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Limits on Anomalous WWg Couplings from pp ! Wg 1 X Events at
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s 5 1.8 TeV
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We have measured theWWg gauge boson coupling parameters usingpp ! ,ng 1 X (,  e, m)
events at

p
s  1.8 TeV. The data, corresponding to an integrated luminosity of92.8 pb21, were

collected using the DØ detector at the Fermilab Tevatron Collider. The measured cross section times
branching ratio forpp ! Wg 1 X with p

g
T . 10 GeVyc and R,g . 0.7 is 11.311.7

21.5 6 1.5 pb, in
agreement with the standard model prediction. The 1 degree of freedom 95% confidence level limits
on individual CP-conserving parameters are20.93 , Dk , 0.94 and 20.31 , l , 0.29. Similar
limits are set on theCP-violating coupling parameters. [S0031-9007(97)03119-0]

PACS numbers: 14.70.Fm, 13.40.Em, 13.40.Gp, 13.85.Qk
1],

Measurements of the self-couplings of the gauge boso

provide important tests of the standard model (SM) o

ns
f
electroweak interactions. Recent limits on theWWg

coupling parameters have been obtained by UA2 [
3635



VOLUME 78, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 12 MAY 1997

r

e

e

t

s
i

r
o
n
n

t

-

o

le

is.
he
t.
n-

by

e
of a
ed
n

g

as

e
er

ther

ier
tic
an
ly

e

tes
M
to

se

l,

a
ex.
ed

ing
ut

in
ed

ot

the
tion
CDF [2], DØ [3,4], and CLEO [5]. The hadron collide
measurements relied on direct observation ofWg final
states, while the CLEO result used the observation
b ! sg decays.

The WWg coupling is fixed by the SUs2dL ≠ Us1dY

symmetry of the SM. An effective Lagrangian [6] with
four coupling parameters (k, l, k̃, and l̃) is introduced
to allow for anomalies in theWWg interaction vertex. In
the SM, the coupling parameters have the valuesDk ;
k 2 1  0, l  l̃  k̃  0. Dk andl are related to the
magnetic dipole and electric quadrupole moments of theW
boson. The non-Abelian nature of the SM manifests its
explicitly in the values of the coupling parameters; the min
mal Us1dEM coupling of the photon to the electric charg
of the W boson would have the non-SM values ofDk 
21 andl  0. Thek andl terms areCP invariant while
the k̃ andl̃ terms violateCP. The pairs ofCP-conserving
andCP-violating couplings are considered independen
because they do not interfere with each other.

For non-SM couplings, the effective Lagrangian violate
partial wave unitarity at high energies [6,7], so it i
necessary to introduce form factors for each of the coupl
parameters with a form factor scaleL. In this analysis, we
assume dipole form factors of the typeDksŝd  Dkys1 1

ŝyL2d2 for all couplings, where
p

ŝ is the Wg invariant
mass andL is the scale. We usedL  1.5 TeV in this
analysis. Anomalies in theWWg interaction would cause
an increase in the total cross section forpp ! Wg 1 X
and result in photons with higher transverse momentu
(pT ) than those for the SMWWg interaction.

The analyses described here usepp ! ,ng 1 X s, 
e, md events observed with the DØ detector during th
1992–1993 and 1993–1995 runs of the Fermilab Tevat
Collider, corresponding to a total integrated luminosity
92.8 6 4.9 pb21. The DØ detector and data collectio
systems are described in Ref. [8]. Our analysis of eve
in 13.8 pb21 from the 1992–1993 Tevatron run has bee
described in an earlier paper [3]; this Letter focuses on
details of the 1993–1995 analysis of79.0 6 4.2 pb21 and
gives combined results from both analyses.

Events fromW ! en decays were collected with a trig
ger that required missing transverse energyEyT . 15 GeV
and an isolated electromagnetic (EM) cluster with tran
verse energyET . 20 GeV. The offline kinematic re-
quirements imposed on this sample wereEe

T . 25 GeV,
EyT . 25 GeV, andMT se, EyT d . 40 GeVyc2, whereMT

is the transverse massf2Ee
T EyT s1 2 cosfendg1y2 of the

electron andEyT vector separated byfen in azimuth. The
electron clusters were required to pass identical select
criteria, based on their shower profile and tracking info
mation, as in our earlier analysis [3]. The electrons we
required to havejhj , 1.1 in the central calorimeter (CC)
or 1.5 , jhj , 2.5 in the end calorimeters (EC), whereh

is the pseudorapidity.
Events from theW ! mn decay were collected with

a trigger that required a muon with transverse m
mentump

m
T . 8 GeVyc and an EM cluster withET .
3636
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7 GeV. The offline requirements imposed on this samp
were jhmj , 1.0, p

m
T . 15 GeVyc, EyT . 15 GeV, and

MT sm, EyT d . 30 GeVyc2. The quality cuts imposed on
muons were similar to those used in the earlier analys
Muon candidates were identified by a track traversing t
muon proportional drift chambers and iron toroid magne
They were required to match a charged track in the ce
tral drift chambers and to be isolated from nearby jets
at least 0.5 units inh-f space.

Events in which a second muon was found in th
muon chambers were rejected, as this is the signature
Zsmmdg event. We also rejected events which contain
an additional muon identified by an energy depositio
in the longitudinally segmented calorimeter, up tojhj ,

2.7, forming a track consistent with a muon and pointin
to the interaction vertex. AnyWsmndg candidate event
with a muon identified with calorimeter energy within
fmn , 0.3 radians of the missing transverse energy w
rejected. This cut was found to bes93 6 2d% efficient
for the Wsmndg signal, while accepting onlys35 6 3d%
of theZsmmdg background.

The photons for both analyses were found in th
same fiducial volume as the electrons, but with a low
kinematic requirement:p

g
T . 10 GeVyc. We required

the leptons and photons to be separated from each o
by R,g . 0.7 units in h-f space. The selection criteria
for photons are identical to those used in the earl
analysis, with requirements made on the electromagne
shower profiles of the photons and the absence of
associated track in the drift chambers. Approximate
30% of the photons fromWg events are expected to b
found in the forward electromagnetic calorimeters.

In the electron channel, we rejected photon candida
which had unreconstructed tracks lying between the E
cluster and the event vertex. This cut was applied
reject backgrounds from processes (labeled,eX) which
produced missing transverse energy, a high-pT lepton,
and an electron with an unreconstructed track. The
backgrounds are fromtt and WW pair production with
a subsequentW ! en decay, and in the electron channe
high-pT Z ! ee and QCD multijet production. The
number of hits in the tracking chambers was counted in
road defined between the EM cluster and the event vert
Photons were rejected if the number of hits exceed
a threshold defined separately for each of the track
chambers. The efficiency and rejection of this quality c
were found by usingZ ! ee data. For the efficiency
calculation we used the emulated photon technique
which roads pointing to the electron clusters were rotat
in f by py2. The hit-counting cut wass83 6 1d%
efficient for CC photons ands70 6 3d% efficient for EC
photons, and rejecteds89 6 2d% of both CC and EC
electrons. In theW smndg analysis, the,eX background
was relatively small, so the hit-counting cut was n
applied. The background from,eX events in theW sendg
channel was estimated from the number of events in
1993–1995 data set which passed the same selec
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criteria as for theWg candidate events, but with the
photon identification changed to require a track pointin
to the EM cluster. We then obtained the backgroun
estimate using the hit-counting rejection factor and th
measured efficiencies of the central tracking chambe
s83.1 6 0.5d% for central EM clusters ands85.6 6 0.8d%
for forward EM clusters. Monte Carlo samples were use
to estimate the,eX background in theW smndg channel.

The background estimates and the total number
observed events for the two decay modes of theW boson
are summarized in Table I. The dominant background
Wg events is fromW 1 jets processes in which a jet
fragments into a neutral meson such as ap0, which then
decays to photons. The probabilityP for this to occur
was estimated from a large data sample of multijet even
We found P , 11s13d 3 1024 for CC (EC) photons,
before applying the hit-counting cut. This additional cut
used in theW sendg analysis, reducesP by the measured
efficiency of that cut. As in our earlier analysis, theET -
dependent fraction of true photons in the multijet samp
was applied as a correction to the measured values ofP ,
and introduced an uncertainty of 25% to theW 1 jets
background estimate. The backgrounds due toZg and
W stndg were estimated using theZg event generator
of Baur and Berger [9] and theISAJET program [10],
respectively, followed by a full detector simulation using
the GEANT program [11].

The trigger and offline lepton selection efficiencies wer
estimated usingZ ! ,, andW ! ,n events. The trigger
efficiencies weres98 6 2d% for the electron channel and
s71 6 3d% for the muon channel. The offline selection
efficiencies for electrons weres77 6 1d% in the CC and
s76 6 1d% in the EC, while the muon selection efficiency
was s57 6 2d%. The detection efficiency for photons
with pT . 25 GeVyc was determined using electrons
from Z decays. For photons with a lowerp

g
T there was a

decrease in detection efficiency due to the cluster sha
requirements. This decrease was estimated using Mon
Carlo photons overlaid with minimum bias events from
data, weighted to reflect the instantaneous luminosi
profile of the 1993–1995 data. In the CC (EC), average
of approximately 10% (20%) of photons were also lost du
to e1e2 pair conversions. The probability for tracks from
TABLE I. Numbers of signal and background events.

1992–1993 1993–1995
eng mng eng mng

Luminosity 13.8 pb21 79.0 pb21

Backgrounds:
W 1 jets 1.7 6 0.9 1.3 6 0.7 11.5 6 2.3 15.5 6 4.5
Zg 0.1 6 0.1 2.7 6 0.8 0.4 6 0.1 5.2 6 0.4
W stndg 0.2 6 0.1 0.4 6 0.1 0.6 6 0.1 1.7 6 0.3
,eX · · · · · · 0.7 6 0.1 0.9 6 0.3
Total Bkgd 2.0 6 0.9 4.4 6 1.1 13.2 6 2.3 23.3 6 4.6
No. observed 11 12 46 58
Total signal 9.014.2

23.1 7.614.4
23.2 32.817.8

26.8 34.718.7
27.6
g
d
e
rs,

d
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to
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other particles in the event to overlap the photon cluste
was measured to bes13.9 6 0.5d% for CC photons
and s16.1 6 0.8d% for EC photons. Combining these
inefficiencies with thepT -dependent photon detection
efficiency, we estimated that the overall photon selectio
efficiency, before the introduction of the hit-counting cut
was s45 6 4d% in the CC ands49 6 4d% in the EC at
p

g
T  10 GeVyc, and that it increased tos71 6 7d% in

the CC ands57 6 5d% in the EC forp
g
T . 25 GeVyc.

The kinematic and geometric acceptances were calc
lated as a function of coupling parameter values usin
the Monte Carlo program of Baur and Zeppenfeld [7
in which Wg production and radiative decay processe
are generated to leading order; higher order QCD effec
are approximated by aK factor of 1.335. We used the
MRSD20 parton distribution functions [12] and simu-
lated the pT distribution of the Wg system by using
the observedW pT spectrum in the inclusiveW ! en

data. The kinematic and fiducial acceptance for SMWg
events in the DØ detector wass11 6 1d% for W sendg
ands19 6 1d% for Wsmndg.

The cross section times branching ratiosspp !
Wg 1 Xd 3 BsW ! ,nd, where,  e or m, was cal-
culated forp

g
T . 10 GeVyc and R,g . 0.7 and found

to be 11.311.9
21.7 sstatd 6 1.3 ssystd 6 0.6 slumd pb, where

the first error is the1s uncertainty from Poisson statis-
tics and the second term is the systematic error inclu
ing the uncertainty in theeymyg efficiencies and the
uncertainty in the background estimates. The third e
ror is due to the uncertainty in the calculation of the inte
grated luminosity. The observed cross section agrees w
the SM prediction [7] sspp ! Wg 1 Xd 3 BsW !

,nd  12.5 6 1.0 pb, where the uncertainty is due to the
choice of parton distribution functions, theQ2 scale at
which the parton distribution functions are evaluated, an
thepT distribution of theWg system.

Study of the individual leptonic decay modes of th
W boson can be considered as independent analy
with a common subset of systematic uncertainties. Th
same holds true for the data collected during the earli
Tevatron run. Combining the analyses from both run
we observe 127 candidate events, with84.1112.3

211.3 6 8.7
ascribed to signal. The first error is the1s uncertainty
3637
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FIG. 1. (a) Thep
g
T spectrum for the 127Wg candidates. The

R,g andMT sW , gd distributions are shown in (b) and (c). The
solid circles with error bars are the data. The open histogram
the sum of the SM Monte Carlo prediction plus the backgroun
estimate (shown as shaded histogram).

due to Poisson statistics and the second is due to
uncertainties in the background estimates. The numbe
signal events from each experiment is shown in Table
The measured cross section from the combined sample
127 candidate events issspp ! Wg 1 Xd 3 BsW !

,nd  11.311.7
21.5 sstatd 6 1.4 ssystd 6 0.6slumd pb.

Figure 1 shows kinematic distributions of the 127Wg

candidates from the combined data sets, along w
the SM expectations and the background estimat
The spectrum showing the three-body transverse m
MT s,, g; EyT d  MT sW , gd is of particular interest.Wg

events with a largeMT sW , gd have greater sensitivity to
anomalous couplings, whereas events with a three-bo
transverse mass below the mass of theW boson are
dominated by photons from radiativeW decays.

Limits on the anomalous coupling parameters are s
by performing a binned maximum likelihood fit to thep

g
T

spectrum for the individual decay modes of theW boson.
For eachp

g
T spectrum, we calculate the probability for th

sum of the background estimate and the Monte Carlo p
diction to fluctuate to the observed number of events. T
final limits on the anomalous coupling parameters are fro
a combined likelihood of both decay channels from th
analysis and from our 1992–1993 analysis. For the 199
1995 electron channel data, we imposed the requirem
MT sW , gd . 90 GeVyc2, which was found to increase the
sensitivity to anomalous couplings by 10% for this data s
alone. We did not impose this cut in the muon chann
due to the less precise measurement of the muon mom
tum. The uncertainties in background estimates, efficie
cies, acceptances, and integrated luminosity are folded i
3638
is
d

the
r of

I.
of

ith
es.
ass

dy

et

e
re-
he
m
is
3–
ent

et
el
en-
n-
nto

FIG. 2. Limits on the CP-conserving anomalous coupling
parametersDk and l. The inner and outer ellipses represen
the one- and two-dimensional 95% C.L. exclusion contour
respectively. The shaded bands represent the regions allow
by the CLEO one-dimensional 95% C.L. limits [5].

the combined likelihood function with Gaussian distribu
tions. Uncertainties common to more than one analys
e.g., theoretical uncertainties, are folded into the likelihoo
function only once.

The one- and two-dimensional [13] 95% confidenc
level (C.L.) contours for theCP-conserving parameters are
shown in Fig. 2. The 95% C.L. limits for the individual
coupling parameters, when all other parameters are h
to their SM values, are20.93 , Dk , 0.94, 20.31 ,

l , 0.29, 20.92 , k̃ , 0.92, and 20.31 , l̃ , 0.30.
For theCP-conserving couplings, the limits can be rea
from the one-dimensional 95% C.L. contour of Fig. 2
For example, theDk limits correspond to the points of
intersection of the inner ellipse with thel  0 axis.
These results are the most stringent limits on anomalo
WWg coupling parameters set by direct observation o
Wg events.

Assuming that theCP-violating couplings are zero, the
Us1dEM-only coupling (k  0, l  0) is excluded at the
88% C.L. Making the further assumption thatl  0, this
point is excluded at the 96% C.L. Exclusion of this poin
is direct evidence that the photon couples to more th
just the electric charge of theW boson.
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