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Limits on Anomalous WW+y Couplings from pp — Wy + X Events at /s = 1.8 TeV
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We have measured th&Wy gauge boson coupling parameters uspyg — €vy + X (€ = e, u)
events at,/s = 1.8 TeV. The data, corresponding to an integrated luminosity28 pb~!, were
collected using the D@ detector at the Fermilab Tevatron Collider. The measured cross section times
branching ratio forp7 — Wy + X with p; > 10 GeV/c and Ry, > 0.7 is 113711 + 1.5 pb, in
agreement with the standard model prediction. The 1 degree of freedom 95% confidence level limits
on individual CP-conserving parameters are0.93 < Ax < 0.94 and —0.31 < A < 0.29. Similar
limits are set on th€P-violating coupling parameters. [S0031-9007(97)03119-0]

PACS numbers: 14.70.Fm, 13.40.Em, 13.40.Gp, 13.85.Qk

Measurements of the self-couplings of the gauge bosorslectroweak interactions. Recent limits on theW y
provide important tests of the standard model (SM) ofcoupling parameters have been obtained by UA2 [1],
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CDF [2], D@ [3,4], and CLEO [5]. The hadron collider 7 GeV. The offline requirements imposed on this sample
measurements relied on direct observationWiof final — were |[p#| < 1.0, py > 15 GeV/c, ¥r > 15 GeV, and
states, while the CLEO result used the observation oM (u, Er) > 30 GeV/c?. The quality cuts imposed on
b — sv decays. muons were similar to those used in the earlier analysis.
The WW+ coupling is fixed by the S(2); ® U(1)y  Muon candidates were identified by a track traversing the
symmetry of the SM. An effective Lagrangian [6] with muon proportional drift chambers and iron toroid magnet.
four coupling parameters«<( A, &, and A) is introduced They were required to match a charged track in the cen-
to allow for anomalies in th& W interaction vertex. In tral drift chambers and to be isolated from nearby jets by
the SM, the coupling parameters have the vald@s=  at least 0.5 units im-¢ space.
k —1=0,1=)1=k =0. Ak andA are related to the Events in which a second muon was found in the
magnetic dipole and electric quadrupole moments ofthe muon chambers were rejected, as this is the signature of a
boson. The non-Abelian nature of the SM manifests itselZ(u )y event. We also rejected events which contained
explicitly in the values of the coupling parameters; the mini-an additional muon identified by an energy deposition
mal U(1)gy coupling of the photon to the electric charge in the longitudinally segmented calorimeter, upligd <
of the W boson would have the non-SM valuesdk = 2.7, forming a track consistent with a muon and pointing
—1andA = 0. Thek andA terms areCPinvariant while  to the interaction vertex. Any(ur)y candidate event
the k and A terms violateCP. The pairs ofCP-conserving  with a muon identified with calorimeter energy within
and CP-violating couplings are considered independently¢“” < 0.3 radians of the missing transverse energy was
because they do not interfere with each other. rejected. This cut was found to @3 = 2)% efficient
For non-SM couplings, the effective Lagrangian violatesfor the W(u»)vy signal, while accepting onl{35 * 3)%
partial wave unitarity at high energies [6,7], so it is of theZ(uu)y background.
necessary to introduce form factors for each of the coupling The photons for both analyses were found in the
parameters with a form factor scale In this analysis, we same fiducial volume as the electrons, but with a lower
assume dipole form factors of the type (8) = Ax/(1 + kinematic requirementp; > 10 GeV/c. We required
§/A?)? for all couplings, where/s is the Wy invariant  the leptons and photons to be separated from each other
mass and\ is the scale. We used = 1.5 TeV in this by R¢, > 0.7 units in n-¢ space. The selection criteria
analysis. Anomalies in th&W y interaction would cause for photons are identical to those used in the earlier
an increase in the total cross section jgf — Wy + X  analysis, with requirements made on the electromagnetic
and result in photons with higher transverse momentunshower profiles of the photons and the absence of an
(pr) than those for the SNWW y interaction. associated track in the drift chambers. Approximately
The analyses described here ygg— vy + X ({ =  30% of the photons fromVy events are expected to be
e, u) events observed with the D@ detector during thefound in the forward electromagnetic calorimeters.
1992-1993 and 1993-1995 runs of the Fermilab Tevatron In the electron channel, we rejected photon candidates
Collider, corresponding to a total integrated luminosity ofwhich had unreconstructed tracks lying between the EM
92.8 = 49 pb~!. The D@ detector and data collection cluster and the event vertex. This cut was applied to
systems are described in Ref. [8]. Our analysis of eventseject backgrounds from processes (labefed) which
in 13.8 pb~! from the 1992—-1993 Tevatron run has beenproduced missing transverse energy, a highiepton,
described in an earlier paper [3]; this Letter focuses on thand an electron with an unreconstructed track. These
details of the 1993—-1995 analysis®0 + 42 pb~!and  backgrounds are fromr and WW pair production with
gives combined results from both analyses. a subsequeni¥V — ev decay, and in the electron channel,
Events fromW — e» decays were collected with a trig- high-py Z — ee and QCD multijet production. The
ger that required missing transverse engffgy> 15 GeV  number of hits in the tracking chambers was counted in a
and an isolated electromagnetic (EM) cluster with transroad defined between the EM cluster and the event vertex.
verse energyEr > 20 GeV. The offline kinematic re- Photons were rejected if the number of hits exceeded
guirements imposed on this sample wéie > 25 GeV, a threshold defined separately for each of the tracking
Er > 25 GeV, andMr(e, Er) > 40 GeV/c?, where My chambers. The efficiency and rejection of this quality cut
is the transverse ma$@ESE (1 — cosd”)]'/? of the  were found by usingZ — ee data. For the efficiency
electron and?r vector separated bg¢” in azimuth. The calculation we used the emulated photon technique in
electron clusters were required to pass identical selectiowhich roads pointing to the electron clusters were rotated
criteria, based on their shower profile and tracking infor-in ¢ by /2. The hit-counting cut wag83 = 1)%
mation, as in our earlier analysis [3]. The electrons werefficient for CC photons an{70 * 3)% efficient for EC
required to havén| < 1.1 in the central calorimeter (CC) photons, and rejecte(89 = 2)% of both CC and EC
or 1.5 < |n| < 2.5in the end calorimeters (EC), where  electrons. In théV(uv)y analysis, thefeX background
is the pseudorapidity. was relatively small, so the hit-counting cut was not
Events from theW — u» decay were collected with applied. The background frofeX events in thé¥ (ev)y
a trigger that required a muon with transverse mo-channel was estimated from the number of events in the
mentum p7 > 8 GeV/c and an EM cluster wittE; >  1993-1995 data set which passed the same selection
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criteria as for theWy candidate events, but with the other particles in the event to overlap the photon clusters
photon identification changed to require a track pointingvas measured to bél13.9 = 0.5)% for CC photons
to the EM cluster. We then obtained the backgroundand (16.1 = 0.8)% for EC photons. Combining these
estimate using the hit-counting rejection factor and thenefficiencies with the pr-dependent photon detection
measured efficiencies of the central tracking chambersfficiency, we estimated that the overall photon selection
(83.1 * 0.5)% for central EM clusters an@5.6 = 0.8)% efficiency, before the introduction of the hit-counting cut,
for forward EM clusters. Monte Carlo samples were usedvas (45 = 4)% in the CC and49 * 4)% in the EC at
to estimate théeX background in thev(ur)y channel.  py = 10 GeV/c, and that it increased t671 + 7)% in
The background estimates and the total number ofthe CC and57 = 5)% in the EC forp% > 25 GeV/c.
observed events for the two decay modes ofithboson The kinematic and geometric acceptances were calcu-
are summarized in Table I. The dominant background tdated as a function of coupling parameter values using
W+ events is fromW + jets processes in which a jet the Monte Carlo program of Baur and Zeppenfeld [7],
fragments into a neutral meson such as% which then in which Wy production and radiative decay processes
decays to photons. The probabili for this to occur are generated to leading order; higher order QCD effects
was estimated from a large data sample of multijet eventsare approximated by & factor of 1.335. We used the
We found P ~ 11(13) X 10~* for CC (EC) photons, MRSD-' parton distribution functions [12] and simu-
before applying the hit-counting cut. This additional cut,lated the pr distribution of the Wy system by using
used in theW (ev)y analysis, reduce® by the measured the observedV p; spectrum in the inclusivéV — ev
efficiency of that cut. As in our earlier analysis, thg-  data. The kinematic and fiducial acceptance for B\
dependent fraction of true photons in the multijet sampleevents in the D@ detector wasl = 1)% for W(ev)y
was applied as a correction to the measured valueB,of and(19 * 1)% for W(uv)y.
and introduced an uncertainty of 25% to tHé + jets The cross section times branching ratie(pp —
background estimate. The backgrounds du&Zfoand Wy + X) X B(W — €v), where{ = ¢ or u, was cal-
W(rv)y were estimated using th#y event generator culated forp7 > 10 GeV/c and R¢, > 0.7 and found
of Baur and Berger [9] and thesAJET program [10], to be11.37]7 (stah = 1.3 (sysh = 0.6 (lum) pb, where
respectively, followed by a full detector simulation using the first error is thel o uncertainty from Poisson statis-
the GEANT program [11]. tics and the second term is the systematic error includ-
The trigger and offline lepton selection efficiencies wereing the uncertainty in thee/u/y efficiencies and the
estimated using — ¢€ andW — €v events. The trigger uncertainty in the background estimates. The third er-
efficiencies werd98 + 2)% for the electron channel and ror is due to the uncertainty in the calculation of the inte-
(71 = 3)% for the muon channel. The offline selection grated luminosity. The observed cross section agrees with
efficiencies for electrons wer@7 *= 1)% in the CC and the SM prediction [7]o(pp — Wy + X) X B(W —
(76 = 1)% in the EC, while the muon selection efficiency €»v) = 12.5 * 1.0 pb, where the uncertainty is due to the
was (57 + 2)%. The detection efficiency for photons choice of parton distribution functions, thg”> scale at
with pr > 25 GeV/c was determined using electrons which the parton distribution functions are evaluated, and
from Z decays. For photons with a lowgs there was a  the p; distribution of theW y system.
decrease in detection efficiency due to the cluster shape Study of the individual leptonic decay modes of the
requirements. This decrease was estimated using Mon# boson can be considered as independent analyses
Carlo photons overlaid with minimum bias events fromwith a common subset of systematic uncertainties. The
data, weighted to reflect the instantaneous luminositygame holds true for the data collected during the earlier
profile of the 1993-1995 data. In the CC (EC), averageJevatron run. Combining the analyses from both runs,
of approximately 10% (20%) of photons were also lost duave observe 127 candidate events, with1' ]33 = 8.7
to et e~ pair conversions. The probability for tracks from ascribed to signal. The first error is the uncertainty

TABLE I. Numbers of signal and background events.

1992-1993 1993-1995

evy mvy evy mvy
Luminosity 13.8 pb™! 79.0 pb™!
Backgrounds:
W + jets 1.7 = 0.9 1.3 £0.7 11.5 =23 155 =45
Zy 0.1 £0.1 2.7 +0.8 0.4 = 0.1 52*+04
W(rv)y 0.2 £0.1 04 + 0.1 0.6 = 0.1 1.7 = 0.3
leX 0.7 = 0.1 09 £03
Total Bkgd 20*09 44 + 1.1 132 £23 233+ 4.6
No. observed 11 12 46 58
Total signal 9.07%1 7.6%%3 32.870% 347181
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55 7 // / . . . . e
0 B //,/%/ b L W//////rm the combined likelihood function with Gaussian distribu-
0 1 2R 3 4 5 0 50 A/}O%V15OGC2V(}2 tions. Uncertainties common to more than one analysis,
N #Wy) e.g., theoretical uncertainties, are folded into the likelihood

FIG. 1. (a) Thepy spectrum for the 12y candidates. The function only once.
R, andM7(W, y) distributions are shown in (b) and (c). The The one- and two-dimensional [13] 95% confidence
solid circles with error bars are the data. The open histogram ifevel (C.L.) contours for th€P-conserving parameters are
the sum of the SM Monte Carlo prediction plus the backgroundshown in Fig. 2. The 95% C.L. limits for the individual
estimate (shown as shaded histogram). coupling parameters, when all other parameters are held
to their SM values, are-0.93 < Ak < 0.94, —0.31 <

_ . _ A <029, —0.92 < & < 0.92, and —0.31 < A < 0.30.
due to Poisson statistics and the second is due to they, the CP-conserving couplings, the limits can be read
uncertainties in the background estimates. The number ¢f5m the one-dimensional 95% C.L. contour of Fig. 2.

signal events from each gxperiment is shO\_Nn in Table Iy, example, the\« limits correspond to the points of

The measured cross section from the combined sample gfiarsection of the inner ellipse with tha = 0 axis.

127 candidate events B(pp — Wy + X) X BIW = Thege results are the most stringent limits on anomalous

€v) = 11375 (stad = 1.4 (sysh = 0.6(lum) pb. WW 1y coupling parameters set by direct observation of
Figure 1 shows kinematic distributions of the 17y Wy events.

candidates from Fhe combined data sets, anng with Assuming that theCP-violating couplings are zero, the
the SM expectations and the background estlmatesU(l)EM_omy coupling & = 0, A = 0) is excluded at the
The spectrum showing t.he threefbody transverse maggo, C.L. Making the further assumption that= 0, this
Mr(€,y; Br) = Mr(W, y) is of particular interest. Wy pqint s excluded at the 96% C.L. Exclusion of this point
events with a large (W, y) have greater sensitivity t0 g girect evidence that the photon couples to more than
anomalous couplings, whereas events with a three—bo%st the electric charge of th& boson.
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