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Search for AnomalousWW and WZ Production in pp Collisions at/s = 1.8 TeV
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We present results from a search for anomal®v® and WZ production in pp collisions at
Js = 1.8 TeV. We usedpp — evjjX events observed during the 1992—1993 run of the Fermilab
Tevatron collider, corresponding to an integrated luminosity3? = 0.7 pb~!. A fit to the transverse
momentum spectrum of th& boson yields direct limits on th€EP-conserving anomalou#Wwy and
WWZ coupling parameters 6f0.9 < Ax < 1.1 (with A = 0) and—0.6 < A < 0.7 (with Ax = 0) at
the 95% confidence level, for a form factor scale= 1.5 TeV, assuming that th& Wy and WWZ
coupling parameters are equal. [S0031-9007(96)01377-4]

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

Self-interactions of the electroweak gauge bosons sucWWZ couplings andWZ production is sensitive to the
asWWy and WWZ are a direct consequence of the non-WWZ coupling. Any deviation of these couplings from
Abelian gauge symmetry of the standard model (SM). Theheir SM values indicates physics beyond the SM.
strength of these interactions can be directly measured by The WW+y and WWZ interactions are generally de-
studying gauge boson pair productionyp collisions [1].  scribed by a Lagrangian with 14 independent coupling
For exampleWW production is sensitive to th&Wy and  parameters [2], of whichk, and A, for the WWy
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vertex andxz and Az for the WWZ vertex are usually consistent with those of an electron; (iii) the isolation
studied. These areCP-conserving coupling parame- variable of the cluster was less than 0.1, where isolation
ters. In the SM, Ak,(=«k, — 1) = A, = Akz(= is defined ad = [E(0.4) — Egm(0.2)]/Eem(0.2), and
kz — 1) = Az = 0 and the production cross section for E(0.4) is the total calorimeter energy inside a cone
pp — WTW X(W*ZX) at \/s = 1.8 TeV is 9.5 (2.5) of radiusR = /(An)? + (A¢)? = 0.4, where¢ is the
pb [1]. azimuthal angle around the beam axis ahg;(0.2) is the
Non-SM (i.e., anomalous) couplings dramatically in- EM energy inside a cone of radius 0.2; and (iv) a matching
crease the production cross section and enhance the tramsack was found in the drift chambers. ThE — ev
verse momentum spectrum of the boson py') for large  decay was identified by an electron wifff > 25 GeV
values ofpy. Therefore a study of the} spectrum of and missing transverse energy > 25 GeV forming a
WW (WZ) production leads to a sensitive test of the sizetransverse mass#f;” = [2E7Er(1 — cos¢®”)/c*]'/? >
of the WWy andWWZ couplings. With anomalous cou- 40 GeV/c?, where¢¢” is the angle between the; and
plings, some helicity amplitudes of thep — WW(WZ)  E; vectors.
processes grow withi, the square of the invariant mass Jets were reconstructed using a cone algorithm with
of the WW(WZ) system, and cause the cross sectionadiusR = 0.3 and were required to be withim| < 2.5.
eventually to violate tree leveEmatrix unitarity. To The jet energies were corrected for detector effects: jet
avoid this, the anomalous couplings are commonly paenergy scale calibration and out-of-cone showering, for
rametrized as dipole form factors with a cutoff scale  energy from the underlying event, and for energy loss
Ak(3) = Ax/(1 + 8/A%)%, A() = A/(1 + 3/A*? [1].  due to out-of-cone gluon radiation [7]. We required
Consequently, limits on the couplings« and A are de- that a candidate event contain at least two jets with
pendent on the choice . . Er > 20 GeV and that the dijet invariant mass (the
The D@ Collaboration has reported limits Wy and  |argest invariant mass if there were more than two jets

WWZ anomalous couplings from two processes using dat@\/ith EL =20 GeV in the event) satish50 < m.: <
from the 1992-1993 Fermilab Tevatron collider run with 110 Ge(//c2 consistent withw a)nd 7 bffson rﬁgsses

fﬁ collisions at/s :t &%Tev: gn :heW:‘;Vy Cgum'qg Monte Carlo studies showed that the standard deviation
fom a measuremen v production [3] and on the of the dijet invariant mass distribution of the signal

WWy and WWZ _couplmgg from a search fo¥ boson events isl5 GeV/c2. The above selection criteria yielded
pair production in the dilepton decay modes [4]. INg4 candidate events
this Letter we present a new, independent determination e yigger and electron selection efficiencies were
OLt'”T"tz ofn the WWy arr:deYZ anWo‘;/n)?lc;ui coudphtr)]gs measured [8] using — ee events. The product of these
;)V ane ro(;nWa searc é)pp__' WZX f0||owed by efficiencies was found to b@.78 = 0.02 in the central
—er andZ —f']],han pe = o_oweB Y calorimeter and0.62 + 0.01 in the end calorimeters.
W = evandZ — jj, wherej represents a Jet. Because tpq y, _, i selection efficiency was parametrized as a
of the limited jet energy resolution, we cannot dlstlngmshfunction of pl/. as shown in Fig. 1. This was estimated
WZ events frmeW events. Th'S analysis uses the sam sing events generated with ttsaJeT [9] and PYTHIA [10]
data set as in the papers cited above, corresponding ograms, followed by a detailed simulation of the D@

. . . 71
?:n Illntbegrat&d rl}umlnosn}; %f3'7 _i_l().7 pb~". The (t:DSF detector based on tleEANT package [11] and application
ollaboration has reported a similar measurement [5]. of our event selection criteria. The rolloff of efficiency

The D@ detector and data collection systems are W . .
described in Ref. [6]. The basic elements of the trigge(r?r} ttmiﬁcvge%&nffg%o?fg WisngZe\t/)/o Zésndu.?;g Tse;g(')?ga

and reconstruc_:ﬂon.algorlthms for jets, electrons, an one size as narrow a& = 0.3 for jet reconstruction
neutrinos are given in Ref. [7].

The WW,WZ — evjj candidates were selected by

searching for events containing W — e decay and 08 .

at least two jets consistent witW — jj or Z — jj. =07k R S

The data sample was obtained with a trigger which T oe [ .+ 7 40 77

required an isolated electromagnetic (EM) calorimeter 2 05 fr+¥++++jt *‘*F+++++++"if,‘
cluster with transverse enerd@y > 20 GeV. In off-line 04 ++"+"
event selection, this EM cluster was required to be within § %3 [ 4
|| = 1.1 in the central calorimeter, or.5 < |n| < 2.5 2 021 ty
in the end calorimeters, wherg is the pseudorapidity, M 0‘(1) L
defined asn = —In[tan#/2] and @ is the polar angle 0 50 100 150 200 250 300 350 400 450 500
with respect to the proton beam direction. Such an EM pr (W — jj) (GeVic)

cluster was identified as an electron if (i) the ratio of g 1. Total efficiency forW — jj selection as a function

EM energy to the total shower energy was greater thagsf ,, estimated using thssaJET (solid) andPYTHIA (dashed)
0.9; (ii) the lateral and longitudinal shower shapes wereyenerators followed by a full detector simulation.
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ensures that the loss of efficiency occurs only Worand  track match). Thefr distribution of this sample was
Z bosons with transverse momenta greater than expectagaled to match the candidate sample in the region
from the coupling parameter values studied. Zhe» j; 0 < Er < 15 GeV (before the Fr requirement was
efficiency was obtained in a similar manner. In estimatingapplied), where the contribution of signal events is
the detection efficiencies of th&@W(WZ) process, we negligible; then the portion of this distribution pass-
used theW(Z) — jj efficiency obtained fromisaJET, ing the Er requirement g > 25 GeV) was taken
which is smaller than that fromyTHIA and therefore gives as our estimate of the multijet background, giving
more conservative limits on the coupling parameters. 12.2 = 2.3(stat) = 1.1(syst) events. The W+ = 2j

We calculated the overall event selection efficiency as dackground was estimated using theEcsos Monte
function of the coupling parameters using a fast detecto€arlo program [13], with0? = mjy, followed by parton
simulation program which incorporates the efficienciesfragmentation using thesAJET program and a detailed
described above and the detector resolutions [7]. Theetector simulation. We normalized the number of
WW(WZ) events were generated with the Monte CarlovecBos W+ = 2j events to the number of observed
program of Zeppenfeld [1,12], in which the processes weréV + = 2;j events (after multijet events were subtracted)
generated to leading order, and higher order QCD effectsutside of the dijet mass signal region. This yielded
on the cross section were approximated by a fakto= 6 W+ = 2; background events inside the;; signal
1+ gms = 1.34. We included thep; distribution of  region, where the statistical uncertainty is due to the size
the ISAJET WW events in the simulation of th&Ww(WZz)  of theveceos W+ = 2; event sample and of all samples
production. We calculated the total efficiency for SM used to calculate the normalization factor (13%), and the
couplings to beé.15 = 0.02 for WW and0.16 = 0.02 for ~ systematic error is due to the normalization and to the
WZ. The error is 13%, which is the addition in quadraturejet energy scale correction (16%). The+ = 2j cross
of the uncertainties on the electron trigger and selectiosection obtained with this normalization procedure was
efficiencies (2%), on thev(Z) — jj efficiency due to consistent with the/ecsos prediction. The backgrounds
the difference between theaJET and PYTHIA programs due torf — W*W~bb [14], WW(WZ) — 7vjj [1], and
(9%), the statistics of the Monte Carlo samples (4%)ZX — eeX were estimated using thesAJET program
Er smearing (6%), and jet energy scale (6%). Therefordollowed by theGEANT detector simulation and found to
3.2 + 0.6 WW and WZ events are expected based on thebe small. The total background from all sources was esti-
SM (2.8 + 0.6 WW events plus0.4 + 0.1 WZ event). mated to be75.5 £ 13.3 events. Therefore we observed
The error here is the sum in quadrature of the uncertaintpo statistically significant signal above the background.
in the efficiency above and that of the higher order QCDFigure 2 shows they distribution of theer system of
corrections to the signal prediction (14%) [5]. the data events, background estimates, and Monte Carlo

The background estimate, summarized in Table I, inpredictions of WW and WZ production for SM couplings
cludes contributions from multijet events, where a jetand for one example with anomalous couplings.
was misidentified as an electron and there was signif- Using the efficiencies for SMWW and WZ pro-
icant (mismeasured) missing transverse eneljy: =  duction, the background-subtracted signal, the branch-
2j events with W — ev; t — W W bb — evjjX; ing fractionsB(W — ev), B(W — hadron$, andB(Z —
WW(WZ) with W — 7v followed by 7 — evw; and hadrongfrom Ref. [15], and assuming the SM ratio of the
ZX — eeX, where one electron was not identified. cross sections gfp — WTW~X andpp — W*ZX, we

The multijet background was estimated from theset an upper limit at the 95% confidence level (C.L.) on
data by measuring th; distribution of a background- the cross sectioor(pp — W*W~X) of 183 pb.
dominated sample, which was obtained by selecting
events containing an EM cluster that failed at least
one of the electron identification requirements (ii) to

(iv) described previously (shower shape, isolation, or 12
~
> 12
g 10
TABLE I. Summary ofevjj data and backgrounds. = 8
6
Background source evjj events ‘::) 4
Multijets 122 =26 2 2 )
W+ =2 62.2 * 13.0 0 by . T S
{7(m, = 180 GeV/c?) 087 = 0.12 0 25 50 75 100 125 150 175 200 225 250
WW,WZ — 7vjj 0.22 + 0.02 pp (W —eV) (GeVic)
ZX — eeX 0.00503 e , :
; FIG. 2. pr distributions of theer system: data (points),
Total background 75.5 £ 13.3 total background (solid)W+ = 2 jets background (dotted),
Data 84 and Monte Carlo predictions of¥W and WZ production
SM WW + WZ prediction 32 + 0.6 with SM (dashed) and non-SM (dot-dashéds; = Ak, = 2,

Az = A, = 1.5) couplings.
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FIG. 3 Contour limits on anomalous coupling parameters at the 95% C.L. (inner curves) and limitS-firatnix unitarity (outer
curves), assuming (&) k = Ak, = Akz, A = A, = Az; (b) HISZ relations [17]; (c) SMWWy couplings; and (d) SMYWZ
couplings. A = 1.5 TeV is used for (a), (b), and (c\ = 1.0 TeV is used for (d). The SM prediction sk = 0, A = 0.

The absence of an excess of events with highex-

the axes are listed in Table Il. TwA values are used,

cludes large deviations from the SM couplings. Tosetlim-A = 1.5 TeV for (a), (b), and (c) and\ = 1.0 TeV for

its on the anomalous coupling parameters, we performed@). These are values used in other measurements [3,5].

binned likelihood fit on the entirp}’ spectrum. For each For (d), the results obtained with = 1.5 TeV violate the
py bin in the likelihood fit, and for a given set of anoma- Smatrix unitarity limit (not shown).

lous coupling parameter values, we calculated the probabil- In conclusion, we have searched for anomaldi and
ity for the sum of the background and the predicted signaWZ production in theerjjX decay mode, and set limits

to fluctuate to the observed number of events. The uncer-
tainties in the efficiency, background estimates, integrated

luminosity, and higher order QCD corrections to the sig- TABLE Il.  95% C.L. limits with various assumptions.
ngl predicti(_)n Wgre_convoluted in the Iikglih_ood furjc_:tion Assumptions A (TeV) Limits on axes
with Gaussian distributions. Our analysis is sensitive te
anomalous couplings at both large and smakince we Aky = Akz 15 —09 <Ak <11(A=0)
do not require highpy, and therefore we retain events with Ay = Az —06<2<07(Ak =0)
small  [16]. (b) HISZ [17] 15 —1.0 < Ak, <13 (A, =0)
We obtained limits on the coupling parameters using -0.6 < A, <0.7 (Ak, = 0)
four different assumptions of how the parameters are (c) SMWw, 15 11 < Ak, <13 (A, = 0)
related to each other [(a)—(d) below]. The 95% C.L. 07 < Ay < 0.7 (Axy = 0)
contour limits are shown as the inner curves in Fig. 3, : ‘ Kz =
along with the Smatrix unitarity limits, shown as the (d) SMWWZ 1.0 —2.8 < Ak, <33 (A, =0)

outer curves, which are obtained by evaluating all (i.e.,

—25< A, <26 (Aky, =0)

Wy, WW, and WZ) processes. The 95% C.L. limits on
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on theWW+y and WWZ anomalous coupling parameters measures—1.6 < Ax < 1.8 (with A = 0) and —0.6 <

Ak and A. The limits on A are comparable to those A < 0.6 (with Ax = 0).

measured usingV+y production, whereas those alk [4] DD Collaboration, S. Abachiet al., Phys. Rev. Lett.
from this analysis are significantly better. The results 75 1023 (1995). ForWW — Il production andA =
with assumption (c) are unique W (WZ) production 09 TeV, D@ measures-2.6 < Ak < 2.8 (with A = 0)

and—2.1 < A < 2.1 (with Ax = 0).

[5] CDF Collaboration, F. Abeet al., Phys. Rev. Lett.
75, 1017 (1995).ForWww,WZ — Ilvjj and WZ — jjli
production andA = 1.0 TeV, CDF measures-1.11 <

since theWWZ couplings are not accessible witlfy
production. The limits on botA k and A are significantly
tighter than those from the analysis usigV to dilepton

decay, due to the additiona/Z production mode here, Ax < 127 (with A = 0) and —0.81 < A < 0.84 (with

and to the larger branching fractions Wf(Z) decaying to Ak = 0).

hadrons than that 0¥ to e» or v in the dilepton analysis.  [6] D@ Collaboration, S. Abachiet al., Nucl. Instrum.
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