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Limits on the anomalousVWy and WWZ couplings are presented from a simultaneous fit to the data
samples of three gauge boson pair final statepﬁrcollisions at\/s=1.8 TeV: Wy production with thew
boson decaying tev or uv, W boson pair production with both of th& bosons decaying tev or uv, and
WW or WZ production with onéN boson decaying tev and the othekV boson or theZ boson decaying to
two jets. Assuming identicdWWy and WWZ couplings, 95% C.L. limits on the anomalous couplings of
—0.30<Ak<0.43 (\=0) and —0.20<A<0.20 (Ax=0) are obtained using a form factor scale
=2.0 TeV. Limits found under other assumptions on the relationship betweeft titg and W W Z couplings
are also presentefiS0556-282(198)50615-1

PACS numbses): 14.70—e, 12.15.3i, 13.40.Em, 13.40.Gp

Gauge boson self-interactions are a direct consequence wfould indicate the presence of new physics. Phenomenologi-
the non-AbeliarSU(2) X U (1) gauge symmetry of the stan- cal bounds on the trilinear gauge boson couplings have been

dard model(SM) and are a necessary element to construchbtained from the precisely measured quantities, suchyas (
unitary and renormalizable theories involving massive gauge

bosong 1]. The values of trilinear gauge boson couplings are_z)“ ,t.the FZT STL decag ratg:, theZ—>£)tb.rat§ ar.1tcki‘ oblique
fully determined in the SM by the gauge structure. The pre_correc. lonsil. ?fe ﬁun S ""lfe 0 _?rl]ne .I.W' many at?-
cise determination of the couplings constitutes one of fewpuMptions imposed on the couplings. The trilinear gauge bo-

remaining tests of the SM; any deviation from the SM valuesSOn €Ouplings can be measured directly with fewer assump-
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tions by studying gauge boson pair production processes. TABLE I. Limits at 95% C.L. from theWy analysis.
Direct measurements of the couplings have been reported by

the UA2 [3], Collider Detector at FermilabCDF) [4,6,9, A=15TeV
DO [5,7,8,1Q, and CERNe e~ collider LEP[11] Collabo- N, (Ak,=0) ~0.31, 0.29
rations. Hadron collider experiments have established the A% (o) —0.93 0.94

electromagnetic coupling of th& boson to the photof8-5]
and the existence of the coupling between Widoson and
the Z boson[6-10| by placing constraints on anomalous (E;) spectrum of a final state gauge boson or to Eye
WWy and WW?Z couplings. _ spectra of the decay leptons from the gauge boson pair. Since

The WWy andWW2Z vertices are described by a general ihe predicted relative increase in the gauge boson pair pro-
effective Lagrangian with two overall coupling Cor‘Stf‘ms’duction cross section with anomalous couplings is greater at
9ww,=—€ and gywz= —e-cotfy (where e is the W higher gauge bosoE+, fits to theE; spectra provide sig-
charge and,y is the Weakvmlxmg angleand six dimension-  pificantly tighter constraints on anomalous couplings than
less coupling parameterg, , «y, and\y (V=y or2), after  nose from the measurement of the cross section alone. The
imposing C, P, and CP invariance[12]. Electromagnetic individual analyses have been described in detail previously
gauge invariance requires tha§=1, which we assume [10]. This paper reports only on the simultaneous fit to the
throughout this paper. The effective Lagrangian becomeghree data sets.
that of the SM Whergl=gf=1 (Ag\{zg\l/— 1=0), xy=1 In this analysis, as in the previous reports, a binned maxi-
(Axky=ky—1=0), and\,=0. Limits on these couplings mum likelihood fit is performed to the candidate events. The
are usually obtained under the assumption thaWWtwy and  probability P; for observingN; events in a given bin of a
WW?Z couplings are equalg¢=g7=1, Ax,=Axz, and kinematical variable is?;=e~ "™ (b;+n;)M/N;!, where
N,=Ny). b; is the estimated background;(=Lea;(\,Ak)) is the

A different set of parameters, motivated HyU(2)  expected signall is the integrated luminosity is the de-
X U(1) gauge invariance, has been used by the LEP collabdection efficiency, ando; is the theoretical cross section
rations[13]. This set consists of three independent couplingsvhich is a function of anomalous couplingsand A«. The
agy, aws and ay: aB(bEAKV—Agf cog By, ay,  Joint probability P for all the kinematical bins that are fitted
=Ag? cog 4y and aw=X\,. The remainingVWZcoupling is P=HiN:bi1”Pi . Since the variableb; , £, € and the normal-
parameters\; and A, are determined by the relations ization of the predicted theoretical cross section are
=\, and Aky=-Ax, tar? Gy+Ag;. The Hagiwara- estimated quantities with some uncertainty and do not
Ishihara-Szalapski-Zeppenfel@tHISZ) relations[14] which depend on N and Ak, we assign Gaussian prior
have been used by the DO and CDF collaborations are alsdistributions and integrate over the possible ranges;
based on this set with the additional constragt, = ayy,, - P’ [G; df,[Gr dfy 11i’\‘=t)il|wer(f,1ni+fbbi)(fnniJr fobi)NI/N;T,

Non-SM couplings give rise to a large increase in thewheregfb andG; are Gaussian functions with standard de-

cross section of gauge boson pair production processes at .. .
high energies. To avoid violation of unitarity, the anomalousvIatlon oy, andor, for the background and the signal, respec-

; o . tively. For convenience, the log-likelihood,= —log P’, is
couPImgs are rr10d|£|ezd by f.orm.factors with a scalge.g., used. When the simultaneous fit is performed on the three
Mv(S)=N\y/(1+s/A%)*], which is related to the scale of

: data sets, correlations betweep and o, for different final
new physics.

. _ . states are carefully taken into account.
The DO collaboration has previously reported limits on

; In Table I, the 95% C.L. limits on anomalodgWy cou-
anomalous WWy and WWZ couplings from the data pjings from thewy analysis are listed. The&/y candidate
samples of three gauge boson pair final statds: produc-

events are selected by requiring an isolated ligtelectron
tion with the W boson decaying t@v or uv [5], W boson v red g 3

. i ) ) or muon, large missing transverse ener@t) and an iso-
pair production with both of thw bosqns decaying tev or |50 highE; photon. The limits are obtained from a binned
uv [7], andWW or WZ production with onéW boson de-

L ) maximum likelihood fit to thée; spectrum of the photons. In
caying toev and the otheW boson or theZ boson decaying his process, onlyx ., and A «., couplings are involved.
to two jets[8]. The data samples correspond to an integrateé In Table II tﬁe 95%7 C.L. limits from theWw

gjé?e'rc‘?:r'tgL?rfi%pﬁ’r:(éx'lrgg;e_%%Ogngﬁlgglseftlegggv'_}z\tlgig?Col_—>dilepton analysis are listed. ThW¢W— dilepton candidate
lider runs at Fermilab. This report is a culmination of these
studies and presents the most stringent limits available on.
anomalousVWy and WWZ couplings by performing a si-
multaneous fit to the data samples of the above three final

TABLE Il. Limits at 95% C.L. from theWW-— dilepton analy-

> : A=15TeV

states. Limits are also set on tlaeparameters, enabling a
direct comparison of our results with those of LEP experi- X\, =\; (Ax,=Ak;=0) —0.53, 0.56
ments. Ak, =Axz (\,=\z=0) -0.62, 0.77
The DO detector and data collection system are described )\ (HISZ) (Ax,=0) —0.53, 0.56
elsewherg 15]. Limits on the anomalous couplings are ob- Ax,(HISZ) (\,=0) —0.92, 1.20

tained by a maximum likelihood fit to the transverse energy:
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TABLE Ill. Limits at 95% C.L. from the WWWZ— evjj TABLE V. Limits at 95% C.L. from a simultaneous fit to the
analysis. Wy, WW— dilepton andWWWZ—evjj data samples. The four
sets of limits apply the same assumptions as the four components
A 1.5 TeV 2.0 TeVv (@, (b), (c) and(d), respectively, of Fig. 2.
A,=\z (Ak,=Ax;=0) -0.36,0.39 —0.34, 0.36 A 15 TeV 20 TeV
Ak,=Akz (\,=\z=0) —-0.47,0.63 —0.43, 0.59
\,(HISZ) (Ak,=0) —-0.36,0.39 -0.34,0.36 M\,=Az (Ak,=Akz=0) -0.21, 021 -0.20, 0.20
Ak, (HISZ) (\,=0) -0.56,0.85 —0.53,0.78 Ax,=Akz (\,=Ar;=0) —-0.33, 0.46 —0.30, 0.43
Az(SMWWy) (Ak,=Ag?=0)  —0.40,043 -0.37,040 M, (HISZ) (Ak,=0) —-0.21, 021 -0.20, 0.20
Ak (SMWWy) (\,=Ag?=0)  —0.60,0.79 —0.54,0.72 Ak, (HISZ) (A,=0) —-0.39, 0.61 -0.37, 0.56
AGH(SMWWy) (\;=Ax,=0)  —0.64,0.89 —0.60,0.81 Az(SMWWy) (Ax;=Agi=0)  —0.33, 0.37 —0.31, 0.34
A(SMWW32 (Ak,=0) -1.21,1.25 - Akz(SMWWy) (\;=Ag{=0)  —0.46, 0.64 —0.42, 0.59
Ak (SMWW2 (\,=0) -1.38, 1.70 - Ag{(SMWWy) (\;=Ak;=0) —0.56, 0.86 —0.52, 0.78
A(SMWW2) (Ak,=0) -0.27, 0.25 —0.26, 0.24
Ak (SMWW2 (A,=0) —-0.63, 0.75 —0.59, 0.72

events are selected by requiring two high leptons €e,
ew, or uu) and largeE;. The limits are obtained from a
maximum likelihood fit to the number of observed candidate

events in two-dimensiond; bins of the decay leptons from !N Table IV, the 95% C.L. limits from a simultaneous fit
the W boson pair. to the three data sets are presented. The common uncertain-

In Table Ill. the 95% C.L. limits from theWWWZ ties, those on the integrated luminosi8:3% and the theo-

—evjj analysis are listed. Th&VW/WZ—evjj candidate rg;cal crc;sst se((:jtmnt of dthe Igzu%e bloson pfilrthprthuctmn
events are selected by requiring an isolated Itiglelectron, (7%), are factored out and included only once in the integra-

large E+, and two highEg jets. The invariant mass of the tion. Corrlela}[pons f'fn _the _uncebrtf\\llvntles tcr)]n tget eIec’E[ron fa?r?
two jet system must be consistent with that of ¥eor Z muon seection efiiciencies between the data sets of the

boson. Limits are obtained from a binned maximum likeli- 1992-1993 and 1993-1995 runs are properly taken into ac-

hood fit to theE; spectrum of thaV boson calculated from count for individual final states. Correlations in the uncer-
T
the electrorEt and E+, using four sets of relationships be-

tween the WWy and WWZ couplings: (i) Axk=Ax, < . <
- X : equal couplin, b) HISZ
=Akz, N=N,=\z, (i) HISZ relations,(iii) varying the 1 () equal couplings 1 ()/’_\
WW?Z couplings, while theNV\Wy couplings are fixed to the /_\ ol ™
SM values, andiv) varying theWWsy couplings, while the TN T
WWZ couplings are fixed to the SM values. Two values of 0 NS 0 <D
A, 1.5 and 2.0 TeV, are used.
Tables I-Ill are reproduced from the previous reports. , \—/ 1\\—//
Figure 1 contains the 95% C.L. two-degree of freedom ex- ~ )
clusion contourg16] from the Wy, WW-— dilepton, and 0 0 | 0
WWWZ—evjj analyses. The contours that represent the Ax Ax,
unitarity constrain{17] for individual processes are omitted Y <
in Fig. 1. 1) SM Wwy 1 (d) SMWWZ
=~ 1
W‘&V—)dilepton 0 /\ 0 (
—
05 o &(D\J / ]
et RN
T o
0 /
0.5 \&¥>‘wl/ ! 0 Ax, ! 0 Ax,
~NS_ R
WW/WZ—evijj Wy FIG. 2. Contour limits on anomalous couplings from a simulta-
-1 neous fit to the data sets &fy, WW-—dilepton, andWWWZ
.15 -1 05 0 05 1 15 —evjj final states forA=1.5 TeV: (@) Ak=Ax,=Akz, A=\,
Ak =\z; (b) HISZ relations;(c) SM WWy couplings; and(d) SM

WW?Z couplings.(a), (c), and(d) assume thaﬁgfzo. The solid
FIG. 1. Contour limits on anomalous couplings fok circles correspond to 95% C.L. one-degree of freedom exclusion
=1.5 TeV. For theWW—dilepton andWWWZ—evjj contour limits. The inner and outer curves are 95% C.L. two-degree of
limits, theWWy andWW Zcouplings are assumed to be equal. Thefreedom exclusion contour and the constraint from the unitarity
contours plotted in Figs. 1-3 are accurate#®.02 due to MC  condition, respectively. Irid), the unitarity contour is located out-
statistics. side of the boundary of the plot.
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TABLE V. Limits at 95% C.L. ona parameters from a simul- c;
taneous fit to theWy, WW—dilepton andWWWZ—evjj data z?l @) 1 (b)

samples. Limits from the OPAL collaboration based on data taken
at \/s=172 GeV are also listed for comparison.

RN
),
7

0 . 0 <
A 1.5 TeV 2.0 TeV OPAL \

agy (@ws=aw=0) —0.81, 0.61 —0.77, 0.58 —16, 2.7

awy (agy=aw=0) —0.24, 0.46 —0.22, 0.44 —0.55, 0.64 ! 1
aw (@gy=awy=0) —0.21, 0.21 —0.20, 0.20 —0.78, 1.19 =) 5 m| o
Ag? (apg=aw=0) —0.31, 0.60 —0.29, 0.57 —0.75, 0.77 Oy Oty

FIG. 3. Contour limits on anomalous couplings from a simulta-
neous fit to the data sets of th&/y, WW-—dilepton, and
tainties on the electron and muon selection efficiencies be’ WWZ—evjj final states forA =1.5 TeV: (a) ay Vs a4 When
tween different final states are ignored, since the?ws=0; and(b) ay vs ay, whenag,=0. The solid circles cor-
uncertainties themselves are small and have practically n_Egzspond to 95% C.L. one-degree of freedom exclusion limits. The
effect on the limits. Correlations in the uncertainties on the™er and outer curves are 95% C.L. two-degree of freedom exclu-
background estimates between the data sets of the 199ion contour and the constraint from the unitarity condition, respec-
1993 and 1993-1995 runs are properly taken into accourt/e:
for individual final states. The uncertainties on the back-
ground estimates between different final states are assumed _ . .
to be uncorrelated, since the dominant sources of uncertair%—ased on data taken gb=172 GeV[11] are also listed in
ties are different for the three final states. Figufa) 3hows
the contour limits when th&V Wy and WWZ couplings are
assumed to be equal. Figuréb® shows the contour limits
assuming HISZ relations. In Fig(®, the contour limits on
anomalousWWZ couplings are shown assuming the SM
WWy couplings. TheU(1) point (k,=0, A\;=0 and g%
=0) indicated in the figure, which implies that there is no
coupling between thg/ boson and th& boson, is excluded
at the 99.99% C.L. In Fig.(@), the contour limits on anoma-
lous WWy couplings are shown assuming the SMWZ We thank the staffs at Fermilab and collaborating institu-
couplings. The solid circles correspond to 95% C.L. onetions for their contributions to this work, and acknowledge
degree of freedom exclusion limits. The inner and outersupport from the Department of Energy and National Sci-
curves are 95% C.L. two-degree of freedom exclusion conence FoundatiofU.S.A), Commissariat & 'Energie Atom-
tour[16] and the constraint from the unitarity condition with ique (France, State Committee for Science and Technology
A =15 TeV, respectively. and Ministry for Atomic EnergyRussia, CAPES and CNPq
In Table V, the 95% C.L. limits on the parameters from  (Brazil), Departments of Atomic Energy and Science and
a simultaneous fit to the three data sets are presented. Limisducation (India), Colciencias (Colombia, CONACyT
on Ag? are obtained, from the limits oay, for agy=ayw  (Mexico), Ministry of Education and KOSEFKoreg, and
=0. For comparison, limits from the OPAL collaboration CONICET and UBACyT(Argenting.

able V. Limits from other LEP collaborations are similar to
those from OPAL. Figure 8 shows the contour limits in
the ay-ag, plane, whenay,,=0. Figure 3b) shows the
contour limits in thea-ay, plane, whenag,=0.

In summary, limits on the anomaloW¥'Wy and WWZ
couplings are obtained from a simultaneous fit to the data
samples of three gauge boson pair final states. These limits
are the tightest limits available on the anomal®\gvy and
WWZ couplings.
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