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Abstract

Preliminary results from CDF and D@ on W&y, Zy and WW, WZ, ZZ boson pair production
in v/s = 1.8 TeV p-p collisions from the 1992-93 collider run are presented. Direct limits on
CP-conserving and CP-violating WW+y, WWZ, ZZv and Zvyy anomalous couplings have been
obtained. The results are consistent with Standard Model expectations. In the static limit, the
direct experimental limits on WWy and ZZv anomalous couplings are related to bounds on the
higher-order static (transition) EM moments of the W (Z) bosons. Expectations from the on-going

and future Tevatron collider runs are discussed.

1. Introduction

During the 1992-93 Tevatron collider run, CDF (DQ)
accumulated ~ 20 (13) pb~! integrated luminosity. The
inclusive W/Z data samples obtained during this run
are sufficiently large that studies of rare and/or semi-
rare exclusive processes such as Wy, Zy, WW, WZ and
Z Z-pair production are now becoming feasible.

The observation and detailed study of these
processes provide important new tests of the Standard
Model (SM) of electroweak (EWK) interactions through
the investigation and study of tri-linear gauge boson
couplings of the W, Z and 7. Strong gauge cancellations
are predicted to occur in the Wy, WW and WZ
processes, while no such cancellations are expected for
the Zy or ZZ processes. The tri-linear gauge boson
couplings associated with the WW<y and WW Z vertices
(s-channel Feynman diagrams) are a consequence of
the non-Abelian SUL(2) x Uy(1) symmetry of the
EWK theory [1]. They are the only non-zero tree-
level tri-vector boson vertices allowed in the SM. The
corresponding u and {-channel diboson processes depend
only on the coupling between quarks and EWK bosons.

However, - the .fermion-gauge boson couplings are now -

well-tested in the production and decay of single bosons,
and are considered as known. Diboson production is
therefore primarily a test of the strength and nature of
the tri-linear gauge boson couplings.

In various non-standard models of the electroweak
interactions, the V = W, Z and < are viewed as
composite, rather than fundamental particles [2]. In
such scenarios, non-standard WW<y, WWZ, ZZv,
Zyy and ZZZ anomalous couplings may exist.
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New physics must be introduced at large § [3]
in order to avoid violation of tree-level S-matrix
unitarity [4]. The anomalous couplings are modified via
the introduction of generalized dipole form factors [5, 6]
a($) = a,/(1 + 8/A%)" where a, = Ak, A... which force
the anomalous boson couplings to approach their SM
values at large 5. The form factor scale Ay is presumed
to be significantly larger than the typical § values seen
at the Tevatron. A signature of the existence of non-zero
anomalous couplings is an excess rate of production of
diboson pairs, particularly at high transverse energies.
The absence of an excess of such events can therefore
be used to obtain direct experimental limits on such
anomalous couplings for each diboson process.

2. Diboson Pair Production at the Tevatron

CDF (DQ) extract Wv/Zv data samples from inclu-
sive e/p channel W/Z samples by requiring an iso-
lated photon in a fiducial region of their central (central
+ endcap) EM calorimeters with E7 > 7 (10) GeV.

A minimum lepton — photon angular separation of
ARy = VAn*+ A¢? > 0.7 suppresses final-state

QED bremsstrahlung. Background from W/Z-+jets is
suppressed by requiring isolated photons and trans-
verse/longitudinal EM shower development consistent
with a single photon. The level of W/Z+jet background
in each of the W+v/Z~ data samples is determined by
use of QCD jet data samples to obtain a jet fragmen-
tation probability P;_.{E7) which is then convoluted
with the jet E7 spectrum in each of the inclusive W/Zz
data samples. The Zy background in the W+ data aris-
ing from non-observation of one of the Z decay leptons
is estimated from MC simulations. The contributions
to W~ and Zvy from tau W/Z decay channels are also
estimated from MC simulations and found to be small.



WW,WZ and ZZ data samples are also extracted
from inclusive e/p W/Z data. CDF has analyzed the
WW,WZ — € jj and ZW,ZZ — £¥¢~ jj (£ =€ or
p) channels using standard W/Z lepton selection cuts,
and requiring 60 < M;; < 110 GeV/c?. For leptonic
W (Z) events, CDF eliminates W/Z+jets background
by requiring Py > 130 (100) GeV/c, which also
eliminates the SM signal but retains good sensitivity for
non-zero WW+~/WW Z anomalous couplings. D@ has
" analyzed the WW — ev, fv; channel using standard
lepton cuts for selection of W pairs. The Z mass
region in the ee channel is excluded and Mr(ee,fr) >
100 GeV/c? is required. Backgrounds from Z decay
and fake electrons are estimated from data and MC
simulations.

SM and anomalous coupling predictions for the
W~ and Zy processes are obtained via use of the
Baur/Berger MC event generators [5, 6] and detailed
MC detector simulations. MRSD—’ structure functions
are used for event generation as they best match
the recent W lepton asymmetry measurements from
CDF [7]. SM and anomalous coupling predictions for
the WW, WZ and ZW processes are obtained via use of
the Zeppenfeld MC event generator [8] and MC detector
simulations.

Preliminary CDF and D@ results from the 1992-93
collider run for event yields and SM predictions for Wy,
Z~y, WW, WZ and ZZ production are summarized in
Table 1, along with UA2 W+ [9] and preliminary CDF
Wy, Zv results from the 1988-89 collider run [10]. All
results are in good agreement with SM expectations.

3. Direct Limits on W/Z Anomalous Couplings

Direct experimental limits on WW«y, ZZy and Zvy
anomalous couplings for the W<y/Zy processes are
obtained via binned maximum likelihood fits to the E7
distribution. The observed E7. distribution is compared
to the sum of expected signal plus background(s)
prediction, calculating the Poisson likelihood that
this sum would fluctuate. to the observed number
of events in each Er -bin, and-eonvoluting with a
Gaussian distribution to take into account systematic
uncertainties associated with backgrounds, luminosity
normalization, structure function choice, @Z%-scale
and uncertainties in the shape of the Ppr(Wy/Zy)
distribution, efficiencies, etc.

CDF extracts direct experimental limits on WW«y
and WW2Z anomalous couplings for the WW/WZ
processes via comparison of observed events to the
expected signal, including systematic uncertainties due
to luminosity normalization, jet energy scale and
resolution, structure function choice and higher order
QCD corrections, efc. D@ extracts direct experimental
limits on WW+/WWZ anomalous couplings via

Table 1. Diboson pair event yields and SM comparison. UA2
and D@ (CDF) quote SS (DS) +10 stat+syst uncertainties.

Nobs E1kagnd Naigrml Eryd
UAZ2 '90 We 16 [ 68+1.0[ 9.2757 [11.941.1
CDF '88 Wre4, | 13 | 62417 | 6.8+£4.0| 7.0+1.0
CDF '92 Wre4y, | 25 | 85+2.4 |16.5+5.5/23.343.4
DO '92 Wryey, | 19 | 55339 [ 135733 |13.8+2.1
CDF '88 Z~e4u 4 | 0.4%0.1 | 3.6+2.0] 2.0+0.2
CDF '92 Zve4p 8 |0.5+0.2| 7.5+2.8( 7.1+08
DO '92 Zve4u 6 |0.2+01 ] 58736 | 42409
CDF '92 WWWZ | 1 - 1 0.08
CDF '92 ZW/ZZ 0 - 0 0.01

Do e2ww T 2 [2.2+1.0] 2 | 055 |

Table 2. 95% CL limits on WW+~ anomalous couplings. Only
one coupling is allowed to deviate from its SM value at a time.

CP-conserving

AxY

Y

UA2 ‘90 Wy,

CDF ‘88 Wxetn
CDF ‘92 WHegp
D@ ‘92 Weespn

—-4.5 < Ax7 < 4.9
-6.0 < AxY < 6.4
-23< AKT £ 2.2
—23 < AKY < 2.3

-36< AT <39
-24< A7 <23
-0.7< A7 0.7
—-0.7 < A7 < 0.7

CDF ‘92 WWWZ
D@ ‘92 WW

-1.0< A" < 1.1
-33 < AxY < 3.5

-08< A7 <08
—26< AT 2.7

CP-violating RrY A7

UA2 ‘90 Wy, 47T <R <47 | —37< A <37
CDF ‘88 Wretu —62<Rk7<62 | —24<iT <24
CDF ‘92 Wretp —22<RY <22 | ~0.7< AT <07
D@ ‘92 Wreqpu -23< kY <23 | 07«3 <07

CDF ‘92 WWWZ | —34< i’ <34 | -08< Y <08 |

comparison of their background non-subtracted 95%
CL upper limit on o B(WW).zpr < 133 pb with
o B(WW )pred as a function of anomalous couplings.
Table 2 summarizes the results from hadron colliders
on 95% CL, direct limits on W Wy anomalous couplings.
Figure 1 shows the 95% CL limit contours for CP-
conserving WW<y anomalous couplings. The limit
contours for CP-violating WW+ anomalous couplings
(not shown) are similar. For the WW/W Z boson pair
processes, AkY = AxZ and A7 = AZ have been assumed.
The maximum value of the form factor scale Aw where
the combined Wy+W W unitarity constraint contour lies
outside the anomalous couplings limit contour for each
experiment is indicated. Table 3 summarizes the results
on 95% CL, direct limits on ZZ+ and Zyy anomalous
couplings from CDF, DO and L3 at LEP [11]. The
Tevatron limits on Z+v anomalous couplings are the
first direct test of these couplings. Figure 2 shows the
95% CL limit contours for CP-conserving/violating ZZv
anomalous couplings. The Tevatron limit contours for
Z~~ anomalous couplings (not shown) are similar. The
different orientation of limit contours in each figure is
due to the §-dependencies of the anomalous couplings.
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Figure 1. 95% CL limits on CP-conserving WW<~ anomalous

couplings.

Table 3. 95% CL limits on ZZ~/Z~~ anomalous couplings for
Az = 500 GeV. Only one coupling is allowed to deviate from its

SM value at a time.

CP-conserving h.,z,.;'7 h‘z,,’7

CDF ‘88 Z~etp ~7.1< hio <71 | -18< h§] <18
CDF ‘92 Zve4pu —3.0< hé <29 | -0.7< hi <07
DO ‘92 Z~e4pn -2.1< h%‘p <21 -0.5 < hg) < 0.5
L3 ‘91 Z—wiy | =11 h% <11 -3.0< ks <30

CDF ‘88 Zvetn
CDF ‘92 Z~etn

-74< hg’o <74
~3.1< hyy <311

0
—2.2< hi’n <21

-1.9< h;’yo <19
—0.8 < h)y <08

D@ ‘92 Z¥ety ~0.5 < h) <05
CP-violating Rz Rz

CDF ‘88 Zve4p | -71< hf}, <71]| -18< h,jp <18
CDF ‘92 Zyesu | =29< hf5 <29 | -0.7<hip <07
DO ‘92 Zvep, | —21<hi <21 | -05<hkZ <05
L3 91 Z—wiy | —1.1<h& <11 | =3.0< k%) <30
CDF ‘88 Ze+p ~7.4< hgo <74 | -19< h;’(, <19
ODF '92 Zyetu | =31 <hjg < 3.1 | 0.8 < hyo <08
DO ‘92 Zver, | —2.2<h) <22 | -05<h] <05

4. Direct Limits on W/Z Boson EM Moments

In the static limit (photon energy &

—. 0), the WWy

anomalous couplings, which are relativistic quantities,
are related to the higher-order classical EM moments of
the W boson (with h = ¢ = 1) via [12]:

uw = 5'1\%‘;(2+A"‘1 + Ay)
Qw = -5 (1+8ky-2y)
w -
dw = s (Ry+ {“1)
Qw = = ,sz"(k'r = Ay)
2 a

The sign associated with each of
indicates their orientation relative to

—
My IV
—£__ ¢
- M2 Iw
M2,

-
ZMyy, bw
— M2 dw

S

these quantities
the spin direction

of the Wt boson. The ZZ+v anomalous couplings are
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Figure 2. 95% CL limits on CP-conserving (CP-violating) ZZ~y
anomalous couplings.

Table 4. 95% CL limits on W boson EM moments. Only one
EM moment is allowed to deviate from its SM value at a time.

CP-conserving gw-2= AT+ qs,-1=Ar7-\"
UA2 ‘90 W+, —4.4<gw-2<4.0 | —12.3<¢,-1<163
CDF ‘88 Wreqpu | —3.7<gw-2<3.7 -5.5<qg-1< 5.8
CDF ‘92 Wyeqpu -1.2<gw-2<1.1 -1.6<gg-1< 1.7
D@ ‘92 Wreyu | -1.2<gw-2<1.1 -1.6<qf-1< 1.7
CDF ‘92 WWWZ | -1.2<gw-2<1.3 -1.3<g§-1< 1.3
D@ ‘92 WW —3.5<gw-2<3.7 | —-38<qf-1< 4.2
CP-violating dw =R7+A g =RT—A
UA2 ‘90 W, —4.2<dw <4.2 —14.3<qpp <14.3
CDF ‘88 Weyeyp -3.7<dw <3.7 -5.6<qy< 56
CDF ‘92 Wre4u -1.1<dw <1.1 -1.6<qp < 1.6
DO ‘92 Wresqp -1.1<dw <1.1 —-1.6<gpp < 1.6

CDF ‘92 WWWZ |

—1.6<dw<1.6 |

—la<qp< 14 |

related to the higher-order EM transition moments of
the Z boson in the static limit via [13]:

— 1 k2 Z 4 — k2 s
dzy = — 3, M2 (k3o — hic) = - 7ap5 M2 627
Q% = VIO = 3%
— 2 Z Z — 3 .
rzy = - ]}“Z' 2 M2 (hio — h2) = - a‘ﬁ;fl‘gng
z — e
Sy = ;‘}g“/ﬁ(%xo) = i

The 95% CL limits on W (Z) boson EM static
(transition) moments are summarized in Tables 4 (5),
and shown in Figures 3 (4). The 95% CL limit contours
for CP-violating W boson EM moments (not shown) are
similar to the CP-conserving moments. Note that the
relative signs of pw and Q% are now known to >95%
CL, in agreement with the SM prediction.

5. Summary and Future Prospects

CDF and DO have obtained preliminary results on We,
Zy and WW, WZ and ZZ boson pair production,



Table 5. 95% CL limits on Z boson EM transition moments for
Az =500 GeV. Only one EM moment is allowed to deviate from
its SM value at a time.

q’zn-r- =ﬁ6(2h320)
~14.5<q7 <144
-6.0<q7 < 6.0
-46<q7 < 4.6
-10.3< g% <103
qu'r :\/1_0(2}1120
-14.4<g3, <14.4
——6.0<q°zT < 6.0
—4.6<q°ZT < 4.6
-10.3<q% <10.3

CP-conserving
CDF ‘88 Zve4p
CDF ‘92 Z~e4p
DO ‘92 ZNetu
L3 ‘91 Z—-viy

671 =‘/§(hazo"h4zo
-26<87 <26
-1.1 <6‘ZT <1.1
—0.7<65T <0.7
-4.6<6, <4.6

97z =‘/§(h1zo'hzzo)
-2.6<gy, <26
-1.1 <g§T <11
—0.7<g§T <0.7
—4.6<gy <4.6

CP-violating
CDF ‘88 Z4eqpu
CDF ‘92 Zve4pn
DO ‘92 Zvetu
L3 ‘91 Z—viy

15 1 '
10 | UAz ‘90 Wy n, = 20 7
Ay = 08 TeV ng = 2.0
S /
h) § |- CDP ‘92 g’m DO ‘92 Wy
g Ay = 1.5 Te¥ Ay = 1.6 TeV
1 0
- . DO ‘92 WW
= =0
|. Hy=Q'y /i Preliminary
R / Ay = 0.8 ToV ]
o {
i
) » CDF 92 Wy
—10} CDF '88 Wy : “rav |
A . Ay = 1.5 TeV
Ap=10Tev | '
_ 1 A \.. 2 L A
-15 ~10 -5 0 5 10 156

g"‘z = Aﬁ"“k"

Figure 3. 95% CL limits on CP-conserving W boson EM
moments. The point where puw = Qf, = 0 is indicated.

direct limitson WW+v, WW Z, ZZ4 and Z++ anomalous
couplings and higher-order static (transition) EM
moments of the W (Z) bosons. All results are in good
agreement with SM expectations. An increase of ~ 10x
more data is anticipated from the present collider run.
With the commissioning of the Main Injector by the end
of the decade, ~ 1 fb~l.data samples are envisioned.
Detailed studies of EWK boson pair production at the
Tevatron will continue throughout this era, providing
evermore stringent tests of the SM on the nature of the
mutual interactions of the W, Z and v at each stage.
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