyniak, Dean Karlen, Francis Halzen and Paul Madsen for
=500 GeV using the cross section fof;;>M i, we find  helpful conversations and to Concha Gonzalez-Garcia for
—0.09<6k,<0.08 and —0.1<6\,<0.16 and for Js  helpful communications. This research was supported in part
=1 TeV, 6\,==*0.03 using the backscattered laser ap-by the Natural Sciences and Engineering Research Council
proach. The beamstrahlung photon spectrum results in onlgf Canada. M.A.D. is grateful for the hospitality of the Phys-
slightly less sensitive results. These numbers are the sanies Department at Carleton University where most of this
order of magnitudéalthough slightly largeras the sensitivi- anaylsis was performed.
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