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We present limits on anomaloudWZ and WW+y couplings from a search foWww and WZ
production in pp collisions at\/s = 1.8 TeV. We usepp — evjjX events recorded with the DO
detector at the Fermilab Tevatron Collider during the 1992-1995 run. The data sample corresponds
to an integrated luminosity 006.0 = 5.1 pb™!. Assuming identical WWZ and WW+y coupling
parameters, the 95% C.L. limits on th@&P-conserving couplings are-0.33 < A < 0.36 (Ax = 0)
and —0.43 < Ak < 0.59 (A = 0), for a form factor scaleA = 2.0 TeV. Limits based on other
assumptions are also presented. [S0031-9007(97)03883-0]

PACS numbers: 13.85.Rm, 12.15.Ji, 13.40.Gp, 14.70.Fm

The vector boson trilinear couplings predicted by thetions from the SM couplings would signal new physics.
non-Abelian gauge symmetry of the standard model (SMBtudies of such effects have been reported by the UA2
can be measured directly in pair production processef], CDF [2], DO [3-6], and LEP [7] Collaborations.
such asqg — W*W~, W=y, Zy, and W*Z. Devia- In this Letter we report on the measurement WV
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couplings (whereV = vy or Z) using the diboson pro- corrected for effects of jet energy scale calibration, out-of-
duction processegpp — WWX — evjjX and pp —  cone showering, energy from the underlying event [13],
WZX — evjjX, wherej represents a jet. and energy loss due to out-of-cone gluon radiation.

The Lorentz invariant Lagrangian which describes the The WW/WZ candidates were selected by searching
WWy andWWZ interactions has 14 independent couplingfor events containing an isolated electron with high
parameters [8], seven describing thHéWy vertex and (>25 GeV), large £7 (>25 GeV), and at least two high
seven for theWWZ vertex. Assuming electromagnetic E7 jets (>20 GeV). The transverse mass of the electron
gauge invariance andP conservation, the number of pa- and neutrino system was required to be consistent with a
rameters is reduced to fivei, kz, k,, Az, andA,. Inthe  w — ¢p decay M5 = [2ES$E+(1 — cos¢”)/c4]1/2 >
SM at tree level, the coupling parameters have the valuefy GeV/c?, where ¢¢” is the azimuthal angle between
Agi(=gf —1) =0, Akz(= k7 — 1) = Ak, (= k, —  the electron andf; vector]. The invariant masén#/)

1) =0,Az = A, = 0. The SM cross sections forp —  of the two jet system (the largest invariant mass if there
WTW~X and pp — W*ZX production at the Tevatron, were more than two jets with7 > 20 GeV in the event)
at\/s = 1.8 TeV, are 9.5 and 2.7 pb [9], respectively.  was required to b80 < m/” < 110 GeV/c?, as expected

Non-SM values of the coupling parameters would resulfor a W — jj or Z — jj decay. Monte Carlo studies
in an increase of the production cross section, especiallghowed that the dijet invariant mass resolution for signal
for large values of the transverse momentum of thesvents isl6 GeV/c?. The scalar transverse momenta of
W boson(p}’). Since tree level unitarity restricts the the two gauge bosons were required to be the same within
WWYV couplings to their SM values at asymptotically high 40 GeV/c, as is expected foWW /WZ production.
energies, each of the couplings must be modified by a There are two major sources of background to
form factor, e.g.,Az(8) = Az/(1 + §/A2)?, where§ is WW/WZ — evjj production: (i) W+ =2 jets with
the square of the invariant mass of th@V or WZ system W — ev, and (i) QCD multijet events where one of the
and A is the form-factor scale. We have usad= 1.0, jets is misidentified as an electron and there is significant
1.5, and 2.0 TeV. Fr in the event due to mismeasurement. Other back-

The analysis reported here usep — evjjX events grounds, such ag production with subsequent decay to
recorded with the DO detector during the 1992—-1993W* bW~ b followed by W — ev, WW or WZ production
and 1993-1995 Fermilab Tevatron Collider rung/at=" with W — 7» followed by 7 — evw, ZX — eeX,

1.8 TeV, corresponding to a total integrated luminositywhere one electron is mismeasured or not identified, and
0f 96.0 = 5.1 pb~!. The DO detector and data collection ZX — 77X with r — ev7, are negligible.
system are described elsewhere [10]. The basic elementsThe W+ =2 jets background was estimated using the

of the trigger and reconstruction algorithms for jetS-VECBOS[l4] event generator, wit? = (p{'r)z,fouowed
electrons, and neutrinos are given in Ref. [6]. Thepy parton fragmentation using theRWIG [15] package
analysis ofevjjX events from the 1992-1993 Tevatron and a detailedsEANT [16] based simulation of the de-
Collider run (13.7 = 0.7 pb™') was reported previously tector. Normalization of theW + =2 jets background
[5]. This Letter focuses on the analysis of the 1993-as determined by comparing the number of events
1995 data sef82.3 * 4.4 pb™'), using a method slightly expected from theECBOS estimate to the number of can-
different from that of Ref. [5], and gives the combined didate events outside the dijet mass window, after the
result from both analyses. Further details are available imultijet backgrounds had been subtracted. The system-
Ref. [11]. _ _ _ ~ atic uncertainties in this background are due to the nor-
The data sample was obtained with a trigger whichmgjization and to the jet energy scale correction. The
required an isolated electromagnetic (EM) calorimeteimyltijet background was estimated following the same
cluster with transverse enerdi > 20 GeV and missing  procedure used in our previous analysis [5]. The back-
transverse energyfy > 15 GeV. The off-line event ground sample, which consisted of data events contain-
selection required that the EM cluster halg| < 1.1  jng 5 jet satisfying the electron trigger selection but
in the central calorimeter of.5 < |n| < 2.5 in an end  f5jiing the electron identification, was normalized to the
calorimeter, wheren is the pseudorapidity. Electrons signal sample in the regios; < 15 GeV where the
were identified by requiring that the EM cluster passactualww /WZ contribution is negligible. The number of
the shower profile and tracking information criteria, aspackground events was then determined from this scaled
described in our earlier analysis [5]. The presence obackground sample with the rest of the selection crite-
a neutrino was inferred from th&, calculated from ria applied [11]. The backgrounds frofh— W*bW b
the vector sum of theZz measured in each calorimeter and other minor sources were estimated usingishesT
tower. Jets were reconstructed using a cone algorithravent generator [17] followed by detector simulation.
with radius R = /(An)? + (A¢)?> = 0.5. To remove Table | summarizes the background estimates and the
spurious jets due to detector effects, this analysis used tthtetal number of events seen. The number of observed
same quality cuts as were used in Ref. [12]. Jets werevents was consistent with the background estimates
required to be withinn| < 2.5. The jet energies were which dominate the SMVYW /WZ signal.
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TABLE I. Summary of signal and backgrounds. 100

§ S ESM WY k0. 2,20 g7=0
1992-1993 1993-1995 3 80 S A3 TeV
Luminosity 13.7 pb™! 82.3 pb! 2 60 Zg !
Backgrounds g 3
W+ =2 jets 62.2 = 13.0 279.5 £ 36.0 2 40 -
QCD multijet 122 + 2.6 104.3 = 12.3 L%’ 20 0! - =
tt — evjjX 0.9 = 0.1 3713 P (Gevie
Total background 753 £ 13.3 387.5 = 38.1 7 T = T
Data 84 399 0 50 100 150 200 250
SM WW + WZ prediction 32 +06 17.5 = 3.0 T (GeV/c)

FIG. 1. pr distributions of theer system for the 1993-1995

. ) . L L data set. The points with error bars represent the data. The

The trigger and off-line electron identification efficien- solid histogram is the total background estimate plus the SM
cies were estimated using — ee events. The trigger Monte Carlo predictions oW and WZ production (shown as

efficiency was(98.1 = 1.9)% [4]. The electron identi- shaded histogram). The inset shows the predicteddp; ,
fication efficiencies were found to b@4.5 = 1.1)% in folded with the detection efficiencies, for SMWy and WWwZ

the central calorimeter and1.9 = 1.1)% in the end couplings (lower curve), and for SWW+y and the indicated

calorimeters. We studied th& — j; efficiency for the anomalousVWZ couplings (upper curve).

jet cone sizeR = 0.5 using theISAJET and PYTHIA

[18] event generators followed by detector simulation.clear difference between the observefl’ spectrum and
The selection criteria were applied to these samples anat expected from background plus SMW and WZ

it was found that the efficiency was'50% for py <  prediction. ' o

250 GeV/c and that this decreased significantly fgf > Using the detection efficiencies for SMW and WZ

250 GeV/c due to merging of the two jets into one. The Production and the background subtracted signal, and
efficiencies obtained fromsAJET were used to estimate @ssuming the SM ratio of cross sections f6W and WZ

the detection efficiencies of tH&W (WZ) processes since Production, we can set an upper limit at the 95% C.L. on
they gave more conservative results. the cross sectiomr(pp — W' W™ X) of 76 pb.

The overall event selection efficiency was calculated Since we observed no excess of high” events,
using the leading order event generator of Ref. [19] tdarge deV|at|c_)n§ from the SM trilinear coupllmg values are
generate four momenta faFW and WZ processes as a excluded. Limits on t_he anomalous .cou_pllng parameters
function of the coupling parameter values. A fast detecWere set by performing a binned likelihood fit to the
tor simulation was used to take into account the detecobserved pr” spectrum with the Monte Carlo signal
tor resolutions and efficiencies described above. Higheprediction plus the estimated background. Unequal width
order QCD effects were approximated by afactor bins were used to evenly distribute the observed events,

=1+ gmx = 1.34 [9] and a smearing of the trans-
verse momentum of the diboson system according to
the experimentally determines? spectrum from the in-
clusive Z — ee sample. The total selection efficiencies
for the detection of SMWW and WZ events were esti-
mated to bgd14.7 *= 02(stad = 1.2(sysh]% and[14.6 =
0.4(sta) = 1.1(sysd]%, respectively. The systematic un-
certainty (8%) includes electron trigger and selection
efficiencies (1%),fr smearing andpr of the WW /wZz 1 0 Ax : Axy
diboson system (5%), difference between th&IET and » 2
PYTHIA programs forW — j;j efficiency parametriza- 1t _{© Né?l 9
tion (5%), statistical uncertainty fow — j; efficienc
parar(netr)ization (2%), and jet er)(ergy scaIJe] (3%). Y o} - _s\\ / (KO\\
The expected signal foVW plus WZ production with WU
SM couplings is20.7 + 3.2 events based on the total | T
integrated luminosity 006.0 pb~!. The uncertainty is
the sum in quadrature of the uncertainties in the selection
efficiency, luminosity, and higher order QCD correctionsFIG. 2. Limits on CP-conserving anomalous couplings pa-
to the expected signal (14%) [9]. Figure 1 shows thgameters: (a)Ax = Ak, = Axz, A = A, = Az, (b) HISZ

eV fpoiper . _ relations, and (c),(d) SMVW y couplings. The inner and mid-
pr distributions for candidate events from 1993 1995dIe curves represent 95% C.L. one and two degree-of-freedom

data, total background estimate plus SM expectationgyciusion contours, respectively. The outermost curves show
and SM expectations foWW and WZ production, after s matrix unitarity bounds. A = 1.5 TeV is used for all four

all selection criteria have been applied. There is naases. The SM predictions sk = 0, A = 0, Ag{ = 0.
1444
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TABLE Il. Axis limits at the 95% C.L. with various assumptions and three differant

values.
Couplingg A(TeV) 1.0 15 2.0
0] Ay = Az —0.42, 0.45 —0.36, 0.39 —0.33, 0.36
Ak, = Aky —0.55, 0.79 —0.47, 0.63 —0.43, 0.59
(i) Ay (HISZ2) —0.42, 0.45 —0.36, 0.38 —0.34, 0.36
Ak, (HISZ) —0.69, 1.04 —0.56, 0.85 —0.53, 0.78
(i) Az (SM WWy) —0.47, 0.51 —0.40, 0.43 —0.37, 0.40
Akz (SM WWy) —0.74, 0.99 —-0.60, 0.79 —0.54, 0.72
Agf (SM WWry) -0.75, 1.06 —0.64, 0.89 —0.60, 0.81
(iv) Ay (SM WwZz) —1.28, 1.33 —1.21, 1.25
Ak, (SM Ww2Zz) —1.60, 2.03 —1.38, 1.70

especially those at the end of the spectrum. In ea¢h unitarity tighten more rapidly. When the unitarity limits
bin for a given set of anomalous coupling parameters, ware tighter than the experimental limits, as occurs for the
calculated the probability for the sum of the backgroundSM WWZ couplings withA = 2.0 TeV, the experimental
estimate and Monte Carl@W /WZ prediction to fluctuate limits no longer are relevant.
to the observed number of events. The limits on the In conclusion, we have presented limits on anomalous
anomalous coupling parameters are from a combine®WWZ and WWy coupling parameters which are the most
likelihood fit to both data sets. The uncertainties in thestringent to date. They are significantly tighter than those
background estimates, efficiencies, integrated luminosityfrom the analyses of the 1992-1993 data set [2,5], and
and higher order QCD corrections to the signal weresignificantly better om\ « (but comparable o) to those
convoluted with Gaussian distributions into the likelihoodmeasured usindyy production with the 1992—-1995 data
function. Uncertainties common to both analyses, e.gset [4].
theoretical uncertainties, were convoluted only once. We thank U. Baur for useful discussions and D. Zep-

In Fig. 2, bounds on four pairs of coupling parame-penfeld for providing us with the¥W and WZ Monte
ters are shown usingy = 1.5 TeV. In each case all Carlo generators. We thank the staffs at Fermilab and col-
other couplings are fixed to their SM values. Thelaborating institutions for their contributions to this work,
one and two degree-of-freedom 95% C.L. contour limitsand acknowledge support from the Department of Energy
(corresponding to likelihood function values 1.92 andand National Science Foundation (U.S.A.), Commissariat
3.00 units below the maximum, respectively) are showra L'Energie Atomigue (France), State Committee for Sci-
as the inner curves, along with th® matrix unitarity ence and Technology and Ministry for Atomic Energy
limits, shown as the outermost curves, which are obtaine(Russia), CNPq (Brazil), Departments of Atomic Energy
by evaluating all (i.e.,WW, Wy, and WZ) processes. and Science and Education (India), Colciencias (Colom-
Figure 2(a) shows the contour limits when couplingbia), CONACYT (Mexico), Ministry of Education and
parameters foWW+y are assumed to be equal to thoseKOSEF (Korea), CONICET and UBACyYT (Argentina),
for WWZ. Figure 2(b) shows contour limits assuming and the A. P. Sloan Foundation.
Hagiwara-Ishihara-Szalapski-Zeppenfeld (HISZ) relations
[20]. In Figs. 2(c) and 2(d) SMWWy couplings are
assumed and the coupling limits féfWZ are shown. Ecuador

When SMWW y couplings are assumed, the U(1) point  +ysitor from IHEP, Beijing, China.
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