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Abstract

The production cross section times decay branching ratio for W + v and Z + v have been measured in
/s = 1.8 TeV p-p collisions. Both inclusive electron and muon W and Z decay data samples obtained from
the CDF 1988-89 Tevatron collider run were used. For photons in the central pseudorapidity region of the
CDF detector (|ny| < 1.1) with transverse energies E] > 5.0 GeV and lepton-photon angular separation
ARy, > 0.7, we observe 8 (5) electron (muon) Wy candidates and 2 (2) electron (muon) Zv candidates. The
extracted numbers ¢ - B(W+v) and ¢ - B(Zy) for the electron, muon and e + i combined samples are in good
agreement with Standard Model predictions. The cross section ratios Wy /W, Zv/Z and W+v/Zv, combined
with previous CDF measurements of the W/Z cross section ratio provide new tests of the Standard Model.
The absence of an excess of events with photons accompanying the production of W and Z bosons is used to
extract direct limits on WW«, ZZ+ and Zvv anomalous couplings. The implications of tree-level S—matrix
unitarity on our experimental limits and sensitivity to W (Z) form factor scales Aw (Az) are discussed.
The limits on WW+v anomalous couplings place bounds on the W boson higher-order electromagnetic mo-
ments and mean-squared charge radius. The limits on ZZy anomalous couplings place bounds on the ZZ~
transition moments of the Z boson.

PACS numbers: 14.80.Er, 12.10.Dm, 12.50.Fk, 13.38+4c



1 INTRODUCTION

The Standard Model (SM) of electroweak interactions unifies the electromagnetic and weak inter-
actions into a single interaction described by the gauge group SU(2), ® U(1)y [1]. The W* vector
bosons mediate the charged weak currents [2]; the Z° and the ¥ vector bosons mediate the neutral
currents [1]. The measurement of W#*, Z° and Drell-Yan production cross sections and W and Z
leptonic decay properties in /s = 1.8 TeV p-p collisions test the strength and the nature of these
gauge boson couplings to fermions (the quarks and leptons) in the region of the W and Z boson
mass scales.

In the context of the SM, the W, Z and v are viewed as fundamental gauge particles. The
experimental measurement of W 4+ v and Z + 7 di-boson production cross sections and final-
state decay kinematics provide tests of the SM predictions of the strength and nature of tri-linear
gauge boson couplings between these particles and also yields information on static (transition)
electromagnetic multipole moments of the W (Z) bosons, respectively [3, 4]. Large anomalous
WW«, ZZ~ and/or Zy~ couplings (>> o = €?/4r) may be realized in nature only if the W and
Z are composite and have an internal structure. In such a scenario, the W and Z would then
be viewed as bound states of as-yet unknown particles, mediating the weak interactions in a role
similar to that of rho mesons as mediators of the nuclear forces at low energy. Composite models
of the W and Z bosons with large values of anomalous couplings predict cross sections for W + v
and Z + v production well above those expected in the Standard Model [4, 5].

The inclusive electron and muon W and Z data samples obtained from the CDF 1988-89 collider
run are used as a starting point for this analysis, since the Wy and Z7v events of interest are a
subset of inclusive W and Z boson production. The inclusive W and Z data samples have been
previously used for measurements of the inclusive W and Z cross sections in the electron and muon
channels [6] and the W/Z cross section ratios {7]. In this analysis, we use the same W and Z
event-selection criteria for defining the W and Z bosons in the W+ and Zv event sub-samples, but
additionally require the presence of an isolated, hard central photon accompanying the W or Z
boson in each event [8].

One of the hallmarks of the Standard Model is the universal coupling of gauge bosons to
fermions [1], lepton universality in the electroweak interactions. This is now well-tested at the W
and Z mass scales [9]. It should also be obeyed in the leptonic decay channels for the Wy and
Z« processes. A comparison of ¢ - B(W + y) and o - B(Z + 7) in the electron and muon decay
channels provides a cross-check. A comparison of the results for W+ with those for Zv provides a
consistency check in the search for possible anomalous couplings.

The small integrated luminosity presently available for studying Wy and Z+y processes implies
limited statistical precision. Combining the individual electron and muon W+ and Zv cross section
results provides enhanced statistical accuracy. The detailed analysis presented here provides the
foundation for more precise future measurements with larger integrated luminosity.

The organization of this paper is as follows. The theory of Wy and Zy production in the
context of the Standard Model, anomalous couplings and associated phenomenological implications
is discussed in Section 2. The CDF detector and data collection are described in Section 3. The
selection of the electron and muon W+ and Z+v data samples is discussed in Section 4. The details of
the determination of o- B(W ++) and o - B(Z +4) in the electron and muon channels are described
in Section 5. The results on three new cross section ratios, R(W~vy /W)y, R(Z7/Z)e, R(IW~/Z7)e
and the inclusive W/Z cross section ratio, R(W/Z), are presented in Section 6. Finally, in Section



7, direct limits on WW«y, ZZv and Zv+v anomalous couplings are presented. For W+, the limits
on WW~ anomalous couplings are related to bounds on the higher-order electromagnetic moments
and mean squared charge radius of the W boson. For Z+v, the limits on ZZ+y anomalous couplings
are related to bounds on the transition moments of the Z boson. The implications of tree-level
S —matrix unitarity on our experimental limits and sensitivity to W (Z) form factor (compositeness)
scales, Aw (A7) respectively are also discussed. All experimental results are summarized in Section
8.

2 THEORY OF W+ AND Zyv PRODUCTION

2.1 W+ Production

The tree-level Feynman diagrams for W+ production and decay are shown in Figs. la - 1d. The
process of greatest interest here is the s—channel tri-linear gauge coupling diagram, Fig. lc. Wy
events with different kinematics are produced in processes represented by Figs. la, 1b and 1d.
The Feynman diagrams shown in Figs. 1a and 1b for the u— and t—channel processes are associ-
ated with initial-state radiation off of the incoming quark lines. The process shown in Fig. 1d is
known as radiative W decay due to final state/inner bremsstrahlung. The amplitudes for each of
these processes must be summed coherently in order to produce a matrix element which preserves
electromagnetic gauge invariance [10].

For WWy anomalous couplings, the most general effective Lagrangian compatible with Lorentz
invariance and electromagnetic gauge invariance for the tree-level processes shown in Figs. la - 1d
is given by [10, 11]:

Lwwy = —ie|W]wra” —wia,ww

A .
+rg W W, E 4 M--é-‘-,-w;f#w:F"A

; A v
+rWiw P 4 ZLw] W (1)
w

where e is the charge of the proton, A# and W# are the photon and W~ fields, respectively and

Wu.u = 6uWu - auWu. (2)

Ful/ = 3“/11, - auAy, (3)
: 1

Fuu = §6uupona (4)

and My is the W mass. The photon is taken to be on-shell and both the virtual and on-shell W
couple to essentially massless fermions allowing 4, W* = 0.



The nature of the WW+ vertex for ¢ ¢ — W%~ can also be equivalently described in terms of
the WW~ vertex function, which is given by [12]

1
I*?“(g1,q9, P) = 5 (2+ Akp)(q1 — g2)"g°°

A
—'; (g1 — q2)" (P?¢*F — 2P>PP)
MW

~ 4 PPghe 4 2(24 Aky + Af) P¥g*P

+2(Ry + Ap) %Py,
X (o4 T
M"fi“ (01 — ©2)*€*P*° P, (1 ~ a2)s (5)
W

Here P (¢1) are the four momenta of the incoming (outgoing) W boson (Lorentz indices p and «
respectively), and ¢; is the four momentum of the final state on-shell photon (Lorentz index f).
The tree-level Standard Model predictions for the values of the momentum-dependent form factors
are Aky = Ky — 1 = Ay = By = Ay = 0. The form factors a; = Axy, Ay, &5, and Ay are assumed
to be of the generalized dipole form [10]:

ao

P2=~, 2=M2, 2: — 6

where the dimensionless anomalous couplings ap = Ak = k—1, A, &, or X\, with tree-level Standard
Model values of Ak = A=k = A= 0.
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Figure 1: Tree-level W + v Feynman diagrams. (A) uz—channel W + v initial-state bremsstrahlung
diagram. (B) t—channel W + v initial-state bremsstrahlung diagram. (C) s—channel W + v
diagram. (D) final-state inner bremsstrahlung diagram.



The anomalous contributions to the W+ helicity amplitudes grow like v/3/Mw for Ax, & and
(V/3/Mw)? for A, A. The form factor scale Aw represents the scale at which new physics becomes
important in the weak boson sector, due to a composite structure of the W boson. The choice of
the exponent n = 2 guarantees that unitarity is preserved. If the exponent is sufficiently above the
minimum value of 1/2 (1) for Axy, &¢ (Ay, S\f) then one ensures that W+ production is suppressed
at energies v3 >> Aw >> My, where multiple weak boson or resonance phenomena are expected
to dominate [11]. The behavior of the form factors (equation 6) is such that they stay essentially
constant for § << A%, and start to decrease only when the scale Aw is reached {or surpassed), in
analogy to the behavior associated with the well-known nucleon form factors.

In the static limit (photon energy — 0), the anomalous couplings, which are relativistic quan-
tities, are related to the higher-order classical electromagnetic moments of the W boson — the
magnetic dipole moment uw, electric quadrupole moment Q$y, electric dipole moment dw, mag-
netic quadrupole moment Q7 and the mean-squared charge radius, < R%, > (with A = ¢ = 1)
via:

pw = (24 ARt ) (7)
Q= —M%me—x) (8)
dw = 2A;W(fx+f\)' (9)
Qe = —;jg(k—i) (10)
<R¥y> = ~A-{[1—3V—(1+An+/\) (11)

The sign associated with each of these quantities indicates their orientation relative to the spin
direction of the W+ boson. Note that for an arbitrary spin-S particle, 25 + 1 CP—conserving
electromagnetic moments are allowed [13]. Thus, the electrically charged W#* vector boson is
expected to have both a magnetic dipole moment and an electric quadrupole moment in the Standard
Model [14]. The W electric dipole and magnetic quadrupole moments (the terms in the effective
Lagrangian involving the % and A parameters) are P—odd and violate CP (i.e. violate 7). All four
anomalous couplings are C—even. Note also that within the context of the Standard Model, only
the CP—conserving parameters Ax and ) are expected to receive small, non-zero contributions at
the one-loop level, of order a {10, 11}.

Although all Feynman diagrams must be summed coherently, there are certain kinematic regions
in which a subset of these diagrams provides most of the “interesting” signal. For the initial-state
radiation processes, the radiation is sharply peaked in angle along the incident quark/anti-quark
directions. The vast majority of photons from final-state radiative W decay are co-linear with the
decay lepton. Both initial and final state radiation distributions are also sharply peaked at low
photon energy, as are the contributions from the WW~ vertex graphs. However, in contrast to
radiative W decay, the photons from W + 4 production tend to be emitted at large angles with
respect to the W decay lepton and the invariant mass of the W + 4 system also tends to be greater
than the W boson mass. Additional details are described in Appendix A.



2.2 Zv Production

The tree-level Feynman diagrams for Zv production and decay are shown in Figs. 2a - 2d. Since
the Z° boson, like the photon, is a Majorana particle (i.e. is its own anti-particle) it cannot have
any static electromagnetic multipole moments. Hence, the SM of electroweak interactions predicts
no ZZv (and also no Zvyy) tri-linear gauge couplings at the tree-level. The Feynman diagrams
for SM Z~ production are shown in I'igs. 2a - 2¢, corresponding to initial statc and final state
radiation (inner bremsstrahlung). The non-SM Feynman diagram for ZZv and Z+v+v anomalous
couplings is shown in Fig. 2d. In addition, because of Bose symmetry and energy conservation, at
least one of the Z bosons (photons) must be off-shell for non-zero ZZy (Z++) anomalous couplings,
respectively. The SM diagrams for initial and final-state radiation for Zv produce photons sharply
peaked in angles about the beam and decay lepton directions, respectively.

Electromagnetic gauge invariance and Lorentz invariance allow four different anomalous cou-
plings. The most general anomalous ZvZ vertex function is given by [15]

[s4 P2 — q2 Ps 4 o
%501, 0, P) = (—W [hiz (a49°° - 959*°)

z
+ 1 pa (p.nguﬂ - quﬁ)
M}

hZ
+ hge“aﬁp Q2 + ﬁzz—Pae“ﬁpaquza] (12)
z

where Mz is the Z boson mass, P and ¢; are the incoming and outgoing Z boson four-momenta
(Lorentz indices p and o respectively), and g, is the four-momentum of the outgoing (on-shell)
photon (Lorentz index 8). The most general anomalous Zvy+v vertex function can be obtained from
the ZyZ vertex function by replacing

2 _ .2 2
<£M—2—1‘-) - (X]}?) and hZ — K7, i=1-4. (13)
V4 ¥4

The overall ZZy and Zy+v coupling strengths gzz, and gz,, are chosen to be e, where ¢ is
the proton charge. The factor of P2 — ¢? in the ZyZ vertex function is a consequence of Bose
symmetry, whereas the factor of P2 in the Zyv vertex function is a consequence of electromagnetic
gauge invariance; note that the Zvyvy vertex function vanishes identically if both photons are on-
shell [16].

The form factors Y (V = Z,v, i =1- 4) are dimensionless functions of ¢?, ¢? and P?. As
in the case for the form factors associated with the WW+y vertex function, the values of Y at low
energies are constrained by §-matrix unitarity [17]. The Z + 4 form factors hY are assumed to be
of the generalized dipole form [17]:

|4
h’iO

hY(P*=3, ¢ =M}, ¢3=0) = A+ 3/A0)r

(14)
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Figure 2: Tree-level Z + v Feynman diagrams. (A) u—channel Z + 7 initial-state bremsstrahlung
diagram. (B) t—channel Z + 7 initial-state bremsstrahlung diagram. (C) final-state inner
bremsstrahlung diagram. (D) non-SM s—channel Z + v diagram.



The anomalous contributions to the Zy helicity amplitudes grow like (vV/3/Mz)? for h s and
(V3/Mz)® for hg;i. We shall assume that n = 3 for hY,a and n = 4 for th. These choices guarantee
that unitarity is preserved and that terms proportional to hjj 4o have the same high energy behavior
as those proportional to /l}’o':}o. If these exponents are sufficiently above their minimum values of
3/2 for h}/,s and 5/2 for th then Z7y production is suppressed at encrgies v >> Az >> My,
where multiple weak boson or resonatice phenomena are expected to dominate [17].

Note that all anomalous couplings are C—odd. The couplings hY, and hjy are CP—conserving,
whereas hYy and hY, violate CP (i.e. violate 7). Within the context of the Standard Model, at
the tree-level all couplings kY vanish. However, at the one-loop level, only the CP—conserving
couplings kY, and Y, are non-zero. However, as in the case of the one-loop SM corrections to the
CP-conserving WW+ couplings, the higher-order SM contributions to Z + vy are also expected
to be quite small, e.g. A%, ~ 2 x 10~* [18]. Large anomalous contributions to the Ax and A
parameters for Wy, and to h%, and hZ, for Zv are possible if the W and Z bosons are composite
objects. This is analogous to the anomalous contributions to the magnetic dipole moments of the
proton and neutron, where Ax, = +1.80 and Ax, = —1.91 originate from quark sub-structure of
the nucleon.

Combinations of k%, and /1, correspond to electric dipole and magnetic quadrupole transition
moments for the ZyZ process, whereas combinations of k%, and k%, correspond to magnetic dipole
and electric quadrupole transition moments. For the case of the transition of an off-shell Z* with
mass v/§ radiating to an on-shell Z and a vy with energy k, the CP—conserving electric dipole (E'1)
and magnetic quadrupole (M2) Z*Z~y transitions, and the CP—violating magnetic dipole (M1)
and electric quadrupole (E2) Z*Zy transitions, with k << Mz are given by [19]:

El = %kaj% (h% - k%)  + O(K*) terms (15)
M2 = ngkz\/g (2h%, + O(k3)‘terms (16)
M1 = —2—‘-3;7‘—,,’5-5 "22 (hIZO - hzzo) + O(k*) terms (17)
E2 = Xz,—c.%-kz\/g (2h%) + O(k®) terms (18)

Note that the non-relativistic Z*Z% transition multipoles have high powers in k because these
moments are for a neutral, spin-1 Majorana particle. One power of k is associated with the Bose
pre-factor in the ZZ~ vertex function.

The expressions for the Z*Zv transition moments, in the static limit (k — 0) are defined with
the convention [20]:

1

El = -2kdgz, E2 = —\/—g-szeZT (19)
1

Ml = =2k uz, M2 = 7§k2Qng (20)

The CP—conserving electric dipole and magnetic quadrupole transition moments, dz; and 7%,
and the CP—violating magnetic dipole and electric quadrupole transition moments, 1z, and Q% ,
to leading order in & (with & = ¢ = 1) are given by [19]:
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e 1 k?
dzr = (15 - 1) (21)

T S M AN
¢ V4
W = V10 (2h%) (22)
€ 1 k2 zZ z
Hzr = “M‘;%M_%(hw—hzo) (23)
€
Qzy = _Mg\/l—o(2hlzo) (24)

Because the Z has no static multipole moments (due to the Majorana nature of the Z) it has no
classical equivalent of the charge radius, in contrast to the W. Note also that for Zyv anomalous
couplings, the multipole transitions/transition moments for the v*Z~ case are not physically well-
defined in the static limit (k — 0) since the v* is (very) far off shell [19].

As in the W« case, non-standard ZZ+y and Z+v~ couplings include momentum-dependent form
factors which must vanish at large momentum transfer in order to guarantee that S-matrix uni-
tarity is not violated [21]. Limits on the Z anomalous couplings extracted from experimental data
therefore depend on the form factor scale Az which characterizes the energy above which the form
factor starts to decrease. The scale Az is generally assumed to be connected to some novel interac-
tions operative at energies = Az, and is expected to be at least of order of a few hundred GeV. For
p-p interactions at /s = 1.8 TeV, the dependence of the limits for WW+5 anomalous couplings on
the scale Aw is small. The dependence on Az is much stronger for ZZv/Z~y+ anomalous couplings.

As described in Appendix A, the destructive interference between the s—channel diagrams
involving the WW+ vertex and the u— and t—channel graphs for the SM W process results in the
radiation amplitude zero. However, no such destructive interference effects are present for the SM
Zv process. The ratio of the observed Wy /Z~ cross section x branching ratios is expected to be ~ 4
whereas the ratio of the inclusive W/Z cross section x branching ratios is expected to be ~ 11 for
our choice of Wy /Z~v event selection cuts. For WW+ and ZZv/Z~y+ anomalous couplings, the Wy
and Zv cross sections are approximately quadratically dependent on the anomalous parameters.
The minimum of the W + 7 cross section does not occur at the SM values of CP—conserving WWy
anomalous couplings, Ax and A due to interference effects and the different §—dependencies of the
various anomalous terms in the overall invariant amplitude M. This is also true for the Z + v
case.

3 DETECTOR AND DATA COLLECTION

3.1 Introduction

The Tevatron p-p collider at Fermilab operated at a center of mass energy of 1.8 TeV and a nominal
luminosity of 103°cm~2sec™! during the 1988-89 run. The Collider Detector at Fermilab (CDF) is a
multi-component, 5000-ton detector that covers most of 47 solid angle [22]. A cut-away view of the
CDF detector is shown in Fig. 3. The CDF coordinate system defines the positive z axis along the
direction travelled by protons. The y axis is vertically upward and the z axis is radially outward
from the center of the Tevatron ring. The angles § and ¢ are the polar and azimuthal angles; the
pseudorapidity variable n = —In(tan 8/2). The superconducting solenoid provides a magnetic field
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of 1.4116 T for magnetic analysis of charged particles in the central (n < 1.1) region. Calorimeter
coverage extends to within 2.0° of the beam (|7| < 4.2).

The components of the CDF detector of most interest for this analysis are the beam-beam coun-
ters, the central tracking system, the central, plug and forward calorimeters, and the central muon
system. The beam-beam counters (BBC) are a plane of scintillation counters located immediately
in front of the forward/backward calorimeters at a distance of 5.8 m from the nominal interaction
point and covering the beam-fragmentation region in the pseudo-rapidity range 3.2 < || < 5.9.
These counters provide a minimum-bias trigger for the detector and are also used as the primary
luminosity monitor for CDF. The minimum-bias BBC trigger requires at least one counter in each
plane to fire within a 15 ns window centered on the beam crossing time.

3.2 Tracking Detectors

The CDF central tracking system is composed of a vertex time projection chamber system [23]
(VTPC) located immediately outside the beam pipe and large volume central tracking chamber [24]
(CTC) contained within the uniform inagnetic field region of the solenoid. The VTPC is used
to establish the position of the interaction vertex with an rms resolution of lmm in the beam
(z) direction and to provide tracking information in the region |7| < 3.5. Sense wires provide
measurements of track coordinates in the r — 2 view, cathode pads and small-angle stereo provide
measurements in 7 — ¢. The central tracking chamber encloses the VITPC and gives precise track
momentum and charge-sign measurements in the region |n| < 1.1. The CTC is a 3.2 m long
cylindrical drift chamber with an outer radius of 1.3 m, consisting of 84 layers of sense wires,
grouped into nine alternating axial and stereo superlayers. Five axial superlayers consist of 12
sense wires; four stereo layers have 6 sense wires, tilted at +3° relative to the beam direction. The
rms momentum resolution of the CTC is épr/pr = 0.0020pr (pr in GeV/c) for isolated tracks.
Imposing the constraint that individual tracks originate from the interaction vertex extends the
effective track-fitting region from 1.0 to 1.3 m, resulting in an improved momentum resolution of

dpr/pr = 0.0011pr.

3.3 Calorimeters

The calorimeters have fine segmentation in eta-phi and are organized into projective towers pointing
towards the interaction region. The calorimeters cover all of phi, and extend to |n| < 4.2. Each
calorimeter tower consists of an electromagnetic shower counter in front of a hadronic calorimeter
element. In the central region (|n| < 1.1) the calorimeters are scintillator-based, while the plug
and forward calorimeters are gas-based, using proportional tubes and cathode pad readouts. The
calorimeters are used to identify electrons and photons by their local kinetic energy deposition in the
E M portion of the calorimeter, and to augment muon identification by detection of their minimum
jonizing energy deposition signature in the calorimeter. Photons are distinquished from electrons
by energy deposition in the EM portion of the calorimeter where no track is incident. The central
calorimeter is composed of 15° wedges in ¢, with a projective tower size of 0.1 X 15° in  x ¢. The
central electromagnetic calorimeter [25] (CEM) is 18 radiation lengths (0.6 absorption lengths) thick
and consists of lead sheets interspersed with polystyrene scintillator, read out through wavelength
shifters coupled via light-guides to conventional photomultiplier tubes. The CEM calorimeter has
an energy resolution of 6E/E = 13.5%/VEr @ 2% (E in GeV), where Er (in GeV) is the
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transverse energy and the symbol @ signifies that the constant term is added in quadrature with
the stochastic term.

The central electromagnetic strip chambers [22] (CES) are used to determine shower position
and transverse development of an electromagnetic shower at shower maximum (~ 6.3 radiation
lengths) by measurement of the charge deposition on orthogonal, fine-grained (1.5 cm spacing)
strips and wires. In this analysis, the central strip chamber information is used for electron/photon
transverse shower profile information, and also to separate single photons from multi-photon QCD
jet background. The CES chambers provide precise location of an electromagnetic shower, with an
rms accuracy of ~ 3.0 mm in 7 — z and ~ 1.7 mm in 7 — ¢. Figure 4 is a schematic drawing of a
central calorimeter wedge. Figure 5 shows the orientation of the cathode strips and anode wires in
the CES.

The central hadronic calorimeter [26] (CHA) consists of steel absorber interspersed with acrylic
scintillator, totalling 4.5 absorption lengths. The CHA calorimeter has an energy resolution of
SE/E = 75%/VE & 3% for isolated pions.

The plug electromagnetic calorimeter [27] (PEM) is divided into quadrants. It is constructed
from lead absorber panels interspersed with gas proportional chambers with cathode pad readout
(18-21 radiation lengths in depth, corresponding to 0.6-0.7 absorption lengths). The PEM has
an energy resolution of 6E/E = 28%/VE ® 2% (E in GeV) and a tower size of 0.09 x 5° in
n X ¢. Shower positions are determined from 6 and ¢ pad information, with a spatial resolution of
2 mm X 2 mm.

The forward electromagnetic calorimeter [28] (FEM) is also constructed from lead absorber
panels interspersed with gas proportional wire chambers and cathode pad readout (25 radiation
lengths in depth, corresponding to 0.8 absorption lengths). The FEM has an energy resolution of
SE/E = 25%/VE & 2% (E in GeV) and a tower size of 0.1 X 5° in 7 x ¢. Shower positions are
determined from # and ¢ pad information, with a spatial resolution of 1 — 4 mm depending on the
shower location in the calorimeter.

The plug [29] (PHA) and forward [30] (FHA) hadronic calorimeters are constructed from steel
absorbers interspersed with gas proportional chambers as the active medium. The PHA is 5.7
absorption lengths thick and has an energy resolution of 6E/E = 90%/vE @ 4% for isolated pions.
The FHA is 7.7 absorption lengths thick and has an energy resolution of §E/E = 130%/VE & 4%
for isolated pions.

3.4 Muon Detectors

The central muon chambers [31] (CMU) consist of drift chamber modules located behind approx-
imately 5 hadronic absorption lengths of lead and steel in the central calorimeters at a radius of
3.5 m. Four layers of drift cells in a muon chamber provide three-dimensional reconstruction of
tracks from drift-time information in the transverse (r — ¢) direction and charge division informa-
tion in the longitudinal (r — z) direction. A drift resolution of 250 ym and charge division resolution
of 1.2 mm are determined from cosmic ray studies. Each CMU wedge on either side of 7 = 0 covers
the region 0.026 < |7] < 0.63 and 15° in ¢.
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Figure 3: Cutaway view of the forward half of the CDF detector.
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3.5 Triggering

The p-p interaction rate at the Tevatron collider is 10° times higher than the capability of the
CDYF data acquisition system. In order to reduce the trigger rate to a level that can be written to
magnetic tape, a four-level trigger system is used [32]. A description of the triggers relevant to the
collection of inclusive W and Z data samples follows.

The lowest-level triggering scheme (level-0) selects inelastic (minimum bias) p-p collisions by
requiring an in-time coincidence of the BBC planes on either side of the interaction region. This
trigger decision is made available in time to inhibit data taking during the next beam crossing,
3.5 us later.

The level-1 trigger decision is made within the 7.0 us allowed by level-0. If the event fails in
level-1, the front end electronics are reset in time for the second crossing after the initial level-0
decision.

The level-1 calorimeter trigger system [32] computes transverse energy flow in both the electro-
magnetic and hadronic compartments of the calorimeter. Trigger towers have a width of 0.2 x 15°
in n X ¢, mapping the detector into two 42 x 24 (n X ¢) arrays, one for electromagnetic, the other
for hadronic transverse energy deposition. For central electron W/Z candidates, all events are
required to have at least 6.0 GeV in a single trigger tower (two physical towers) of the central
electromagnetic calorimeter.

The level-1 central muon trigger [33] uses hits from the central muon TDC’s to identify high-Pr
track “stubs” in the muon chambers. This trigger imposes a cut on the time difference |t4 — t5]
or |tz — t;| between two radially-aligned wires in a muon tower, where t; is the drift time to the
i** wire in a muon tower. This requirement restricts the maximum allowed angle of a track with
respect to an infinite momentum track emanating from the p-p vertex, and thus enables a Pr cut
on the track. Multiple scattering in the calorimeter upstream of the muon chambers smears the
trigger threshold in track Pr. The central muon W/Z data samples used in this analysis have been
obtained with a Pr threshold of 3.0 GeV/c. Using cosmic rays, the level-1 muon trigger efficiency
is measured to be greater than 90% and independent of Pr for tracks with transverse momentum
greater than 10.0 GeV/c.

In level-2, two-dimensional tracking information from the central fast tracker [34] (CFT), a
hardware track processor, is combined with level-1 electron and muon information to form level-2
electron and muon triggers. Fast timing information from the CTC is used to detect high transverse
momentum tracks in the central region. The track finder analyzes prompt hits from the axial sense
wires of the CTC to identify tracks by comparing hits in the CTC to predetermined hit patterns
for the range of transverse momenta allowed by the CFT trigger threshold. The track processor
covers the Pr range from 2.5 to 15.0 GeV/c with a momentum resolution of § Pr/Pr = 3.5% (Pr
in GeV/c). The list of two-dimensional tracks found by the track processor is used in the CDF
level-2 trigger system.

The level-2 central electron trigger combines calorimeter and tracking infomation. A hardware
cluster finder searches the electromagnetic and hadronic tower arrays, forming clusters around seed
towers. The level-2 electron trigger requires (a) a cluster transverse electromagnetic energy (EM
Er) greater than 12.0 GeV (assuming the event vertex to be at Z = 0), (b) a ratio of the total cluster
ET to EM E7 less than 1.125, and (c) a CFT track associated with the cluster with transverse
momentum Pr > 6.0 GeV/c. The efficiency of the level-2 electron trigger for W electrons is 98%.

The level-2 central muon trigger [35] matches the list of two-dimensional CFT tracks to stubs
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found by the level-1 muon trigger using look-up tables (which include multiple scattering effects).
The level-2 muon trigger requires CFT tracks with Pr > 6.0 GeV/c. The efficiency of the level-2
muon trigger for muons with transverse momentum Pr > 15.0 GeV/c was 97.0%, independent of
the track density in the event.

A level-3 trigger system [36] consists of a “farm” of 60 Motorola 68020 processors. The event
data, read out from the entire detector after a level-2 trigger accept, is used by level-3. Because
of constraints on the execution time per event, level-3 trigger algorithms use streamlined versions
of the complete offline CDF event reconstruction code. The level-3 central electron filter requires
that the level-2 central electron cluster have EM Er > 12.0 GeV and a two-dimensional track with
Pr > 6.0 GeV/c as reconstructed by level-3 software. The level-3 central muon filter requires that
a two-dimensional track with Pr > 9.0 GeV/c match a level-1 central muon trigger stub within a
5.0° window in ¢, as reconstructed by level-3 software. The efficiency of the level-3 central electron
and muon triggers above 15.0 GeV is 100%.

The overall (level-1,2,3) trigger efficiencies for (fiducial) central electrons (muons) associated
with the inclusive W/Z data samples is 97.3 + 0.5% (91.0 & 0.2%).

3.6 Data Collection

The data samples used in this analysis were collected over a 12-month period, during which the
peak machine luminosity increased to over 2x 10%° cm™2 s™1. The overall trigger rate was limited to
1 -2 Hz by the speed at which data could be transferred to tape. A typical event record contained
~ 120 kbytes of information.

4 THE ELECTRON AND MUON W + vy AND Z + v DATA
SAMPLES

4.1 Introduction

The inclusive electron and muon data sets used for the W+ and Z+v analysis were used for the
previous W and Z absolute production cross section X decay branching ratio measurements [6]
and the electron and muon W/Z cross section ratios [7]. In the 1988-89 Tevatron collider run, the
integrated luminosities of high— Pr electron and muon data were [ L.dt = 4.05+ 0.28 pb~! and
fL,dt = 3.5440.24 pb~!, respectively. The uncertainty in each of these integrated luminosities
is 6.8%, primarily from the uncertainty in the total inelastic p-p cross section as observed by the
Beam-Beam Counters, oggc = 46.8+ 3.2 mb [7].

4.2 Inclusive Electron W and Z Event Selection

The inclusive electron W and Z samples are extracted from a common central electron sample
having the following requirements:

¢ The event vertex be within |zyix| < 60.0 cm of nominal 2z = 0.0 position.

e The electron cluster have || < 1.1, and be within the good fiducial region of the CEM
calorimeter, as determined from CES shower centroid information.

e A transverse energy of the central EM cluster of E$Ustr > 20.0 GeV.
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o Isolation I = (Egre— Egluster)/ peluster « (.1 in an angular cone of size AR = /An? + A¢? =
0.4 centered on the EM cluster (location defined from CES shower centroid information).
E$°me is the sum of the transverse energy in the cone.

¢ A hadron-to-EM energy ratio for the central EM cluster of Had/EM < 0.055 4 0.00045 * E,
where E is the total energy of the EM cluster in GeV. An energy-independent efficiency for
this cut is obtained using this functional form.

o A CES strip x%,;, < 15.0, which is a chi-squared comparison of a fit of the leading CES
cluster profile in the strip view to test-beam electron shower profiles.

o Lateral shower-shape chi-squared variable Lg,, < 0.2, which is a chi-squared comparison of
the observed CEM lateral shower profile to test-beam electron CEM lateral shower profile
data.

* A single, reconstructed three-dimensional track associated with the EM cluster with F/P <
1.5 which matches the CES shower position to within |Az| < 3.0 cm and |Ar — ¢| < 1.5 cm.

A total of 5012 events pass these requirements.

Electron W candidates are obtained from the common central electron sample by additionally
requiring £1 > 20 GeV. The W candidates must not be simultaneously consistent with being an
electron Z candidate, as defined below. A total of 2664 events pass the electron W requirements.

Electron Z candidates are obtained from the common central electron sample by additionally
requiring a second electromagnetic cluster located in a good fiducial region of either the central,
plug or forward calorimeters, passing the following selection criteria:

* A transverse energy of the second EM cluster of EZUster > 10 GeV.
¢ I[solation I < 0.1, in an angular cone of size AR = 0.4 centered on the EM cluster.
¢ A hadron-to-EM energy ratio for the second EM cluster of Had/EM < 0.10.

¢ In the central region, a second EM cluster is required to have a single, three-dimensional
track associated with it, and have E/P < 2.0.

¢ In the plug region, a second EM cluster is required to have a lateral shower chi-squared
variable defined using a 3 x 3 matrix of PEM anode pad information of x3,5 < 20.0, which
is a chi-squared comparison of the observed lateral shower profile to test-beam lateral shower
data. The second EM cluster is also required to have a VTPC hit fraction > 0.5, defined as
the fraction of observed to expected hits within a road defined by the event vertex and the
centroid of the PEM cluster.

e A dielectron pair invariant mass between 70 < M., < 110 GeV/ ¢

A total of 243 events pass the electron Z requirements.
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4.3 Inclusive Muon W and Z Event Selection

The inclusive muon W and Z samples are extracted from a common central muon sample having
the following requirements:

o The event vertex be within |zytx| < 60.0 cm of nominal z = 0.0 position.

s A reconstructed central muon with transverse momentum, Py > 20.0 GeV /¢, and in a good
fiducial region of the central muon system.

o A match of the extrapolated CTC track to the reconstructed muon “stub” in the muon
chambers to better than 2 cm in the r — ¢ plane.

¢ A minimum ionizing signature of less than 2.0 GeV (6.0 GeV) of EM (hadronic) energy
deposited in the calorimeter towers traversed by the muon.

o Isolation I = (E$" — E%)/Py < 0.1, where E$™ is the sum of the transverse energy
observed in the calorimeter within a cone of AR = 0.4 centered on the muon track, Ef is the
transverse energy deposited in the calorimeter towers traversed by the muon and Pr is the
transverse momentum of the muon track.

¢ Cosmic ray muons were removed from the sample by using central tracking chamber infor-
mation to veto events with muon tracks which were inconsistent with coming from the event
vertex.

A total of 2011 events pass these requirements.

Muon W candidates are obtained from the common central muon sample by additionally requir-
ing missing transverse energy, £ > 20 GeV. The muon W candidates must not be simultaneously
consistent with being a muon Z candidate, as defined below. A total of 1436 events pass the central
muon W requirements.

Muon Z candidates are obtained from the common central muon sample by additionally requir-
ing a second minimum ionizing track passing the following selection criteria:

e Pr > 20.0 GeV/c and |n,| < 1.0.
¢ Opposite charge sign to the first muon.
e A dimuon pair invariant mass between 65 < M, < 115 GeV/c’.

e If the second track is within the fiducial acceptance of the central muon system, we addition-
ally require that it have a reconstructed muon “stub” in the muon chamber.

A total of 106 events pass the muon Z requirements.

4.4 Electron and Muon W+ and Zvy Event Selection

All data sets used in this analysis have been processed with a modified EM —clustering algorithm
to ensure high efficiency for finding photons down to EJ = 3.0 GeV. Position-dependent response
map [37] and energy scale corrections are applied after clustering. A common set of photon identi-
fication cuts are then applied to each of the four inclusive W/Z data samples to obtain the electron
and muon W~ and Z7 sub-datasets [8]. A central fiducial photon candidate is defined as follows:
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¢ A cluster of electromagnetic energy deposited in 1-3 contiguous towers in a wedge of the CEM
calorimeter with E7 > 5.0 GeV, after position response and CEM energy scale corrections,
with a seed calorimeter tower energy of E7 > 1.0 GeV.

¢ A candidate CEM cluster is required to be in a good fiducial region of the central calorimeter,
as defined by the position determined from CES shower centroid information.

e An angular separation between the W/Z decay lepton(s) and the photon of ARy, =
VAn? 4+ A¢? > 0.7. This cut is designed to suppress the contribution from radiative W/Z
decay. ARgy = 0.7 corresponds to an opening angle of A¢ ~ 40° in the r — ¢ plane.

¢ A calorimeter isolation “ET4” cut, requiring that the excess transverse energy deposited in
a cone of AR = 0.4 centered on the CEM cluster, but not including the EM cluster energy,
must be £T4 < 2.0 GeV.

o A tracking isolation “YPT4” cut, requiring that the summed transverse momentum due to
charged tracks within a cone of AR = 0.4 centered on the CEM cluster must be less than
L PT4 < 2.0 GeV. The tracks participating in the sum must originate within Az < 10 cm of
the event vertex, and be reconstructed in three dimensions.

¢ An “N3D = 0” cut, requiring no charged tracks pointing at the CEM cluster, originating
from any vertex. The tracks must be reconstructed in three dimensions.

¢ A hadron-to- EM energy ratio for the central EM cluster of Had/EM < 0.055 4 0.00045 * E,
where E is the total energy of the EM cluster in GeV.

¢ A lateral shower-shape for the CEM cluster of L, < 0.5.

e The CES strip and wire chi-squares for the electron shower profiles of the leading cluster in
each of these views, must be xft”-p < 20.0 and x2;,, < 20.0.

o A “no 2" CES” cut, requiring that no additional CES strip/wire clusters with Ecgg gna >
1.0 GeV be present within the calorimeter towers associated with the CEM cluster. This cut
is made to further suppress 7° and multi-photon QCD jet backgrounds.

For electron and muon W+ candidates, a cut removing events with additional high-Pr tracks is
made to suppress background from misidentified Z + v events, where one of the Z decay leptons
is not detected. This background is discussed in greater detail in Section 5.4.1. A transverse
mass cut of MIW > 40 GeV/o:2 is also made in the W+ data samples to suppress the high—P;V"
component of the (W — r #,)+v, 7 — £ v, background. The W transverse mass is defined

as MY = \/2Pf~P:,‘—1‘ (1 — cos Ades,) , where Ades, (£ = e, p) is the opening angle between the
W decay lepton and neutrino in the r — ¢ plane. This background is discussed further in Section
5.4.2.

A total of 8 (5) electron (muon) W+ candidate events and 2 (2) electron (muon) Zv candidate
events pass the photon identification requirements. The progression of photon cuts for the electron
W< channel is shown in Figs. 6a - 6h and summarized in Table 1 for each of the four channels.
This Table also summarizes the progression of photon cuts as applied to a non-signal QCD jet
background data sample, as discussed in detail in Section 5.3. The salient kinematic properties
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of these events for all four channels are summarized in Tables 2-5. Figures 7 - 10 show some of
the kinematic properties of electron/muon W+ and Zy candidate event samples, overlaid with SM
Monte Carlo signal predictions and background expectations for each channel (discussed in greater
detail in Section 5 below). The cluster transverse mass (also known as the minimum invariant
mass) of the W + v system is defined as:

N

1 . 1% . - o
MY = {[(M}7+|P}+P‘?T|2>2 +|p;f|] - |P}+P“T+P;!|2} (25)

where M,y is the invariant mass of the lepton-photon system.

Table 1: Summary of electron and muon W+, Zv candidates and Jet-20 QCD background passing
successive photon cuts. The entries in the first row of the first four columns are the number of
inclusive W/Z events; the entries in the other rows of the first four columns are the number of W/Z
events with fiducial CEM clusters surviving the application of successive photon cuts. In the last
column, the entry in the first row is the number of central, non-leading jets passing the jet selection
criteria. The other entries in this column are the number of fiducial CEM clusters surviving the
application of successive photon cuts. See text for further details.

Wey | Wouv | Zey | Zuy Jet-QOSS‘?
Inclusive W/Z or Jet-20 Data Samples 2664 | 1436 | 243 | 106 11726
Pass FidCEM, E]>5.0 GeV, ARy, >0.7 Cuts | 107 54 6 7 266
Pass ET4 < 2.0 GeV Cut 28 18 6 3 107
Pass X PT4 < 2.0 GeV Cut 16 14 2 2 64
Pass N3D = 0 Cut 13 13 2 2 57
Pass Had/EM Cut 13 13 2 2 55
Pass Lsu < 0.5 Cut 13 10 2 2 42
Pass x2,,;, + X2ir. Cut 13 8 2 2 32
Pass no 2% CES > 1 GeV Cut 9 7 2 2 20
Pass no 2™¢ Isolated Track Cut (W« only) 8 5 - - -
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Figure 6: Photon variables as a function of photon cuts, for the electron W+ data sample. (A) Er
distribution of fiducial CEM clusters passing the EJ > 5.0 GeV cut and the AR, > 0.7 angu-
lar separation cut. (B) The calorimeter isolation distribution before the ET4 < 2.0 GeV cut
is applied. (C) The tracking isolation distribution before the TPT4 < 2.0 GeV/c cut is ap-
plied. (D) The Had/EM distribution before the Had/EM cut is applied.
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Figure 6: Photon variables as a function of photon cuts, for the electron Wy data sample (contin-
ued). (E) The L, distribution before the L,u, < 0.5 cut is applied. (F) A scatterplot of CES
X3trips US- Xlires before the x2, .. < 20.0 and x2;,., < 20.0 cut is applied. (G) A scatterplot of
CES Ejstrips v5. Eyires before the no 274 CES cluster E > 1.0 GeV cut is applied. (H) The EF
distribution after all photon cuts have been applied, including the no 27¢ high—Pr track cut for
suppression of background from misidentified electron Z + .
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Table 2: Kinematic Properties of Electron Wy Candidates.

Run # Event # | E7 (GeV) | Qw (e) | My (GeV/c®) | MZ7 (GeV/c?) | ARy
1] 16801 — 6582 5.17 - -1 68.3 80.5 1.28
2 | 16807 — 4706 8.65 +1 63.8 74.0 0.84
3| 17467 — 15981 14.43 -1 59.2 79.1 0.80
4117529 — 442 5.04 -1 60.8 68.5 2.01
5| 17886 — 1796 5.04 -1 83.2 88.5 2.53
6 | 18720 — 20145 12.29 +1 68.8 96.4 0.76
7| 19430 — 20694 7.44 -1 78.4 86.3 0.87
8 | 19882 — 38400 7.04 +1 85.6 86.7 1.10

Table 3: Kinematic Properties of Muon W+ Candidates.

Run # Event # | E1 (GeV) | Qw (e) | M} (GeV/c?) | M¥7 (GeV/c?) | AR,
1} 18435 — 606 7.02 -1 50.5 60.5 0.93
2| 19177 — 8534 14.71 -1 76.2 94.0 1.44
3 { 19391 — 43073 20.01 +1 45.0 63.4 1.06
4 | 19629 — 39980 5.22 +1 79.6 85.4 3.15
5119932 - 53074 23.58 -1 70.3 106.4 2.22

Table 4: Kinematic Properties of Electron Zy Candidates.
Run # Event # | ET (GeV) | M.+.- (GeV/c?) | Mz, (GeV/<?) | AR,
117025 - 5219 13.47 91.0 104.6 1.50
2| 18170 — 14254 5.44 82.0 88.2 0.88
Table 5: Kinematic Properties of Muon Zv Candidates.
Run # Event # | EX (GeV) | M +,- (GeV/c?) | Mz, (GeV/c?) | AR,
120361 — 6869 6.40 78.5 84.8 0.71
2 | 20389 — 23545 7.12 84.0 91.3 1.27
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Figure 7: The photon transverse energy (E7) distributions for each of the four data samples. In
each of these figures, for each data sample, the shaded histograms are the event data; the diagonally-
hatched histograms are the Standard Model (SM) Monte Carlo predictions for the signal and the
cross-hatched histograms are the background predictions. The prediction for the SM signal has
been added to the background prediction for each channel.
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Figure 8: The lepton-photon angular separation (ARg) distributions for each of the four data
In each of these figures, for each data sample, the shaded histograms are the event
data; the diagonally-hatched histograms are the Standard Model (SM) Monte Carlo predictions
for the signal and the cross-hatched histograms are the background predictions. The prediction for
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Figure 9: The W boson transverse mass (M}) distributions and Z boson invariant mass (Mg+,-)
distributions for the electron/muon Wy and Zvy data samples. The two-component structure in
the electron channel Z + 4 prediction is due to radiative Z decay and Z + 7 contributions. For
the muon channel, the momentum resolution obscures this effect. In each of these figures, for each
data sample, the shaded histograms are the event data; the diagonally-hatched histograms are the
Standard Model (SM) Monte Carlo predictions for the signal and the cross-hatched histograms are
the background predictions. The prediction for the SM signal has been added to the background
prediction for each channel.
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Figure 10: The W~ cluster transverse mass (Mc%) distributions and Zvy invariant mass (Mg+4-.)
distributions for the electron/muon Wy and Z+y data samples.
data sample, the shaded histograms are the event data; the diagonally-hatched histograms are the
Standard Model (SM) Monte Carlo predictions for the signal and the cross-hatched histograms are
the background predictions. The prediction for the SM signal has been added to the background
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5 DETERMINATION OF ¢-B(W +~v) AND ¢-B(Z+~) IN THE
ELECTRON AND MUON CHANNELS

5.1 General Methodology

We compare our results with theoretical expectations using experimental and predicted cross sec-
tions X branching ratios. The W + v and Z + « cross sections X branching ratios are generically
given by:

Nsig(‘/l‘*")') - Nobs(V€+7)_ E/vbkg(vl+7)
[ Ledt- (45, €., [ Lodt- (A%, - €,)

This comparison can also be made using the experimental vs. predicted number of signal events,
since

oc-B(Vi+7) =

(26)

Noig(Ve+7) = Nowa(Ve+ 7) = Shag(Ve+7) = 0 BVe+ 1)« [ Ledt- (A5, ) 2D)

where V = W or Z; Nig(Ve +7) = Nobs(Ve + 7) — BNoig(Ve + 7) is the number of signal Wy or
Zv events in a particular leptonic decay channel (£ = e or p) and Ny,(Ve + ) is the number of
observed W or Zvy events in a particular decay channel. The quantity ZAke(Ve 4 7) is the sum
of the number of background events expected in each of the data samples originating from various
processes capable of mimicking the signal, as defined by our event selection criteria. The integrated
luminosity factor is [ L,dt. The product term (AV'y €V’y) is the overall acceptance x efficiency
factor for selecting W+ and Zvy events, and is a product of a number of acceptances Xx efficiency
factors. The explicit forms of the product term (AV'y fv»,) for each of the electron/muon W+ /Z~y
decay channels are discussed in detail in Appendix B. These expressions are similar to those used
for earlier determinations of the inclusive W/Z cross section X brariching ratio measurements and
the W/Z cross section ratio measurements [6, 7], with appropriate modifications to account for the
presence of the additional photon in Wy /Z~v events.

The kinematic and geometrical acceptances for electron and muon Wy and Zv events were
obtained from detailed Monte Carlo simulations of these processes. The electron, muon and photon
efficiencies were determined from p-p, test-beam and cosmic-ray data samples, and were also cross-
checked with Monte Carlo simulations. The numerical values for each of these individual acceptance
and efficiency terms for SM electron/muon W+ /Z~ decay channels are summarized in Tables given
in Appendix B. The numerical values associated with the overall acceptance x efficiency product
terms for each of the SM electron/muon W+ /Zy decay channels are summarized in Table 6. In
general, the W (Z) acceptance in W~y (Z7v) events tends to be less than that associated with
inclusive W (Z) production, due to the fact that in radiative W (Z) decays, the emission of a hard
photon in the final-state bremsstrahlung process results in a reduction of the W (Z) decay lepton
Pr acceptances, respectively.

The Baur W+ and Zvy Monte Carlo event generators [11, 17] simulate Born-level production
and decay kinematics for each of the electron/muon W+ and Zvy decay channels. These programs
generate weighted events using the helicity-amplitude formalism, coherently adding together the
contributions of the Feynman graphs of Figs. 1 and 2, respectively. The kinematic phase space is
done using the VEGAS adaptive multi-dimensional integration code [38]. The W~y and Zy MC
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Table 6: Overall Acceptances x Efficiency Factors for Electron and Muon W~v/Z7.

Acceptance x Efficiency Factor | Electron Muon
Awy qu 50+£02% | 3.0+ 0.2%
AL T 6.0 £ 0.3% | 3.4 £0.2%

programs were modified to use the CERN PDFLIB structure functions [39], and include all parton-
parton luminosities and (for W) Cabibbo-Kobayashi-Maskawa quark-mixing matrix elements [40)].
We also incorporated tau-lepton decays and Pr—boosting of the V+v (V = W, Z) system, according
to the measured W, Z Pr—distributions into these event generator programs (discussed below in
Section 5.8.1). The results presented in this analysis use HMRS-B structure functions [41], which
were the “nominal” structure functions used in the determination of the CDF electron and muon W
and Z cross sections [6] and W/Z cross section ratios [7]. The cross section output from the W~y /Zy
MC event generators, 0 - B(W/Z + 7). includes a “K —factor” of [1 + & a,(MV)] ~ 1.35, to
approximate higher-order QCD processes such as ¢+§ — g+V +v and ¢g+g — ¢+V +7 [42]. We have
compared, where possible, the Standard Model results associated with the W+ and Zv Monte Carlo
event generators with several other W+ and Zy Monte Carlo event generators which do not simulate
final-state bremsstrahlung, such as VVJET [42], ISAJET [43], PAPAGENO [44], PYTHIA [45] and
with the CDF radiative W and Z decay Monte Carlo event generator, WZRAD [46]. The cross
section results are in good agreement between the various MC event generators, for various regimes
of comparison. We have also studied the systematic uncertainties associated with the Wy and
Zv MC results, varying the shape of the Pr(V; + v) distribution, using several different structure
function (SF) choices and studying the @Q%—scale dependence of the calculation (discussed in detail
in Sections 5.8.1 - 5.8.5 below).

For a specific choice of anomalous parameters, large samples (> 500K ) of Wy and Zy Monte
Carlo events were generated with loose kinematic and geometrical cuts for leptons and photons. A
minimum photon transverse energy requirement of £7 > 1.0 GeV and a minimum lepton-photon
angular separation requirement of AR¢, > 0.3 were made. Loose kinematic cuts were deliberately
chosen well below cut thresholds at the event generation stage in order to avoid potential acceptance
biases due to finite detector resolution and geometrical acceptance effects.

The four-vector information associated with the final-state particles generated in each Wy/Zy
Monte Carlo event was then input to a “fast” Monte Carlo simulation of the CDF detector, which
simulated the details of the response of the CDF detector to electrons, muons, photons and E7
via parametrization methods. The purposes of the “fast” Wy /Z~y Monte Carlo detector simulation
programs were to (a) determine all kinematic and geometric acceptance factors, (b) obtain predicted
cross sections o - B(Vy + 7)cuts for events passing all of the Wy /Zy event selection cuts, and (c)
obtain predictions for the number of electron and muon W+v/Zy events, including all relevant
electron, muon and photon efficiencies. Typically ~ 50K Monte Carlo events passed all event
selection cuts after “fast” Monte Carlo detector simulation. The methodology for obtaining the
Monte Carlo predicted Nyiy(Vz + 7) and o - B(Ve + ¥)cuts from o - B(Vg + 7)gen for V.= W, Z and
£ = e, uis discussed in detail in Appendix C.

The results of the “fast” Monte Carlo detector simulation were cross-checked with more detailed
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Monte Carlo simulations which included the QCD evolution and fragmentation of the underlying
event using the ISAJET [43] Monte Carlo event generator and another, independent and detailed
CDF detector simulation Monte Carlo program known as QFL.

5.1.1 W/Z Electron and Muon Efficiency Determination

Since we use precisely the same event selection cuts for the inclusive W and Z data samples as those
used in the determination of the inclusive electron and muon W and Z o - B cross sections [6] and
the W/Z cross section ratios {7], the electron and muon efficiencies as determined in these analyses
are applicable to the present electron and muon Wy and Zy analyses. The individual electron
and muon efficiencies for the W+ and Z~v data samples are discussed further in Appendix B and
summarized in Tables 30 and 31, as are the overall electron and muon efficiencies for the W~ and
Z~ data samples as summarized in Tables 32 and 33.

5.1.2 Photon Efficiency Determination

The overall efficiency for central photons, €?,,.,, was obtained from the determination of the indi-

vidual efficiencies associated with each of the above-described CEM photon cuts [8]:
YL LY R L .pY__ . ccem
€Cem = €ET4 " €EPT4 " N3D ' €Had/EM " CLshr €2, 4x2, " Cno 2nd cEs " Paoww Semy  (28)

The efficiencies of the calorimeter isolation ET4 < 2.0 GeV cut, the tracking isolation L PT4 <
2.0 GeV cut and the N3D = 0 cut were determined by examining the efficiency for applying these
cuts in randomly-oriented cones of size AR = 0.4 in the inclusive electron and muon W/Z data
samples, where the cone axis was required to be more than AR > 0.7 from the W/Z decay lepton(s)
and to be within good fiducial regions of the central calorimeter, |n| < 1.1.

The photon efficiencies related to energy sharing and CES shower profile cuts were determined
from 5 — 50 GeV CEM electron test-beam data. Cross-checks on the determination of individual
CEM photon efficiencies were obtained from Baur/ISAJET/QFL W<y and Zy MC simulations
and QFL photon vs. electron MC simulations. The efficiencies associated with these studies are
summarized in Tables 7 — 8. The photon efficiencies obtained from random cone studies in the
electron and muon inclusive W/Z data samples are in good agreement with one another. The ET4,
(ET4-XPT4)and (ET4-ZPT4-N3D) photon efficiencies as determined from Baur/ISAJET/QFL
W+~ and Zvy Monte Carlo simulations are systematically slightly higher than those determined from
random cone studies using the inclusive W/Z data samples, due to the fact that the underlying
event in the ISAJET MC simulation carries slightly less transverse energy and total charged track
Pr than that associated with the inclusive W/Z data samples.

We also carried out random cone studies using minimum bias event data and an inclusive jet
data sample (see Section 5.3 below) in order to bracket the eztrema of the systematic uncertainties
associated with the efficiencies for the calorimeter isolation ET4 < 2.0 GeV cut, the tracking
isolation XPT4 < 2.0 GeV cut and the N3D = 0 cut. The transverse energy flow in minimum
bias events is on average slightly less than that for inclusive W/Z events, resulting in somewhat
higher values for these efficiencies. Two random cone studies were done using the inclusive jet data
sample. The first study (Jet-20a) required random cones to be more than AR > 1.1 away from
all central jets in the event. The second study (Jet-20b) required random cones to be more than
AR > 1.1 from the two leading (highest ET) jets in the central region of the event. In this latter
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study, random cones were therefore allowed to overlap the non-leading (lower ET) jets in the central
region of the detector, resulting in somewhat lower efficiencies for these three cuts. The last three
rows of Table 7 summarize these results.

The efficiencies for the Had/EM, Lshr, X%, + x2;, and the no 2" CES cuts as determined
from 5 — 50 GeV electron test beam data are in good agreement with efficiency results obtained
from Baur/ISAJET/QFL W~y and Zy Monte Carlo simulations, and with QFL single electron and
single photon MC simulations.

Table 9 summarizes the individual CEM photon efficiencies, the photon survival probability
factor, the correction factor for photon ws. electron EM shower development, and the overall
CEM photon efficiency (the product of all individual efficiency factors) for the common photon
selection cuts associated with the electron and muon Wy and Zvy data samples. The statistical
and systematic uncertainties associated with each quantity are also given in this table. The ET4,
2 PT4 and N3D photon efficiencies for the common photon selection were obtained from weighted
averages of the four individual e/u W + v and Z + 4 random cone results summarized in Table 7.
The photon efficiencies for the Had/EM, Lyhr, X2, + X2, and the no 2™ CES cluster cuts for the
common photon selection were obtained from weighted averages of the electron test beam results
summarized in Table 8.

From CEM energy scale studies associated with the CDF measurement of the W and Z boson
masses [47, 48], the photon survival probability factor P2 is known from the average amount
of material associated with the inner central detector, < AT >= 4.6 + 0.3% of a radiation length,
x5 (corresponding to 3.6 + 0.2% of a conversion length, x3). The Baur/ISAJET/QFL W+ and
Zy Monte Carlo simulations provide a cross-check on PZ_- by determining the fraction of Wy /Zy
MC events where the photon, had it not converted to an e*e™ pair, would have passed all photon
cuts. The rate of pair conversions determined from Baur/ISAJET/QFL W+/Zy MC events was
4.5 + 1.2%, in good agreement with the calculation. The difference between the two methods is
used to define the systematic uncertainty associated with PZ_—. Another cross-check on P was
to explicitly search for isolated ¥ — e*e™ conversion pairs with |7,_,.+.-| < 1.1 in each of the four
data samples. From the observed numbers of events in each of our four data samples, no candidate
W+ (y = ete ) or Z + (y — ete™) are expected, and none were found.

The photon vs. electron shower development correction factor S¢°72 was determined by com-
paring QFL photon vs. electron MC simulations, and is defined as the ratio of QFL photon to
electron efficiency product factors given in the last two rows of Table 8.

The overall fiducial CEM photon selection efficiency is

€l = 84.7+ 1.4 (stat) + 1.8 (syst)%

cem sel

The overall fiducial CEM photon efficiency, including the photon survival probability, PX— and

conv
e — v EM shower development correction factor, S¢7 is

e—y

€., = 82.0+£1.5 (stat) £2.1 (syst)%

cem
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Table 7: CEM Photon Efficiency Determination — Isolation Variables. The statistical uncertainty
associated with each quantity is given.

Data Sample €ET4 €ET4 " EpTy | CET4 " CEPT4" NaD
W. Random Cones 955+ 0.5% | 93.4 4+ 0.6% 89.24+0.7%
W, Random Cones 95.9+0.4% | 93.1+0.6% 88.6 £ 0.7%
Z. Random Cones 95.8+0.6% | 93.6 +0.7% 89.1 4 0.9%
Z,, Random Cones 94.5+ 1.2% | 91.1 £ 1.4% 87.3+1.6%
QFL e Wy MC 98.9+0.6% | 96.4+ 1.0% 90.2+1.5%
QFL p Wy MC 99.3+0.7% | 96.6 + 1.2% 93.34+1.6%
QFL e Zv MC 97.9+1.2% | 97.0+ 1.3% 91.9 + 2.0%
QFL p Zy MC 98.3+£0.7% | 94.8+ 1.1% |  91.9 & 1.4%
MinBias Random Cones | 98.6 +0.2% | 97.7£ 0.2% 92.8 +0.2%
Jet-20a Random Cones | 99.14+0.1% | 976+ 0.1% 92.7 4+ 0.2%
Jet-20b Random Cones | 92.74+0.2% | 89.3+ 0.3% 84.240.3%

Table 8: CEM Photon Efficiency Determination — FM Shower Variables. The statistical uncer-

tainty associated with each quantity is given.

Data Sample €rad JEM €L shr e;i,,ﬁxﬁ, . flo 2nd CES

5 GeV e Test Beam | 98.9+0.2% | 99.9+0.1% | 97.3+0.3% | 98.0 £ 0.1%
10 GeV e Test Beam | 99.6 £0.1% | 98.8 £0.4% | 96.2+ 0.4% | 97.9+ 0.1%
18 GeV e Test Beam | 99.1+0.9% | 100.0 *99% | 98.2 + 1.8% | 98.2 + 1.6%
30 GeV e Test Beam | 98.940.9% | 100.0 *99% | 99.2+0.7% | 98.2 + 1.0%
50 GeV e Test Beam | 98.0+0.3% | 99.9+ 0.1% | 99.2 + 0.2% | 97.6 + 0.2%
QFL e Wy MC 99.3£0.6% | 99.7+0.3% | 98.4+ 0.5% | 94.6 £ 1.2%
QFL p Wy MC 99.7 £ 0.3% | 100.0 *39% | 97.5+ 1.1% | 95.0 + 1.6%
QFL e Zy MC 99.2 +0.8% | 100.0 T99% | 95.4 £ 1.6% | 95.0 £ 2.4%
QFL u Zy MC 99.4 +0.5% | 100.0 ¥3:9% | 97.7+£ 0.8% | 95.2 + 1.2%
QFL y MC 5—15 GeV | 99.7£0.1% | 99.8+0.1% | 97.4 £ 0.3% | 96.8 £ 0.3%
QFL e MC 5 —15 GeV | 99.9+0.1% | 99.9+ 0.1% | 97.9 £ 0.2% | 95.8 + 0.3%
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Table 9: Overall CEM Photon Efficiency Determination. The statistical and sytematic uncertainties
associated with each quantity are given.

€hr4 95.7+ 0.3+ 0.5% Calorimeter Isolation
€% pTa 97.44+.0.4+0.8% Tracking Isolation
€NaD 95.3+£0.5+0.7% No track @ EM Cluster
Hrogpn | 992£0.1£0.8% Had/EM Cut
€] ohr 99.94+0.1 +£0.3% Lateral Shower Cut
612 e 08.41+ 0.1 +0.9% CES strip/wire x? Cut
stp wir
€ gna cps | 979107+ 1.0% No 2™ CES Clusters
Pl 96.5+ 0.2 + 1.0% Photon Survival
S, 100.3 4+ 0.6 £ 1.0% | e vs. ¥ Shower Development
€l 82.0+1.5+2.1% | Overall Photon Efficiency

5.2 Theory Predictions for Electron and Muon Wy and Zv Signal

The Standard Model predictions for the expected number of electron and muon W/Z + v events are
summarized in Table 10 for integrated luminosities of [ Ledt = 4.05+0.28 pb~! for electrons and
JLudt = 3.5410.24 pb~! for muons, using the Baur Wy/Zy + “fast” MC simulation programs
and also the Baur/ISAJET/QFL W+y/Zy MC simulation programs. There is good agreement
between the two basic MC simulation methods. For the Zv cases, we also explicitly show the Baur
+ fast MC prediction for Drell-Yan (DY) + Z7. The Drell-Yan contribution can be seen to be
quite small. We explicitly correct for it via the f§, factors, as shown in equations 76 and 77 and
as summarized in Tables 30 and 31 of Appendix B.

Table 10: Predicted number of Standard Model signal events for electron and muon Wy & Z7.
The statistical uncertainty associated with each quantity is given.

Electron Muon
Baur Fast Wy MC 456+ 0.38 | 2.40+0.22
Baur QFL Wy MC 4.384+ 0.57 | 2.4140.32
Baur Fast Zy MC 1.35+£0.11 | 0.66+0.06
Baur Fast Z+ DYy MC | 1.40+£0.11 | 0.69+0.06
Baur QFL Zy MC 1374+ 0.18 | 0.68+0.11

5.3 Determination of QCD Jet Background in the W~y and Zy Data Samples

The largest photon background in the W+ and Zv signal samples is due to QCD processes, where
a central jet in inclusive W/Z+Jet events fragments in such a way as to mimic a photon, as
defined by our photon cuts. Initial/final-state radiation is considered part of the W+v/Zy signal,
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since the Feynman diagrams for initial state radiation, as shown in Figs. 1 and 2 are included
in the theory calculation for the W+ /Z~v signal; the “K —factor” of 1.35 included in the Wy /Z7y
MC event generators approximates the contributions from final-state radiation diagrams associated
with higher-order QCD processes such as ¢+ g — ¢+ W/Z + 7.

The primary method for the determination of the level of QCD jet background in each of the
W+ and Zv data samples used an independent, non-signal control data sample to determine the
QCD jet misidentification probability, Pf;’f.f’;..sample(ET) as a function of jet Er for central jets
to fraginent in such a way as to mimic a photon. We then convoluted this probability distribution
with the Ep—distribution of central jets associated with each of the inclusive electron/muon W and
Z data samples. This method of determining the amount of QCD jet background tacitly assumes
that the QCD jet misidentification probability distributions are the same in both the non-signal
control data sample and the £ = e or u inclusive W/Z data samples over the photon Er range of
interest, 7.e. that

,PC'ontrol Samplc(ET) - ,sz/Zz (ET) (29)

Jet—'y" Jet— vy
Detailed tests of this relation are discussed in Appendix D which explicitly demonstrate the validity
of this relation, well within statistical uncertainties.

Note that by using the inclusive electron and muon W/Z+Jets data samples, the inclusive QCD
jet background for each of the four channels will automatically be taken into account. For example,
the inclusive electron/muon W+ QCD jet background for the electron/muon W<y data samples
consists of a contribution from (a) “direct” electron/muon W+Jet background, with additional
QCD jet background contributions from (b) misidentified electron/muon Z+Jet events, where one
of the Z decay leptons is not detected, but satisifies the W~y event selection criteria and (c) from
(W — 1 ;)+Jet events, where 7 — £ 7y v, and £ = e/u, again satisfying the Wy event sclection
criteria.

The QCD jet misidentification probability distribution was obtained using a 4.2 pb~! sample of
inclusive jet data (primarily di-jets) taken concurrently with the inclusive W/Z data during the run.
The trigger requirement for this particular jet data sample (known as the Jet-20 data sample) was
a localized cluster of energy deposited in the calorimeter with transverse energy Eg > 20.0 GeV,
prescaled to accept 1 out of every 300 events [49]. The jet clustering cone size used in this data
sample was AR‘CI{;’fat = VAn? + A¢? = 0.7. In the off-line analysis of this jet data sample, jet
energy corrections were applied to the data to correct for non-linear calorimeter response effects,
calorimeter energy scale corrections, energy corrections to account for losses in un-instrumented
regions of the calorimeter, etc.

The QCD jet misidentification probability in the low— Er region, ET > 5.0 GeV was determined
from use of fiducial CEM clusters and non-leading central jets. Due to trigger bias associated with
the calorimeter energy response at trigger threshold, it was not possible to use the leading, highest-
Er jets associated with events in the Jet-20 data sample for these purposes.

Events in the Jet-20 data sample with non-leading jets were selected by requiring the two
leading jets, one in the central calorimeter (|7y1| < 1.1), the other in the central or plug calorimeter
(Ins2] < 2.4), to have (corrected) E5 > 15 GeV and My > 40 GeV. The physics motivation for
this choice of leading jet selection was to obtain a sample of events which had approximately the
same v/ § as that for the inclusive electron and muon W/Z data samples. The non-leading central
jets (|7s] < 1.1) in these events were required to be above a (corrected) Ef > 5.0 GeV and more
than AR > 1.4 away from either of the two leading jets. A total of 11726 non-leading central jets

passed these cuts.
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Jet-20 events with fiducial CEM clusters were required to pass the same leading jet event
selection requirements as for events with non-leading central jets. A total of 431 central EM
clusters with E7 > 5.0 GeV and AR > 1.4 away from either of the two leading jets were obtained
from the Jet-20 data sample. Of these, a total of 266 were fiducial CEM clusters; a total of 64
events passed the ET4 < 2.0 GeV and £PT4 < 2.0 GeV requirements. A total of 20 Jet-20
events passed the entirety of the photon cuts used for selecting the electron/muon Wy /Zv data
samples. The progression of Jet-20 CEM clusters surviving the application of successive photon
cuts is summarized in the last column of Table 1.

The angular separation requirement of AR > 1.4 was imposed for both non-leading central
jets and fiducial CEM clusters with respect to leading jets due to the fact that jets with angular
separation less than this amount will overlap with each other, biasing the number of non-leading
jets because of the R‘c],ff,, = 0.7 cone size used for jet clustering. This same angular separation
requirement was therefore applied to the selection of fiducial CEM clusters in the Jet-20 data
sample. A variation of the angular separation requirement AR > 1.4 by §(AR) = £0.4 had < 10%
impact on the overall determination of the level of QCD jet background in each of the four data
samples.

Using the fiducial CEM clusters and non-leading central jets selected from the Jet-20 data
sample as described above, the QCD jet misidentification probability for a given E7~—bin is defined
as the ratio of the number of fiducial CEM clusters passing all Wv/Zy photon cuts to the number
of non-leading central jets. For the it* Ep—bin, this ratio is:

p,]20 3 AMFid CEM J20
1 Jet—="y" T ANEztra Jet J20
i

(30)

The determination of the inclusive QCD jet background in each of the four inclusive V; = W,/Z,
data samples, for E4 > 5.0 GeV was obtained by using equations (29) and (30). Since

Fid CEM V,
AN ¢
V, 1 v Bkgnd
P ‘ “ n(ET) = (31)
Jet— 'y Eztra Jet V,
AN,
then
Fid CEM V, __ Fid CEM V,
N, Brgnd = ) AN B
i
Fid C J20
_ AN‘EI"E Jet Vy I:AME‘ E:;M 5 :| (32)
- z : [ t t J20
: AM rtra Je

The total number of central jets in the inclusive W/Z event samples with E{ > 5 GeV was 2041
(1099) for e (u) W —data and 175 (69) for e (u) Z—data, respectively.

Figure 11 summarizes the method as used for determining the inclusive QCD jet background for
the electron W+ sample. A comparison of central jet E7 spectra for each of the four data samples
is shown in Fig. 12. There is excellent agreement between the shapes of the jet E7 spectra in the
electron vs. muon W (and Z) data samples. The inclusive QCD jet background as a function
of E7 for each of the four data samples are shown in Figs. 13a-13d. Note that the QCD jet
background is sharply peaked at threshold in the EJ distribution in each of the four data samples.
The first column of Table 11 summarizes the inclusive QCD jet background for each of the four
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inclusive W/Z data samples via this “standard” method. We have also investigated the systematic
uncertainties associated with the QCD jet background determination due to binning effects and the
use of uncorrected jet energies instead of corrected jet energies for the non-leading central jets in
the Jet-20 and inclusive W/Z data samples. The second column of Table 11 summarizes the QCD
jet backgrounds determined using only one Er~bin (Er > 5.0 GeV) and corrected jet energies; the
third column of this table summarizes the QCD jet background determined using the “standard”
method but with uncorrected jet energies; the fourth column of this table summarizes the QCD
jet background determined by using only one Fr—bin and uncorrected jet energies. The level of
agreement between the four methods used in determining the QCD jet background for each of the
four W+ /Z~ channels is well within statistical uncertainties. The first column of Table 11 is taken
as the primary definition of the inclusive QCD jet background for each of the four data samples.

Table 11: Predicted number of inclusive QCD jet background events for electron and muon Wy &
Z7. The statistical uncertainty associated with each quantity is given.

Channel | Standard Method | Summed Method | Standard Method | Summed Method
Corrected Jets Corrected Jets Uncorrected Jets | Uncorrected Jets

e Wnr: 3.57 £ 0.81 3.48 + 0.87 2.92 + 0.67 3.42 4 0.85

u W 1.87 £ 0.42 1.87 4+ 0.46 1.48 +0.34 1.86 + 0.46

e Zv: 0.30 £ 0.07 0.30 + 0.07 0.28 + 0.07 0.30 + 0.07

w Zy: 0.11 £ 0.03 0.124+0.03 0.07 £ 0.02 0.12+0.03
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Figure 11: Inclusive QCD jet background determination for the electron W+ data sample. (A) The
transverse energy (Ef) distribution of jets in the inclusive electron W data sample. (B) The
transverse energy (E7]) distribution of central fiducial EM clusters passing all photon cuts in the
Jet-20 inclusive jet data sample. (C) Schematic vector-representation of leading/non-leading jets
in the Jet-20 inclusive jet data sample. (D) The transverse energy (E4) distribution of non-leading
jets in the Jet-20 inclusive jet data sample.
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Figure 12: Central jet Ef—spectra for inclusive W/Z data sets. (A) Comparison of central jets in
inclusive electron (dark histogram) vs. muon (light histogram) W data samples. The muon data
has been normalized to the electron data for these purposes. (B) Comparison of central jets in
inclusive electron (dark histogram) vs. muon (light histogram) Z data samples. The muon data
has been normalized to the electron data for these purposes.
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Figure 13: Inclusive QCD background Er-—distributions for the Wy and Zvy data samples. (A)-
(D) Inclusive QCD background as a function of Er for the electron, muon Wy data samples and
electron, muon Z+v data samples, respectively.
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A cross-check on the determination of the level of “direct” (as opposed to inclusive) QCD
jet background in each of the electron and muon W+ and Zv data samples was obtained from
simulations of inclusive W/Z+ Jets using the VECBOS[50] W/Z +nlJets (n=0-4) Monte Carlo event
generator, the HERWIG [51] Monte Carlo to generate both the underlying event and to fragment
the jets recoiling against the W/Z bosons, and finally the QFL Monte Carlo for CDF detector
simulation. Monte Carlo VECBOS/HERWIG/QFL W/Z + 0,1 and 2—jet data samples using a
jet parton P%fli" cut of 8 GeV in VECBOS were passed through the same set of above-described
W /Z~v event selection cuts to obtain properly normalized, luminosity-weighted predictions for the
level of “direct” QCD jet background in the each of the four Wy and Zv data samples. Note that the
HERWIG Monte Carlo generates additional, low— Pr jets in the fragmentation process. Note also
that for a parton PP" = 6 GeV cutoff, an increase of 30 + 45% in the VECBOS/HERWIG/QFL
prediction for the “direct” QCD background was obtained relative to the event yield prediction
obtained using the parton PP" = 8 GeV cutoff.

The determination of the additional QCD jet background contributions (b) and (c) mentioned
above are small in comparison to the “direct” contribution to the inclusive QCD jet background
and are discussed in detail in Section 5.4.

The inclusive and “direct” QCD backgrounds obtained via these methods are summarized in
Table 12 for each of the four data sets. The uncertainties quoted in this table are statistical only;
the systematic uncertainties associated with the QCD backgrounds are discussed below in Section
5.5.

Table 12: Predicted number of QCD jet background events for electron and muon Wy & Z+v. The
statistical uncertainty associated with each quantity is given.

QCD Background Electron Muon

Wo: Inclusive W + Jets Data 3.57+0.81 | 1.87 £ 0.42
W«: VECBOS W + nJets MC 2.60+£0.65 | 1.68+0.51
Wr: Z + Jet — “W? 4 “47 0.02+0.01 | 0.04 £ 0.01
Wa: Wl g Jet —» W=l 4 4y 0.07 £ 0.02 | 0.03 £+ 0.01
W+4: VECBOS + (Z + Jet) + (W™™° + Jet) | 2.69 £ 0.65 | 1.75 £ 0.51
Z~v: Inclusive Z + Jets Data 0.30+0.07 | 0.11 £ 0.03
Zv: VECBOS Z + nJets MC 0.20+0.09 | 0.12 4 0.06

5.4 Additional Backgrounds in the W+ and Zvy Data Samples

5.4.1 Z7v Backgrounds in the Wy Data Samples

The Z+ and inclusive Z+Jet processes (where a QCD jet is misidentified as a photon) can contribute
to background in the W+ data samples if one of the Z decay leptons is not detected. For electron
Zv events, this can occur only if one of the decay electrons passes through a non-fiducial region
(e.g. a crack) in the EM calorimeters. Muon Z7y events can be misidentified as a W+ candidate
if one of the Z decay muons is outside of the central region (|n,| > 1). The Zv background in
the W+ data samples was determined using the Baur Z+y event generator and “fast” Monte Carlo
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detector simulation and was cross-checked using the Baur/ISAJET/QFL Zy Monte Carlo. The
Z+Jet background in the electron and muon W+ data samples was determined from the “direct”
QCD Z+Jet background in the electron and muon Zy data samples and the ratio of acceptance x
efficiency product terms for the two situations:

¢ £

ZWQCD _ ZQCD AZW“‘Y".EZW""("

Nikg = NpJer. o (33)
Zl"y" Z“‘Y"

The determination of these backgrounds is discussed further in Appendix E. With no further cuts
imposed, 0.55+0.05 Zv and 0.11+0.02 Z+Jet background events are expected in the electron W
data sample; 0.90 + 0.09 Zv and 0.14 + 0.02 Z+Jet background events are expected in the muon
W+ data sample.

Contamination from Zv and Z+Jet backgrounds in the W+ data samples can be additionally
suppressed by making a cut on additional high-Pr tracks. If events in the W+~ data samples have
an additional, isolated three-dimensional track with Pr > 10 GeV/c with opposite charge sign
to the W decay lepton and have a pair-mass of 70 < M., < 110 GeV/c? for electrons (40 <
M,, < 140 GeV/c? for muons), the event is rejected as a background Z7y candidate. We do not
consider high-Pr tracks within AR < 0.7 of a hadronic jet (EM fraction < 0.85) since we are not
vetoing Wy+Jet events in this analysis. For muons, the 2™ track is additionally required to have
a minimum-ionizing calorimeter signature. From studies using Baur/ISAJET/QFL Wy and Zy
MC simulated data for electrons and muons, no W4 signal events are lost by these 2™¢ track cuts.
After making such cuts, a residual of 0.14+0.01 Zvy and 0.024 0.01 Z+Jet background events are
predicted in the electron W+ data sample; 0.45+0.07 Zv and 0.0440.02 Z4Jet background events
are predicted in the muon W+ data sample. Note that the Z+Jet background is already included
in the inclusive QCD background determination for the electron and muon Wy data samples. Note
also that by application of the cut on no additional isolated high- Pr tracks, one (two) Zv candidates
were found in, and rejected from, the electron (muon) W+ data samples, respectively.

5.4.2 Tau Lepton Backgrounds in the Wy and Zy Data Samples

The processes (W — 70,) + v and (W — 7;) + Jet, where a QCD jet is misidentified as a photon
can also contribute to the background in the electron and muon W+ data samples when the 7
decays to an electron or muon, respectively. The corresponding processes (Z — r+r~) + v and
(Z — 7t77)+Jet can also contribute to the background in the electron and muon Zv data samples.
However, because of the additional tau branching ratio factor, B(t — £, v;) ~ 17.8% [52] and the
three-body nature of the tau decay (softening the final-state lepton Pr and Er spectrum), these
background contributions to W+ and Zv are suppressed. For Zy, tau backgrounds are suppressed
by the square of these two factors.

The tau W+ and Z~v backgrounds were determined with the use of the Baur Wy /Z7 and “fast”
Monte Carlo detector simulation programs, using the same methodology as for the electron/muon
W+ and Z7 signals. The tau backgrounds were obtained using the appropriately modified version
of equation (90) for each channel, including tau branching ratio factors.

The tau decay contribution to the W+ background in the electron and muon channels was
found to be small, 0.09 £ 0.01 and 0.05 + 0.01 events, respectively. The tau decay contribution to
the W+Jet background in the electron and muon W+ data samples was also found to be small,
0.07 £ 0.01 and 0.03 + 0.01 events, respectively. This background is also already included in the
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inclusive QCD background determination for the electron and muon W+ data samples. The tau
decay contribution to the Z7 background in the electron and muon channels was found to be
extremely small (<< 0.1 events), and hence is neglected. The tau decay contribution to the Zy
background in the electron and muon W+ data sets was calculated via similar methods as those
used for determining the “direct” electron and muon Z+ backgrounds. This non-QCD background
contribution to the electron and muon W+ data samples was found to be extremely small (<< 0.1
events), and is neglected. The tau decay contribution to the inclusive Z+Jet background in the
electron and muon W1y data sets was calculated via similar methods as those used for determining
the direct electron and muon Z+Jet backgrounds. These background contributions were also found
to be extremely small (<< 0.1 events), and are also neglected. The determination of the QCD-
related tau backgrounds is discussed further in Appendix E.

5.5 Summary of Backgrounds in the Wy and Zvy Data Samples

The inclusive QCD jet backgrounds in each of the four data samples are summarized in Table
12. The non-QCD Z + v and 7 backgrounds in the electron and muon W+ data samples are
summarized in Table 13. The observed number of events, the total background, the experimental
number of signal events and the SM-predicted number of signal events in each of the four data
samples is summarized in Table 14. The first uncertainty associated with the entries in this table
is the statistical uncertainty; the second is the systematic uncertainty associated with the total
background for that channel.

The systematic uncertainty on the inclusive QCD jet background for each of the four channels
is conservatively defined as the quadrature sum of: (a) the mazimum difference between the
four different methods used in determining the inclusive QCD jet backgrounds, as summarized in
Table 11, and (b) the difference between the inclusive QCD jet background and the sum of (1)
the “direct” QCD jet background as determined by the VECBOS/HERWIG/QFL W/Z + n—jets
MC simulations plus (2) the “indirect” QCD jet background contributions, which for Wy are due
to Z+Jet and tau W+Jet processes. The “indirect” QCD jet background contribution for Zy
originating from tau Z+Jet is negligible.

Note that the relative level of QCD background in the Zv data samples (~ 10 £ 5%) is sub-
stantially less than that for the W~ data samples (~ 45 + 10%). The Monte Carlo determination
of the QCD backgrounds in the W+ and Zy data samples, which are in good agreement with the
results obtained from the inclusive QCD background determination, also indicate substantially less
background in the Zv data samples than for the Wy data samples. There are two main reasons
for this difference. First, the ratio of inclusive W/Z boson cross sections x branching ratios is
R(W/Z)¢ ~ 11. For W and Z events produced with accompanying central jets with Ef > 5 GeV,
the ratio of R(W + Jet/Z + Jet), is expected to be comparable [53]. An implicit assumption in
our inclusive background determination for each of the four data samples is that the QCD jet
fragmentation probability is the same for W+Jet and Z+Jet events. Thus, the intrinsic ratio of
R(W + “4”/Z + “47)¢ is also expected to be comparable to the inclusive W/Z cross section ratio.
The ratio R(W + “4”/Z + “4”), after photon cuts are applied will be larger than this, because the
ARy, > 0.7 cut is applied to both decay leptons for Z+y, whereas this cut is applied to the single
decay lepton for W+. Second, the SM prediction for the ratio of the W+ /Z~v cross sections (passing
our photon cuts) is R(W+y/Z7)¢ ~ 4 (the ratio R(W~/W) is significantly less than R(Zv/Z) for
our choice of photon cuts). We discuss these ratios further in Section 6, below.
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Although the number of observed events in each of the four channels is limited, we emphasize
here their statistical significance in terms of a true signal for the observation of the W ++ and Z ++
processes. From the information summarized in Table 14, the probability of 3.8 + 1.4, 2.4 4+ 0.6 and
6.2 + 1.6 background events in the e, ¢ and e + ¢ combined W 4 v candidate samples fluctuating
to 8, 5 and 13 or more events is 7.5%, 10.6% and 2.5%, respectively. The probability of 0.3 £ 0.1,
0.1+ 0.1 and 0.4 £ 0.1 background events in the e, 4 and e + y combined Z 4 v candidate samples
fluctuating to 2, 2 and 4 or more events is 3.9%, 0.6% and 0.1%, respectively. Note also that these
backgrounds are most significant in the 5 < EJ < 6 GeV region.

Table 13: Predicted number of non-QCD background events for electron and muon W+v. The
statistical uncertainty associated with each quantity is given.

Background Process | Electron Muon
Z+y—“W’ 4+ 0.14 £ 0.01 | 0.45 £ 0.07
W=t 4 5 0.09 + 0.01 | 0.05+ 0.01

Table 14: Summary of W+ and Zv results. The observed number of events NV,,, predicted number
of total background events ENpkgna, number of signal events Nyignat = Nops — ENprgnd and predicted
number of SM signal events, /\G,S,% for each channel are given. The statistical and systematic

uncertainties associated with EAjggng and MNyignai are given for each channel. The statistical

uncertainty associated with Nzﬂ'{i is given for each channel.
Channel | Mg, ENokgnd Nsignal Npsr%

e Wy| 8 |38+08+11|42+29+1.1]46+04
p Wy| 5 | 24404404 26+23+04 (24402
etuWy | 13 |62+1.24+12|68+38+1.2|7.0+06

e Zy 2 103£014+£0.1(17+144+£0.1)1.340.1
uw  Zvy 2 [01£014+£01(19+144+0.1(07%£0.1
e+ u Zy 4 104+01£01}(36+20+£0.1(20£0.2

5.6 Electron and Muon Channel Ny, (W +7v), Ny, (Z+7), o-B(W +7) and o-B(Z+7)
Results

The experimental results for the number of signal events and the production cross sections x
decay branching ratios for Wy and Z7v in the electron/muon channels were determined using
equations 26 - 27 (72 - 73) and 74 - 77 (from Appendix B). Monte Carlo methods were used to
determine the statistical, systematic and overall uncertainties associated with N,(Ve + 7) and
o - B(Ve+ 7). We simulated 108 CDF experiments, Poisson-fluctuating the number of observed
events for each simulated experiment for each channel, and using Gaussian fluctuations for the
integrated luminosities, overall acceptance and efficiency terms. The statistical and systematic
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uncertainties associated with the individual backgrounds for each channel were Gaussian-fluctuated
and subtracted from the observed number of events on an “experiment-by-experiment” basis. We
obtained the experimental N;,(Ve + v) and cross section o - B(Vg 4+ 7)ezpe from finely-binned
histograms (incremented once per “experiment”) as shown in Figures 14 and 15 for Wy and Z7,
respectively. The mean and 10 uncertainties for Ny, and o - B were determined, as well as the
68% and 95% CL upper limits to Ny and o- B, using the method of a bounded physical region [54].
The number of signal events and cross section x branching ratio results for each of the four channels
are summarized in Tables 15 and 16 for Wy and Z7, respectively. The first uncertainty is statistical
only; the second uncertainty is the systematic uncertainty associated with the integrated luminosity,
acceptances and efficiencies; the third uncertainty is the systematic uncertainty associated with the
QCD jet background determination. These results were cross-checked with analytic calculations
of Nsig(Ve + v) and o - B(Vy + v) and their associated +1o statistical, systematic and overall
uncertainties. The results obtained from the analytic calculations are in extremely good agreement
with that obtained via the Monte Carlo method for each of the four channels.

The o - B(W; + «) results obtained for the electron and muon W+ channels are in excellent
agreement with each other and with the SM prediction. Similarly, the - B(Z¢+ ) results obtained
for the electron and muon Z+v channels are also in good agreement with each other and with the
SM prediction, within statistical uncertainties.

5.7 Combining Electron and Muon Cross Sections

To combine the individual £ = e and u o - B(V; + ) production cross sections x decay branching
ratios, one makes the assumption that the electron and muon channels are measuring the same
physical process (i.e. that lepton universality holds: 0+ B = o-B. = o¢-B,). The combined
e + p production cross section X decay branching ratio for V' + v is therefore given by:

Ne + ©

signal stgnal (34)
JLedt- (A, €0,) + [Ludt- (4, -¢,)

The same Monte Carlo o - B(V; + ) programs used to calculate the individual e and p results
also calculated the combined e + p result for Wy and Zy. We have cross-checked this method of
combining cross sections with test distributions and also with analytic methods. All results agree
extremely well with each other for these comparative tests, including +10¢ statistical and systematic
uncertainties.

Figures 14 and 15 show the electron, muon and e + pu combined Wy and Zy N, and o - B
probability distributions, respectively. These probability distributions are nearly Gaussian, but
with a small high-side tail, due mainly to small-number Poisson statistics. The narrowing of the
o - B probability distribution for the e + p combined cross sections is readily apparent. Tables
15 and 16 summarize the number of signal events and cross sections for the electron, muon and
combined e + ¢ W+ and Z+ results.

g B(V +7)e+u =
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Table 15: Summary of Nyignai(W+7) and o- B(W +) results. For Niignat{We+7)expt and o- B(We+
7 )ezpt, the £1o uncertainties are given. The first uncertainty is the overall statistical uncertainty
(stat); the second is the overall systematic uncertainty (syst;) associated with integrated luminosity,
acceptances and efficiencies; the third is the overall systematic uncertainty (systz) associated with
the background for each channel. The fourth uncertainty is the combined (stat + syst; + syst;)
uncertainty. The statistical and luminosity-dependent uncertainty for Nyignat(We + ‘y)p,ed is given.
The statistical uncertainty for o - B(W; + 7)p,ed is given. The 68% and 95% CL upper limits on
Nsignat(W + 7)ezpt and o - B(Wp + ¥)ezpt are also given for the individual electron, muon and e + u
combined results. See text for further details.

W~ Channel Ns-gnal(WIV)expl Nsl'gnal(wl"f)g'{:rd o B(Wy¥)ezpt (Pb) o B( Wl")p,-ed (pb)
IV 00 FIT = ) TITTFTI F55 TISY
T T e 4273 4.6 £04 2067177 T18 T35 = 2067037 224 £0.1
. < 538 (68% CL) < 288 (88% CL)
< 9.7 (95% CL) < 488 (98% CL)
+2.3 +0.0 4'0 4 - +2.3 +21.2 +2.5 +4.4 +22.1
26723 00 = 26727 24 £02 2487500 T20 713 = 2eeTlT0 224 £0.1
u < 39 (ea% cL) < 366 (88% CL)
< 6.9 (98% CL) < 655 (95% CL)
+3.8 +00 F1.2 +3.9 +12.0 +2.0 +{0 - +12.9
ssf s T00 T2 = saT3Y 7.0 £0.6 2207 30 I IS 220717 224 £0.1
PN < 87 (68% CL) < 282 (68% CL)
< 13.8 (95% CL) < 445 (98% CL)

Table 16: Summary of Myignai(Z +7) and o+ B(Z +7v) results. For Nyignat(Ze+7 )espt and - B(Zs +
¥ )ezpt, the £10 uncertainties are given. The first uncertainty is the overall statistical uncertainty
(stat); the second is the overall systematic uncertainty (syst;) associated with integrated luminosity,
acceptances and efficiencies; the third is the overall systematic uncertainty (systz) associated with
the background for each channel. The fourth uncertainty is the combined (stat + syst, + syst2)
uncertainty. The statistical and luminosity-dependent uncertainty for Nyignat(Ze + 7)pnd is given.
The statistical uncertainty for o - B(Z, + 'y)pnd is given. The 68% and 95% CL upper limits on
Niignat(Z + 7 )ezpt and o - B(Z¢ + ¥ )ezpt are also given for the individual electron, muon and e + p
combined results. See text for further details.

Z~ Channel Nyignat{ZeV)ezpe NoignatlZe1) oy o- a(zn),,,,‘ (pb) o B(Z47)2 1 (pb)
+1.4 0.0 401 +1.4 +5.8 40 +Ol - +5.9
1.7 —14 —0.0 —01 = 1.7 —-1.4 134+01 705 _05 = 7.0 57 55401
e < 24 (68% cL; < 9.9 (ea% CcL)
< 4.4 (5% CL < 183 (95% CL)
+1.4 400 $0.1 +1.4 +11.6 1.7 +#0.3 _ +12.0
19714 Too Toy = 197,70 0.7+0.1 1587 18 216 Tos = 15877 55 %0.1
M < 25 Eem cL) < 213 (88% CL)
< 4.5 (95% CL) < 388 (95% CL)
+40 +0.0 +0.1T +2.0 +55% +0.9 +03 _ +5.7
36150 To0 fo1 = 36735 20+02 9.9, To7 Toa = 9970, 55401
et n < 44 (63% CL) < 124 (68% CL)
< 1.2 (8% CL) < 20.1 (95% CL)
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Figure 14: Electron, muon and combined e + p Niigna(W + 7) and o - B(W + ) probability
distributions.
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distributions.
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5.8 Additional Systematic Uncertainties on N (W +7), NMy(Z +7), o - B(W +7)
and o B(Z + 7)

For each of the four channels, we studied the systematic effects of varying the diboson Pr(Ve+ )
distribution, structure function (SF) choice and the ?—scale dependence for the nominal ST
(HMRS-B) choice on the Monte Carlo predictions for Aig(Ve + ¥)arc, o - B(Ve + ¥)mc and the
determination of ¢ - B(V; + ¥)ezpt. The systematic effects of varying the CEM energy scale and
CEM energy resolution were also investigated. The importance of each of these contributions to
the overall uncertainty associated with the individual (and combined) cross sections, relative to the
statistical uncertainty associated with each measurement is small.

5.8.1 Systematic Uncertainties due to Pp(W/Z +v)

Since there are as yet no experimental measurements of the diboson Pr(W/Z ++v) spectrum, and no
theoretical predictions for these distributions in the low Pr(W/Z + 7) region (below ~ 10 GeV /c),
we approximated these distributions in the Monte Carlo simulation programs by using the measured
CDF Pr(W/Z) distributions [55], which is reasonable for the photon E7 range we are sensitive to
in this analysis. The measured do/dPr(W/Z) distributions for inclusive W/Z production are in
good agreement with theoretical predictions [56]. The shapes of the Pr(W/Z + 7v) distributions are
expected to be similar to Pr(W/Z) for the W+/Zv event selection cuts used in this analysis. We
studied the systematic effects of varying the shape of the assumed Pr(Ve + 7) distribution on the
W/Z [photon acceptances, MC predicted cross sections, MC expected number of events and the
experimental cross section results.

For each of the four channels, using the nominal structure function choice, the MC diboson
Pr(Ve + v) distributions were varied within the 1o limits allowed by the fit to the shape of the
do/dPr(W/Z) distributions. The method involved using the fast MC detector simulation programs
to determine kinematic/geometrical acceptances, Nyig(Ve + 7) and o - B(V + 7 )cuts, requiring the
MC events to pass all event selection cuts, and including the efficiencies of these cuts in the fast
MC detector simulation. The acceptance results for each Pr(V; + 7) choice, as obtained from the
fast Monte Carlo detector simulation were then input to the experimental determination of the
0 - B(Vg + 7)expt for each of the four decay channels.

Several Pr(V,+ v) distributions for each decay channel were investigated to obtain acceptance
factors used in the determination of both MC and experimental o - B(Ve + ) results, associated
with: (1) a “soft” (~1o) Pr boost, (2) a “nominal” Pr boost and (3) a “hard” (+1¢) Pr boost.
The systematic uncertainties for the combined e 4 p results were obtained via the same method as
used for combining the “nominal” e + u cross sections.

5.8.2 Systematic Uncertainties due to Structure Function Q? Scale Dependence

The systematic uncertainties associated with the momentum scale (@2—scale) dependence for the
nominal structure function choice (HMRS-B) were studied by varying the Q?—scale between the
limits of %M{“}H <Q@*< 4M‘2,+,Y, for each of the four decay channels. Small correlations between
Q?—scale dependence and the shape of the diboson Pr(Vy+v) distribution due to four-momentum
conservation in the Vy + v production process are neglected.
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5.8.3 Systematic Uncertainties due to Structure Function Choice

Five different choices of structure functions, DFLM-260 [57], MRS-B [58], HMRS-B [41], MRS-
S0 [59] and MT-B1 [60] were used in order to determine the systematic uncertainties associated
with the structure function choice for each of the four decay channels. The W+ and Zvy Monte Carlo
events generated with each structure function choice were passed through the fast MC detector
simulation programs to obtain predictions for kinematic/geometrical acceptances, Nsig(Ve+7v) and
a- B(V’C + 7)cuta-

5.8.4 Systematic Uncertainties due to CEM Energy Scale and Energy Resolution

We have calibrated the CEM energy scale over the energy range 5 < Er < 40 GeV with E/P
studies using inclusive electrons in the low-energy range and electrons from W decay in the high
energy range. The CEM energy scale in the 5 GeV region is accurate to within ~ 1.0% and in the
40 GeV region, accurate to within £0.24% [47]. This level of uncertainty has a negligible impact
on the observed and predicted number of W+ /Z~ events, and the MC predicted and experimental
cross sections.

Similarly, the effect of 410 variations of the stochastic and constant terms associated with the
CEM calorimeter energy resolution,

§E/E = (13.5+15)%/VEr @ ( 20+0.3)% (E, Er in GeV) (35)

also have negligible impact on the MC predicted and/or observed number of W+/Zv events and
the predicted and/or experimental cross sections for E7 > 5.0 GeV.

5.8.5 Summary of Additional Systematic Uncertainties on Ny,(Vz+7) and - B(V;+7)

The systematic uncertainties associated with varying the diboson Pr(Vy + v) distributions, the
Q?*—scale dependence and SF choices for the Monte Carlo and the experimental results are corre-
lated with each other, since the acceptance factors as determined from the fast Monte Carlo detector
simulations are also used in determining the experimental ¢ - B(V + ) cross sections. Note that
the experimental determination of the number of signal events is not correlated in this manner
to the predicted number of Monte Carlo signal events. The MC and experimental ¢ - B(Vy + 7)
cross section results for each of the four decay channels, in isolation of each other, must include
the respective contributions to the overall uncertainty from these three systematic uncertainties,
due to their (common) impact on the acceptance factors. These effects must also be included for
the predicted number of MC signal events. In Table 17 we summarize the (quadrature) combined
systematic uncertainties associated with varying the diboson Pr(V,+ v) distribution, the Q%—scale
dependence and S¥ choices.
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Table 17: Summary of additional systematic uncertainties associated with Nyigna(V + 7) and
o-B(V +7). The +10 and —1o quadrature sum of the fractional systematic uncertainties associated
with variations of the Pr(V + «) distribution, Q)? —scale dependence and structure function choice
for the Monte Carlo Nyignat(V +7) and o- B(V +7) predictions (only), the experimental o+ B(V +7)
results (only), and the correlated Monte Carlo — experiment o - B(V + ) difference are given.

Channel DNaignat (V)0 (%) | Do B(Vy)mc (%) | Ao - B(VY)Eape (%) | &g - B(VY)mc=Ezpt (%
e Woy I e 9 s TS _4e TS o4
u Wy +113 o +134 +a9 +100
e+ u W7 +10.3 —40 +15.0 41 +7.7 a1 4105 e
e Z+ 20 R 20 S I, wE__,
v Zy T8 oa A s 38 32 4 s
e+ p 2y 79 _as 71 0 51 o0 1 40

5.9 Summary of Wy and Zvy Cross Section Results

We summarize here the results for the individual e, ¢ and combined e+p Wvy and Z7 cross sections
and their SM predictions, explicitly taking into account the systematic uncertainties associated with
the Pr(Ve+ ) distribution, structure function Q%—scale dependence and structure function choice.
The experimental cross section results are in good agreement with the Standard Model predictions.

o B(W7). = 20.6ﬂ§:§ (stat + syst) pb
o - B(W7), = 24.61221 (stat + syst) pb
0+ BWY)etn = 22.0+139 (stat + syst) pb
o-BWy)sm = 2247 33 (stat + syst) pb
o B(Z7v). = 7.0t %2 (stat + syst) pb
o-B(Zv)y = 15.8¥12:9  (stat + syst) pb
0-B(ZY)ern = 9.9% 57 (stat + syst) pb
o-B(Zy)sm = 5.5505 (stat+ syst) pb
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6 Wy AND Zv CROSS SECTION RATIOS

A more illuminating comparison of our cross section measurements with the Standard Model is
provided by forming the following cross section ratios:

(1) RWy/W)e = o BWe+vy) [/ o-B(We)
(2)  R(Zv/2): o-B(Ze+y) [ o-B(Ze)
(3)  RW~v/Zv)e o-B(Wetv) [/ o-B(Zet7)
(4)  R(W/Z)e o - B(We) [ o-B(Z)

CDF has already published results for the e, u and e + 1 combined cross section ratio (4) from
the 1988-89 collider run ([7]. By taking ratios of these cross sections, as in the case of the R(W/Z),
cross section ratio, many common experimental {and theoretical) uncertainties cancel {61]. These
four cross section ratios are shown below in Figs. 16a - 16d and summarized in Table 18. The first
and third cross section ratios, R(W+y/W)g and R(W+v/Z7)¢, in the context of the SM are sensitive
to the destructive interference between the u—, t— and s—channel Feynman amplitudes for the W~y
process [53].

The SM prediction for R(W+ /W), (for our choice of photon cuts) is 1.1%, whereas if these events
were due solely to radiative W decay [62], this ratio would instead be 0.6%. The experimental results
are statistically compatible with either hypothesis, although they favor the SM W+ prediction by
approximately 0.5¢.

The second cross section ratio, R(Zv/Z), is shown in Fig. 16b, along with its SM prediction of
2.8%. If these events were due solely to radiative Z decay, this ratio would be 1.9%.

The third cross section ratio, that of R(W+/Z7), is predicted to be 4.0 in the SM. If the photons
observed in W events were due solely to final-state bremsstrahlung, this ratio is expected to be 2.5
instead, whereas if the photons observed in Z events were due solely to final-state bremsstrahlung,
this ratio is expected to be 5.4. If the photons observed in both W and Z events were both due
solely to final-state bremsstrahlung, this ratio is instead expected to be 3.3. The data for this cross
section ratio weakly favor this latter number, simply due to the higher-than-expected Z + 7y cross
section result(s). Due to the limited statistics, the e, u and e + u R(W~v/Zv) cross section ratios
are also quite compatible with the SM prediction.

The fourth cross section ratio is the inclusive W/Z cross section ratio, R(W/Z), which is
predicted to be 10.7. These cross section ratio results are in good agreement with Standard Model
expectations.
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Table 18: W and Z cross section ratios. The combined (stat + syst) uncertainty associated with
each quantity is given.

Cross Section Ratio Rem RoM, Rrad

‘pre pred
R(W7/W). 0.9%5:7%
R(Wy /W), 1 1+1 9% | 1.07+0.02% | 0.61+0.01%
RWY/W)etu %
R(Z'Y/Z)e i‘gg%
R(ZY/Z), 3% | 2.83+£0.03% | 1.93+0.02%
R(Z7/2)ess i% t,
RW7Y/Z7). 3.07%0 2.47+0.04 | (rad W/Zy)
R(W~/Z7), 1.671% | 4.054+0.07 | 541+0.10 | (W+y/rad Z)
RWVY/ZY)et s 2.2123 3.304£0.06 | (rad W/rad 2)
RW/Z). 10.2359
R(W/Z), 9.8717 | 10.69+0.22
R(I'V/Z)cﬂt 10.0f8:§
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W/Z Cross Section Ratios
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Figure 16: W/Z cross section ratios. (A) The individual electron, muon and combined e + u cross
section ratios R(Wvy /W), = o-B(W«v)/a-B(W). The Standard Model Wy /W and radiative W/W
(only) cross section ratio predictions and their 1o theoretical uncertainties are indicated by the
upper and lower horizontal lines, respectively. (B) The individual electron, muon and combined
e+ p cross section ratios R(Zv/Z)e = o-B(Zv)/o-B(Z). The Standard Model Zv/Z and radiative
Z/Z (only) cross section ratio predictions and their £1o theoretical uncertainties are indicated by
the upper and lower horizontal lines, respectively. (C) The individual electron, muon and combined
e+u cross section ratios R(Wv/Z7)e = o-B(W+7)/o-B(Z7). The Wy/radiative Z (only), Standard
Model W« /Z~ and radiative W/Z+y (only) cross section ratio predictions and their 1o theoretical
uncertainties are indicated by the upper, middle and lower horizontal lines, respectively. (D) The
individual electron, muon and combined e+ cross section ratios R(W/2), = 0-B(W)/o-B(Z). The
Standard Model inclusive W/Z cross section ratio prediction and its +1o theoretical uncertainty
is indicated by the horizontal line.
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7 DIRECT LIMITS ON WW&~, ZZv and Zvy ANOMALOUS
COUPLINGS

7.1 General Methodology

If the W and Z bosons are composite objects, large values of WW~+, ZZv or Zvv anomalous
couplings (>> «) may be realized in nature. Depending on the nature and magnitude of these
non-standard couplings, an excess of isolated, high— E7 photons accompanying the production of
W and Z bosons is expected, relative to SM W+ and Zv predictions. The angular distribution for
hard photons associated with anomalous couplings is more central than for the SM W+ and Zvy
couplings [11, 17]. Table 19 summarizes the number of electron and muon W+ events predicted by
the Baur + fast W+ Monte Carlo program for several sample choices of the Ak and A parameters.
Figures 17 and 18, respectively show the predicted central photon E7 and AR, distributions for
these same choices of anomalous parameters. For Zv, the behavior is very similar for non-SM values
of ZZv/Z~v anomalous couplings. The experimental sensitivity to possible WW<«y (ZZvy/Zvv)
anomalous couplings for W« (Z7) is determined by the absence of an excess of such events, or,
equivalently, obtained by setting an upper limit to an experimental cross section.

Table 19: Sample MC predictions for the number of electron and muon W+ events. The statistical
uncertainty associated with each quantity is given.

Anomalous Coupling E7>5GeV [5< E7 <15 GeV | Ef > 15 GeV
e Wy Ar=0, A=0(SM) | 46+£04 3.7+03 0.9+01
eWy: Ax=7,A=0 11.04+ 1.0 4.6+ 0.4 6.4+0.6
eWy: Axk=0,A=3 126+ 1.2 3.9+04 8.7+0.8
eWv: Ax=5,A=5 39.5+ 3.6 5.5 £ 0.5 34.0 £ 3.2
LWy Ar=0, A=0(SM)| 24+02 1.0£0.2 05+0.1
WWy: Ak=T,A=0 6.0 £ 0.6 2.5+ 0.2 3.5+ 0.3
W Wy: Ax=0, A=3 73407 2.3+0.2 5.0 + 0.5
WWy: Axk=5 A=5 22.6 £ 2.2 3.140.3 19.5+1.9
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Figure 17: Monte Carlo E7. predictions for various CP—conserving WW+ anomalous couplings.
The Standard Model prediction is Ak =0, A = 0.
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Figure 18: Monte Carlo ARy, predictions for various C’P—conserving WW+ anomalous couplings.
The Standard Model prediction is Ak =0, A =0.
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Operationally, we determined the experimental 68% and 95% CL limits on WW+~, ZZv and
Z7v+v anomalous couplings by using the Baur W+ and Zy Monte Carlo event generator programs
to step through a matrix of (z,y) pairs of anomalous parameter values. In general, since there are
four independent anomalous coupling parameters (z,y, u,v) for WW+«y, ZZy and Zy7 anomalous
couplings, we restricted our analysis to obtain limits on CP—conserving anomalous couplings, as-
suming the C’P—violating anomalous couplings to be zero, and to obtain limits on CP—violating
anomalous couplings, assuming the C’P—conserving anomalous couplings to be zero. For the Z +~
case, we additionally restricted our analysis to obtain limits on ZZ+ anomalous couplings, assuming
the Zv+v anomalous couplings to be zero, and vice-versa. Note that the W ++ (Z + v) experimental
results in fact impose simultaneous constraints on all WW+y (ZZ~ and Z+vv) anomalous couplings,
respectively. However, a fully-generalized analysis of this nature is beyond the scope of this paper.

The Monte Carlo W« (Z7) four-vector data for each pair of anomalous coupling parameters was
analyzed with the use of the fast Wy (Zv) Monte Carlo detector simulation programs. We recorded
all kinematic/geometrical acceptances, the MC o - B(Vy+7)gen cuts Cross sections and the predicted
number of MC e or u events passing all cuts for each Wy (Zv) decay channel, for each point in the
(z,y) anomalous couplings plane. This included recording all statistical uncertainties associated
with these variables. For W+, the Baur MC was run with non-zero values of anomalous parameters
with a form factor scale Ay = 10 TeV and form factor power n = 2 (see equation 6). The Wy
cross section results are negligbly different if a form factor scale Aw = 1 TeV is chosen, since
the parton SF luminosities for very large Bjorken-x (z > 0.5) contribute negligibly to the overall
W cross section at our center-of-mass energy. Only for Aw < 500 GeV is the Wy cross section
influenced in a significant way. For Z+v, the anomalous contributions to the helicity amplitudes rise
much faster with energy than those in the W< case. This results in a much greater sensitivity to
the form factor scale Az. We therefore used three sets of form factor scales: Az = 250, 500 and
750 GeV with n = 3 (n = 4) for hgo,m (hjo.20), Tespectively (see equation 14). In this manner the
three-dimensional Nyiy(Ve+7) and o B(V;+7) surfaces as a function of (z,y) anomalous couplings
pairs were determined.

Each set of the matrix of MC N;y(Ve + v) (z,y) or (u,v) data points was then fit using
MINUIT [63] to obtain a three-dimensional analytic description of the Ny (Ve + 7v) surface in
the (z,y) or (u,v) anomalous couplings plane. The most general form for this surface, for four
independent anomalous coupling parameters (z,y, u,v) is given by:

2(z,y,u,0) = zsm+ax+bz eyt dy’ +ex-y + ful + 80  teu v (36)

where (z,y) represent CP—conserving anomalous couplings and (u,v) represent CP—violating
anomalous couplings. No higher-order terms in (z,y,u,v) are needed, since the overall invariant
amplitude My., containing the anomalous contributions to the V +7 process is linearin the anoma-
lous coupling parameters. The terms in equation 36 that are linear in (z, y) arise from interference
of the CP—conserving anomalous coupling contribution in the overall invariant amplitude with the
Standard Model contribution. Note that no such interference occurs between the CP—violating
anomalous coupling terms and the Standard Model term, nor is there any interference between
CP—conserving and CP-violating anomalous coupling terms [11, 17]. The terms proportional
to zy (uv) arise from interference between the two independent CP—conserving (CP—violating)
anomalous contributions, z and y (u and v) respectively. Note that for the two-dimensional case
of (z,y) anomalous couplings, or for the two-dimensional case of (u,v) anomalous couplings, the
above expression describes the surface of an elliptic paraboloid.

59



For the CP—conserving (CP—violating) case there are six (four) free parameters associated
with describing this surface, and therefore a minumum of six (four) discrete results for Myig(Ve+7)
or o - B(V; + v) are required. Operationally, at least nine such data points were used to over-
determine each surface, using non-zero anomalous coupling parameter values in the neighborhood
of anticipated 95% CL limits. The MINUIT fits to each data set returned the fitted values of the
parameters zsar, @ — e (or zspr, B — €) and their uncertainties. In general the y2/Ng,s of each
of the fits are extremely good. Two examples of the fitted values of these coefficicnts are (a) the
Nsig(W + )4 surface for CP—conserving anomalous couplings:

N‘-V‘Y(AK, A)=16.95-0.07Ax + 0.20(AF€)2 +0.09) + 1.42)% + 0.63(Ak- A) (37)

sig

and (b) the N;y(Z + 7)eqn surface for CP—conserving anomalous couplings, for Az = 500 GeV:
NZY(hZy, k) = 2.01+ 1.61 x 107° AZ) + 0.12(h%)? + 0.01h%, + 1.76(h%)* — 0.77(hZ; - hZ) (38)
The determination of the 68% and 95% CL limits on WW+«y, ZZv, Zvyv anomalous couplings
was accomplished by comparing the Monte Carlo prediction, NV,;;(Ve+v)mc with the experimental
result, Myig(Ve + 7)ezpe for each case. For the each of the four individual and combined e 4 p
channels, the analytic expression obtained from the MINUIT fit of the Ny (V; + Y)arc surface is
shifted relative to its nominal central value by —AN;,(Vz + 7)mc, as given by the relevant entry
in the first column of Table 17. The intersection of the plane containing the 68% or 95% upper
CL limit on the experimental Nyig(Ve + 7¥)ezpt with the —1o shifted MC N (Ve + 7)mc surface
determines the limit contours for the anomalous coupling parameters for each case.

7.2 Direct Limits on WW+~ Anomalous Couplings

The 68% and 95% CL limits on WW+y anomalous couplings for the electron, muon and e + u
combined W+~ results are summarized in Tables 20 - 22. Figures 19a - 19f show the projections
of the predicted Nio(W + y)mc surface on the Ak and A axes for the CP—conserving WWy
anomalous couplings for the electron, muon and e + g combined result. (The corresponding curves
for the CP—violating WW+ anomalous couplings %, A are very similar.) The solid curve indicates
the central value of the prediction, the upper and lower dotted curves indicate the overall 1o
(stat+syst) uncertainties on the Monte Carlo prediction. The central value of the electron, muon
and e + p combined Nyig(W + 7)egpt result is shown as a solid horizontal line in each figure. The
+10 (stat+syst) uncertainties are shown as dotted horizontal lines. The 95% CL upper limit to
Nsig(W + 7)ezpe 1s indicated as a solid horizontal line in each figure.

The experimental limits on the A, \ parameters are more stringent than those for Ax, & because
the anomalous contributions to the W+ helicity amplitudes grow like \/§/Mw for Ak, & and
(V3/Mw)? for A, .

The 68% and 95% CL contours for CP—conserving and CP-violating WWy anomalous cou-
plings for the individual electron, muon and e +  combined results are shown in Figs. 20a — 20f.
For the CP—conserving WW+ anomalous couplings, note that there exist possible non-SM values
of Ax and A where the magnetic dipole moment, uw and the electric quadrupole moment, ¢J$;, of
the W boson vanish separately:

The Qfy axis, where uyw =0: A = —(Axk+2)
The pw axis, where @y =0: A = (Axk+1)
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and one point, (Ak, A) = (—%, —%) where both quantities vanish simultaneously. This point is

contained within the experimental 68% CL limit contour. Similarly, for the CP-violating WW«
anomalous couplings, note that there exist possible non-SM values of £ and A where the electric
dipole moment, dw and the magnetic quadrupole moment, @}, of the W boson vanish separately:

The QY axis, where dyy =0: X = ~
The dw axis, where Q7% =0: )\ =

At

A

and one point, (&, A) = (0, 0) where both quantities vanish simultaneously. This point is contained
within the experimental 68% CL limit contour. Note also the relative orientation of the contour
limits in the Ak — A (& — A) plane with respect to the Ax and A axes (# and A axes), indicating
the magnitude of the interference effects present between these pairs anomalous parameters at our
center-of-mass energy, v/s = 1.8 TeV. The contour limits on WW+~ anomalous couplings are more
(less) stringent when constructive (destructive) interference occurs between pairs of anomalous
couplings.

Table 20: Electron channel limits on WWy anomalous couplings. The +10,68% and 95% CL limits
on Ak, A, % and )\ are given. For each entry in the Table, all other WW~ anomalous couplings are
assumed to be at their SM values. For the +10¢ limits, the first uncertainty is the overall statistical
uncertainty (stat); the second is the overall systematic uncertainty (syst); the third uncertainty is
the combined (stat + syst) uncertainty. See text for further details.

CP-Conserving Couplings CP-Violating Couplings
Ax = 00738112 = 0.07% | = = 00755+ 1.2 = 00718
-35 < Ak < +3.9 (68% CL) | -3.7 < & < 43.7 (68% CL)
6.5 < Ak < +6.9 (5% CL) | —6.7 < & < 46.7 (95% CL)
A =001 T+05 = 00717 [ X = 0.07lT£05 = 0.017
-14 < X < +14 (68%CL) | -14 < A < +1.4 (68% CL)
26 < A < 42.6 (5% CL) | -2.6 < A < +2.6 (95% CL)
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Table 21: Muon channel limits on WW+v anomalous couplings. The +10, 68% and 95% CL limits
on Ak, A, % and X are given. For each entry in the Table, all other WW+ anomalous couplings are
assurmed to be at their SM values. For the 1o limits, the first uncertainty is the overall statistical
uncertainty (stat); the second is the overall systematic uncertainty (syst); the third uncertainty is
the combined (stat 4 syst) uncertainty. See text for further details.

CP—Conserving Couplings CP-Violating Couplings
Ak = 0.07%7£09 = 00782 | & = 00757 +0.9 = 0.07%]
52 < Ax < +5.4 (68% CL) | -53 < & < +5.3 (68% CL)
~8.6 < Ax < +8.8 (95% CL) | -87 < & < +8.7 (95% CL)

A = 00722404 = 0.0%33 A = 00723404 = 0.0%23
~2.0 < A < +1.9 (68% CL) | -2.0 < A < 42.0 (68% CL)
-33 < A< +32 (95% CL) | -3.2 < XA < +3.2 (95% CL)

Table 22: e 4 u combined limits on WW+ anomalous couplings. The +10, 68% and 95% CL limits
on Ak, A, & and A are given. For each entry in the Table, all other WW+ anomalous couplings are
assumed to be at their SM values. For the +10 limits, the first uncertainty is the overall statistical
uncertainty (stat); the second is the overall systematic uncertainty (syst); the third uncertainty is
the combined (stat + syst) uncertainty. See text for further details.

CP-Conserving Couplings CP~-Violating Couplings
Ak = 00753+ 10 = 0075 | £ = 0.0755+£1.0 = 0.0733
-34 < Ak < +3.7 (68% CL) | -85 < & < +3.5 (68% CL)
-6.0 < Ak < +6.4 (95% CL) | -6.2 < & < +6.2 (95% CL)

A= 00F8+04 = 00718 | X = 0.0F5+04 = 0.0%]%
~1.4 < A < 413 (8% CL) | -1.3 < XA < +1.3 (68% CL)
—24 < A < 423 (5% CL) | -24 < A < +2.4 (95% CL)
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Electron Wy Combined e+u Wy
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Figure 19: Direct limits on CP—conserving WW+y anomalous couplings. (A) Nsig(W +7) as a func-
tion of A for electron W. (B) Nyig(W +7) as a function of X for electron Wy. (C) Niig(W+7) as
a function of Ax for muon Wv. (D) Naig(W +7) as a function of A for muon Wy. (E) Nyig(W +7)
as a function of Ax for e+ p Wy. (F) Nyig(W +7) as a function of A for e +p Wy. Shown in each
of these figures, are the central value (solid horizontal line) and its associated *1o (stat + syst)
uncertainty (dotted horizontal lines) for the measured Ny;y(W +7) and the 95% CL upper limits
on the measured Nyiy(W + 7) (solid horizontal lines). The solid curve in each figure is the central
value of the theoretical prediction for Ny (W + 7v) as a function of the CP—conserving WW~
anomalous couplings Ak, A. The dotted curves are the +1c overall systematic uncertainties on the
theoretical prediction. Only one WW+ anomalous coupling is assumed to be non-zero at a time.
The corresponding curves for CP—violating WW'y anomalous couplings are very similar. See text
for further details.
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Electron W Muon Wy Combined e+u Wy
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Figure 20: Contour limits on CP—conserving and CP—violating WW+y anomalous coupling pairs.
The solid ellipses show the 68% and 95% CL contour limits for the electron, muon and combined
e+ u results for CP—conserving and CP—violating W W+ anomalous coupling pairs. The orientation
of these contours relative to the anomalous coupling axes is due to interference effects between these
parameters in the overall invariant amplitude M., for the W + v process. The SM prediction for
each plot occurs at (0,0). For the CP—conserving couplings, the global minimum of the anomalous
coupling surface is displaced slightly from the SM prediction due to interference effects between
the SM and these anomalous coupling contributions to the overall invariant amplitude for W+
production in /s = 1.8 TeV p-p collisions. No such displacement occurs for CP—violating WW+
anomalous couplings. For the CP—conserving couplings, the pw/ujy (Q% = 0) and Q5 /Q%W
(uw = 0) axes are indicated by (orthogonal) dashed lines, intersecting at the point (Ax, A) =
(-3/2, —1/2). For the CP-violating couplings, the dw/dyy (Q% = 0) and QF /@ (dw = 0)
axes are indicated by (orthogonal) dashed lines, intersecting at the point (&, X) = (0, 0). The Wy
and WTW ™ unitarity limits are indicated by dotted and dashed curves, respectively for a form
factor scale Aw = 1 TeV. See text for further details.
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7.2.1 Unitarity Constraints for Wy — Form Factor Scale Ay Sensitivity

Partial wave unitarity places restrictions on the reduced amplitudes, AKVW/\7 for arbitrary values of
W W~ anomalous couplings. There are in fact two such unitarity restrictions, one associated with
W + v production and another associated with W+W = production, for both CP—conserving and
CP—violating WW+ anomalous couplings. Both physics processes impose unitarity constraints,
because both processes occur e.g. in high-energy p-p collisions {64].

The unitarity restriction for CP—conserving WW+ anomalous couplings for W + v production

is [10, 12]:
>

Ay

3sin? Oy

. M2
a2(3) <1 - —';m)
where A, A, are the final-state W boson and photon helicities, respectively. For the assumed

generalized dipole form factor and form factor power (n = 2), unitarity is violated in the W + v
process if

<

(39)

w
AN,

(g - 1) ; M3 1 6sin0
My C A+ 0P+ [ ) (A {2 )+ 0) | 2 =K 40
oy |5 (M&)( ( ; 2 ") 40
w
over the v/§ range My < V3 < 1.8 TeV.
The unitarity restriction for CP—conserving WW+ anomalous couplings for W*W ™ production

is [10, 12]:
2 3(3-6sin%6w + 8sin'w)

5 - (41)

Aw+ Aw-

2
502(3) (1 - i-"ﬁz) ’

where A+, Aw- are the final-state W+, W~ boson helicities, respectively. For the assumed dipole
form factor, unitarity is violated in the W+W = process if

M2, 3 2 2
(1- ey (3 . 1 3 1{ 3 )
3 AV 42| =
G |\ ) G e )M e g )0

w

over the V3 range 2Mw < Vs < 1.8 TeV.
If only one anomalous WW+ coupling is assumed to be non-zero at a time, then for Aw >> Mw
and the assumed dipole form factor (n = 2), the unitarity limits are:

5 3 (3 — 6sin? G + 8sin? )
- 5a2(3)

(42)

2
vv,.7 . |AK| < 37411\‘;1‘ev |)\| < 3.9A'I‘.::V
wWtw- . |Aﬁ| < T.ISA’IV‘:iV2 I)‘I < 5.:*11\’1‘:3‘\/2

For W + v production, the unitarity restriction for CP—violating WW+~y anomalous couplings
is of the same form as that for CP—conserving WW+ anomalous couplings (10, 12):

2

Ay

2 3sin? 0w

a?(3) (1 - -"133&)
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For the assumed dipole form factor, unitarity is violated in the W + v process if

(75 -1) - 3 2 2 in?
fps [(R“y*(ﬂﬁﬁ?) (<%_)“” > 2 (44)

over the V3 range Mw < V& < 1.8 TeV. For W*+W~ production, the unitarity restriction for
CP-violating WW+y anomalous couplings is [10, 12]:

2 — in2 14
Z Aw/ [ < 3(3 6 sin (9W‘F8Sln HW) (45)

A dwddw- 4M2 3
wAw = 5a2(38) (1 - __;w.>

For the assumed dipole form factor, unitarity is violated in the W+W~ process if

M2 .1 2

(1-eyz [/ 5\, 2 _ 1§\« 3 (3—6'sin? By +8sin Gy )

T |\ ) G2 e (maag )y | 2 5a(3) 1)
w

over the v/3 range 2Mw < V3 < 1.8 TeV.
If only one anomalous WW v coupling is assumed to be non-zero at a time, then for Aw >> Mw
and the assumed dipole form factor (n = 2), the unitarity limits are:

~ g 2
W‘)’ . IN‘ < 37.11\V'Vrev |/\| < 3.9A’1‘;§V
W+W— . |'~‘| < 35.2;‘(:\/ |:\| < 5.3A1;;v2

In Figs. 20a — 20f, the contours for the Wy (W*+W ™) unitarity limits on WWy anomalous
couplings are indicated by dotted (dashed) curves, respectively, for a form factor scale Aw =
1.0 TeV. For this value of Aw, the region exterior to these curves is excluded by unitarity. If the
scale Ay is decreased (increased), the area enclosed by the unitarity curves is increased (decreased).
The enclosed area of the unitarity curves doubles (halves) if values of Aw = 0.8 (1.5) TeV are chosen,
respectively. For the e + u combined results, our 95% CL contours are entirely contained within
both W~ and W+ W™= unitarity contours for Ay ~ 970 GeV.

The Wy and W+ W~ unitarity limits as a function of Aw for CP—conserving and CP—violating
W W+~ anomalous couplings are shown in Figs. 21 and 22, respectively. The region above the uni-
tarity curve in each figure is excluded. Superimposed on these plots are the combined e + 1 68%
and 95% CL limits on each of the anomalous couplings as indicated by the dotted and solid curves,
respectively. The region above the experimental curves is excluded. In the small Aw region the ex-
perimental results are more stringent than the unitarity constraint, whereas in the large Aw region
the converse is true. Note that our experimental results are essentially independent of the form
factor scale for Ay above a few hundred GeV. Note also that the experimental limits on anomalous
couplings must simultaneously obey both W+ unitarity and W¥W = unitarity constraints, since
both processes are operative in /s = 1.8 TeV p-p collisions. In each of these figures, the value of
Aw where the experimental curves cross the unitarity curve is the limit of experimental sensitivity
to that particular anomalous coupling and Aw —scale. For form factor scales

AGF > 1.0 TeV Ay > 1.2TeV
A% > 5.0TeV A}y > 1.2TeV
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the unitarity limit is more stringent than our e + p combined 95% CL limits on WWy anomalous
couplings, assuming only one such coupling to be non-zero at a time. These form factor scales
correspond to distance scale sensitivities Lw = he/Aw for probing possible internal structure of
the W boson of order:

L8r < 2.0 x 1074 fm =.0.08 X LYy < 1.6 x 1074 fm = 0.07 Xw
L% < 0.4 x 10-* fm = 0.02 X LYy, < 1.6 x 107 fm = 0.07 Xy

where Xw = h/Mwc is the reduced Compton wavelength of the W boson.

The unitarity bounds and the Aw scale sensitivity have some model-dependence associated with
the choice of the form factor power n used in the generalized form factor. For example, we have
chosen n = 2 for the form factor power in this analysis, motivated by the well-known behavior
of the nucleon form factors. If instead, a value of » = 1 is chosen for the form factor power, the
unitarity bounds on WWy anomalous couplings are made a factor of ~ 4 times more stringent; the
corresponding Aw —scale sensitivity is reduced by a factor of ~ 2 [10]. The experimental limits
are not significantly changed for n = 1.
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Combined e+u Wy
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Figure 21: Unitarity limits as a function of Aw for CP~conserving WW~y anomalous couplings.
(A) |Ak| unitarity limit as a function of form factor scale Aw. (B) |A| unitarity limit as a function
of form factor scale Aw. (C) |Ax| unitarity limit as a function of form factor scale Aw. (D) |}
unitarity limit as a function of form factor scale Aw. Only one WW+ anomalous coupling is
assumed to be non-zero at a time. Also shown in each figure are the experimental e + p combined
68% and 95% CL limits (dotted and solid curves, respectively) on |Ak| (or |A]) as a function of
form factor scale Aw. The downward-pointing arrows indicate the value of Aw associated with the
intersection of the experimental limits with the unitarity curve in each figure. See text for further
details.
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Combined e+u Wy
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Figure 22: Unitarity limits as a function of Aw for CP—-violating WW+ anomalous couplings.
(A) |%| unitarity limit as a function of form factor scale Ayy. (B) |A| unitarity limit as a function of
form factor scale Aw. (C) |&| unitarity limit as a function of form factor scale Aw. (D) |A| unitarity
limit as a function of form factor scale Aw. Only one WW+~ anomalous coupling is assumed to be
non-zero at a time. Also shown in each figure are the experimental e + y combined 68% and 95%
CL limits (dotted and solid curves, respectively) on |&| (or |A]) as a function of form factor scale
Aw. The downward-pointing arrows indicate the value of Aw associated with the intersection of
the experimental limits with the unitarity curve in each figure. See text for further details.
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7.2.2 Direct Limits on the W Boson Higher-Order Electromagnetic Moments and
Mean-Squared Charge Radius

Experimental limits on WW 5 anomalous couplings also place bounds on the higher-order electro-
magnetic moments of the W boson and the W boson mean-squared charge radius. These qnantities
are related to the anomalous coupling parameters, in the static limit (and with i = ¢ = 1) by:

uw = 21\;w(2 + AR+ A) (47)
e
Q% = ———(1+Ax—A (48)
e -
d = A+ A 49
w o= (R (19
e -
QR = - (k= X) (50)
<R%,> = —-Ml—z-(l-}—Am+ A) (51)
w

Recall that the Standard Model tree-level values of the WW+y anomalous couplings are: Ak
=1—-k=A=£&=A=0. It is illuminating to calculate the numerical values associated with the
following classical parameters:

By = 3= = 3.691£0.012x1071% MeV/T
Q% = —eXiy = —6.063+0.041x107° ¢ — fm?
dy = 2eXw = 1.231+£0.004x1073 e~ fm
me = -M?: = —~1.818 + 0.012x 1078 MeV~fm/T
<RP> = X% = 6.063+0.041x10~% fm?
Aw = s = 2462+0.008x1073 fm

Note that the uncertainties associated with these classical quantities for the W boson are due
primarily to the uncertainty on the W boson mass, My = 80.14 + 0.27 GeV/c® (the combined
CDF+UA2 result) (47, 65].

We define the following dimensionless (scaled) classical quantities for the W boson:

gw — 2 E%-—? = AK+ A (52)
-1 =3% -1 = Ax-2A (53)
bw Eg—gva = R+ (54)
W =gk = &-A (55)
rd, — 1 s%ﬂg—l = Ak+ A (56)

The individual electron, muon and the combined e + u limits on the W boson electromagnetic
moments and mean-squared charge radius, are summarized in Tables 23 - 25. Figures 23a — 23f
show the 68% and 95% CL limit contours for the CP—conserving and CP—violating higher-order
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electromagnetic moments of the W boson. The corresponding W + v (W*W ™) unitarity limits
on these quantities are also shown on these figures, for a form factor scale of Aw = 1.0 TeV, as
indicated by the dotted (dashed) curves, respectively.

Table 23: Electron channel limits on higher-order W boson EM moments. The +1e¢, 68% and
95% CL limits on gw — 2, ¢ — 1, éw, ¢ and r%, — 1 are given. For each entry in the Table,
all other W boson EM moments are assumed to be at their SM values. For the +1¢ limits, the
first uncertainty is the overall statistical uncertainty (stat); the second is the overall systematic
uncertainty (syst); the third uncertainty is the combined (stat + syst) uncertainty. See text for
further details.

CP-—Conserving Couplings CP—Violating Couplings
gw -2 = 00757+£07 = 0.0 %25 | éw = 0057407 = 00733
-22 < gw=-2 < 422 (68% CL)| ~2.2 < 6w < +2.2 (68% CL)
—4.1 < gw—2 < 441 (5% CL) | —~4.1 < 6w < +4.1 (95% CL)
@y -1 =00332+1.0 = 00F7 [qfp -1 = 0073T+£1.0 = 00733
-33 < ¢y —1 < +35 (8% CL) | -34 < q¢p < +3.4 (68% CL)
-6.0 < ¢y —1 < +6.3 (5% CL) | -6.2 < ¢fF < +6.2 (95% CL)
ri,—1 = 0075;,£0.7 = 0.0 753
-22 < th -1 < +22 (68% CL)
-4.1 < r§{y -1 < +4.1 (95% CL)

Table 24: Muon channel limits on higher-order W boson EM moments. The +10, 68% and 95%
CL limits on gw — 2, ¢§ — 1, 6w, qj% and r%, —1 are given. For each entry in the Table, all other W
boson EM moments are assumed to be at their SM values. For the +1o limits, the first uncertainty
is the overall statistical uncertainty (stat); the second is the overall systematic uncertainty (syst);
the third uncertainty is the combined (stat + syst) uncertainty. See text for further details.

CP—Conserving Couplings CP—Violating Couplings
gw—2 = 0.07%324+05 = 0.0 73% | éw = 0.0738+£05 = 0.073%
-32 < gw-2 < 431 (8% CL)| -3.1 < éw < +3.1 (68% CL)
-52 < gw—2 < +51 (5% CL)| -5.1 < éw < +5.1 (95% CL)
@y -1 =00F37£07 =005 [gp —1 = 007:3£07 = 0.0723
-45 < ¢y -1 < +4.8 (68%CL)| -4.7 < ¢ < +4.7 (68% CL)
75 < ¢y —1 < +78 (5% CL)| -7.6 < ¢ < +7.6 (95% CL)
rd,—1 = 0.0732+£05 = 0.0 *3¢
-32 <t} -1 < +3.1 (68% CL)
=52 <t —1 < +5.1 (95% CL)
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Table 25: e + u combined limits on higher-order W boson EM moments. The 1o, 68% and 95%
CL limits on gw —2, g§y — 1, bw, ¢5% and r, — 1 are given. For each entry in the Table, all other W
boson M moments are assumed to be at their SM values. For the k1o limits, the first uncertainty
is the overall statistical uncertainty (stat); the second is the overall systematic uncertainty (syst);
the third uncertainty is the combined (stat + syst) uncertainty. See text for further details.

CP-Conserving Couplings CP—Violating Couplings
gw —2 = 0.075:+06 = 0.075¢% | 6w = 0022 +£06 = 0.075¢
-21 < gw-2 < +21 (68% CL)| -21 < éw < +2.1 (68% CL)
-37 < gw—2 < +3.7 (5% CL)| -3.7 < dw < +3.7 (95% CL)
gy —1 = 00717409 = 00735 [¢fp -1 = 00733+£09 = 0.0753
-30 < gy —1 < +34 (68%CL)| -32 < ¢ < +3.2 (68% CL)
-55 < qfy —1 < +58 (5% CL) | —5.6 < ¢f% < +5.6 (95% CL)
rd, -1 = 0.0752+£0.5 = 0.0 *22
-2.1 < rh -1 < +2.1 (68% CL)
-3.7 < rh -1 < +3.7 (95% CL)
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Figure 23: Contour limits on CP—conserving and CP~violating W boson higher-order EM mo-
ments. The solid ellipses show the 68% and 95% CL contour limits for the electron, muon and
combined e + u results for CP—conserving and CP—violating W boson higher-order £M moments.
For the CP—conserving moments, the tree-level SM prediction is uw /sy = 2 and Q%/Q% = 1.
The Ak (A = 0) and A (Ax = 0) axes are indicated by (orthogonal) dashed lines, intersecting
at the point (uw/uly, Q% /Q5) = (2, 1). For the CP—violating moments, the tree-level SM
prediction is dw/d$y = 0 and Q/Q%° = 0. The & (A = 0) and X (% = 0) axes are indicated by
(orthogonal) dashed lines, intersecting at the point (dw/dyy, QW /Q%) = (0, 0). The Wy and
W+ W~ unitarity limits are indicated by dotted and dashed curves, respectively for a form factor
scale Aw = 1 TeV. See text for further details.
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7.2.3 Comparison with Existing Limits on WW+y Anomalous Couplings

T Alvnnt
Litdlrect

ments. For CP—conserving WW+ anomalous couplings A« and A, the most stringent low-energy
constraint on these parameters has been extracted from the precision measurement of the muon
g, — 2 anomaly [66, 67, 68]. However, these low-energy bounds on Ax and A are quite model-
dependent [69] and are also sensitive to the cutoff used to regulate divergences and to the regular-
ization schenie used in the loop calculation [70].

More stringent indirect bounds on A« and A have been derived from the photon propagator
as measured at PETRA [72] and the W/Z mass ratio {67, 73]. However these bounds are also
controversial because loop corrections are ill-defined in these cases. For example, for the W/Z
mass ratio the limits on Ak and X are expressed in terms of deviations of the p—parameter, p =
M2, /M2 cos? @y from its tree-level SM value of p = 1. However, the p—parameter is also
sensitive to SM electroweak radiative corrections (e.g. Myop, MHiggs) and loop corrections due to
other possible deviations from the (minimal) SM, such as heavy W' and/or Z' bosons.

No rigorous bounds on W~ anomalous couplings can be obtained {rom high-precision mea-
surements in the Z—resonance region from LEP-I e*e~ data if correlations between different con-
tributions to the anomalous couplings are fully taken into account, as there exist ambiguities and
model-dependencies in the results [74, 75, 76]. Assuming. there are no significant cancellations
among various one-loop contributions, present data on the 5, T and U parameters [77] (or equiv-
alently the ¢, €2 and €3 parameters [78]), imply constraints on the Ax and A parameters of order
|Ak], |A] € 0.5~ L.5 at the 90% CL (76, 79].

The UA2 Collaboration has recently published direct limits on Ak and A from an analysis of
13 pb~! of § p — e*vy electron data [80]. A total of 16 W candidate events were found, passing
central photon selection requirements of E7 > 4.5 GeV and lepton-photon angular separation
AP > 15°, with an expected background of 6.8 + 1.0 events, leading to a W1 signal of 9.2 &
4.0(stat) £ 1.0(syst) events. The UA2 Collaboration analyzed their data by comparing the number
of signal events to the number of predicted events. A second method, comparing the observed E7.
spectrum to MC expectations was also used. For the latter method, the UA2 experiment obtained
limits on Ak and A, assuming only one WW+ anomalous coupling to be non-zero at a time, of

imits on YA TA ~ anamalat

s on WW~ anomalous couplings can be obtained from precision low-energy experi-

Ak = 0.0728 (stat + syst) A =0.0t]7 (stat + syst)
The corresponding 95% CL limits on these quantities are:
-4.5 < Ak < +4.9 -36 <A< 435

Note that the correlations between Ak and A are much stronger for /s = 630 GeV than at the
Tevatron. As a consequence of these interference effects, the orientation of the UA2 68% (95%)
CL limit contours in the Ax — X plane are rotated significantly more with respect to the Ax — A
axes than our corresponding 68% (95%) CL limit contours (see Fig. 24). Note further that the area
contained within our e + u combined 68% (95%) contours in the Ax — A plane is approximately
50% of that contained within the corresponding UA2 68% (95%) contours, which were obtained
using their E] method. The area contained within these contours is in fact the most appropriate
measure for comparison of Ak — A limits between the two experiments.

For CP/T —violating WW+ anomalous couplings, & and X, the most stringent low-energy con-
straint on these parameters has been extracted from the experimental upper limit on the electric
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dipole moment (EDM) of the neutron, d,, < 1.2x 10712 e ~fm (95% CL) [81]. The upper limit on
the neutron EDM places indirect limits on |&|, |A] < ©O(1073) [70, 71] unless extreme cancellation
between these two parameters occurs {10]. These limits are also model-dependent, sensitive to the
cutoff used to regulate divergences and are also dependent on the regularization scheme used in the
loop calculation [70].

Wy, WW
-10+ v d Unitarity
, 5’,=o Ay=1.0 TeV
-15 [ ] | | i
-15 -10 -5 0 5 10 15

Figure 24: CDF and UA2 contour limits on CP—conserving WW+y anomalous couplings. The solid
ellipses show the CDF combined e + u 68% and 95% CL limits in the Ax — X plane Ax — A plane
(v/s = 1.8 TeV). The dashed ellipses show the UA2 68% and 95% CL limits in the Ax — X plane
(v/8 = 630 GeV). The difference in the orientation of the CDF and UA2 contours is due to energy-
dependent interference effects between these parameters in the overall invariant amplitude M.,
for the W 4 4 process. The SM prediction is Ak = A = 0. The CDF and UA2 global minima for
the WW+« anomalous coupling Nyig(W + v) surfaces are displaced from the SM prediction, due to
energy-dependent interference effects between the SM and these anomalous coupling contributions
to the overall invariant amplitude. The puw /uy (Q% = 0) and Q5,/Q5y (uw = 0) axes are
indicated in this figure by (orthogonal) dashed lines. The Wy and W*W ™~ unitarity limits are
indicated by dotted and dashed curves, respectively for a form factor scale Ay = 1 TeV. See text
for further details.
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7.3 Direct Limits on Anomalous ZZv and Zyy Couplings

From the absence of an excess of high E7 photons in electron and muon Z+y events, we obtain direct
limits on ZZ+ and Zv7v anomalous couplings using the same methods as those used for obtairing
direct limits on WW+ anomalous couplings. As the phase space associated with exploring all
possible combinations of ZZv and Zyy anomalous couplings is quite large, we limit our study
to the consideration of pairs of non-zero ZZ+v and/or Zv+y anomalous couplings. Specifically, we
consider here only the following four possible cases:

(1) ZZvy : only h%, and h%, non — zero
(2) ZZv: only k%, and h%, non — zero
(3) Zvy: only h}; and hj, non — zero
(4) Zyy: only h], and h3; non — zero

These choices are motivated by the fact that there are no interference effects between CP—
conserving anomalous couplings (h¥; 40) and CP—violating anomalous couplings (hYo,20) for V =
Z,v. Furthermore, the ZZv anomalous couplings interfere only weakly with Zy~ anomalous cou-
plings [17].

Because of the nature of the ZZ~v and Zv+v vertex functions, the experimental limits we obtain
for the CP—conserving ZZ+y anomalous couplings (case 1) will be nearly identical (to within ~ 1%)
of the limits we obtain for the CP—violating ZZ+v anomalous couplings (case 2). Similarly, the
experimental limits we obtain for the case 3 will be nearly identical (to within ~ 1%) of the limits
we obtain for case 4. Finally, the limits on Zv+y anomalous couplings (cases 3 and 4) are ~ 5%
higher than those for ZZ+v (cases 1 and 2).

For the Z + v process, the dependence on the form factor scale Az is much greater than that
for the W + v process. We compare our experimental measurements of Ny (Z + v) with Z + v
Monte Carlo predictions for three different values of Az = 250, 500, and 750 GeV.

The 68% and 95% CL limits on ZZ+ and Zv+v anomalous couplings for the electron, muon and
e + p combined results are summarized in Tables 26 - 28. Figures 25a - 25f show the projections of
the predicted Ny;;(Z +7)ac surface on the hZ, and h%, axes for the CP—conserving ZZ~y anomalous
couplings, for the electron, muon and e+ pu combined results, and for Az = 250, 500, and 750 GeV.
(The corresponding curves for the CP—violating ZZv anomalous couplings h%, and h%; are very
similar, as well as the MC prediction for Zvyy anomalous couplings). The solid curve indicates
the central value of the prediction, the upper and lower dotted curves indicate the overall £lo
(stat+syst) uncertainties on the Monte Carlo prediction. The central value of the electron, muon
and e + p combined Ny;g(Z + 9)ecpt Tesult is shown as a solid horizontal line in each figure; the
+10 (stat+syst) uncertainties are shown as dotted horizontal lines. The 95% CL upper limit to
Nsig(Z + 7 )expt is indicated as a solid horizontal line in each figure. The ZZy unitarity constraints
in each figure are discussed in Section 7.3.1 below.

The experimental limits on the A} , parameters are more stringent than those for A, ;o (V =
Z,7) because the anomalous contributions to the Z+ helicity amplitudes grow like (\/§/Mg)3 for
h:‘{o,lo and (V3/Mz)® for hXo,zo-

The 68% and 95% CL contours for ZZ+v anomalous couplings for the combined e + p Z+v results
are shown in Figs. 26a - 26¢ for Az = 250, 500 and 750 GeV, respectively. The corresponding
contours for Zv~v anomalous couplings for the combined e 4+ p Z~v results are shown in Figs. 26d
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- 26f, respectively. The unitarity constraints in each figure are discussed in Section 7.3.1 below.
Note also the relative orientation of the contour limits in the kY — hjy (Ao — hjy) plane with
respect to the AY) axes indicating the degree of interference effects present between these pairs
anomalous parameters at our center-of-mass energy. The contour limits on ZZ+y/Z~~ anomalous
couplings are more (less) stringent when constructive (destructive) interference occurs between
pairs of anomalous couplings.

Table 26: Electron channel limits on ZZy and Zv7y anomalous couplings. The *lo, 68% and
95% CL limits on the ZZy and Zyy CP—conserving anomalous coupling parameters hY, and Y,
(V = Z,v) are given, for Az = 250, 500, and 750 GeV. These limits are also valid to within 1% for
the CP—violating parameters h}y and h¥; by replacing hY, — hYy and hYy — hi,. For each entry
in the Table, all other ZZy and Zvv anomalous couplings are assumed to be at their SM values.
For the +1o limits, the first uncertainty is the overall statistical uncertainty (stat); the second
is the overall systematic uncertainty (syst); the third uncertainty is the combined (stat + syst)
uncertainty. Entries in the table which exceed the unitarity limit are indicated with a f. See text
for further details.

ZZ~ Anomalous Couplings Z~v Anomalous Couplings

hZ, = 00757104 = 007155 | hgo = 0.07{59£05 = 0.0715

Az =250 GeV | —15.9 < hZ) < +15.7 (68% CL) | —16.7 < hjy < +16.5 (68% CL)
—26.3 < hZ, < +26.1 (95% CL) | —27.6 < hj, < +27.5 (95% CL)

RZ, = 0.0TS£04 = 0.071%5 | hyp = 007157204 = 0.05587

Az =250 GeV | —13.3 < hZ, < +13.3 (68% CL) | —13.9 < hjy < +14.0 (68% CL)
-22.0 < hd, < +22.1 (95% CL) | —23.1 < hj; < 4+23.2 (95% CL)

hZ, = 00733£0.1 = 00753 | hly = 0.0 723 £0.1 = 0.0 133

Ay =500 GeV | —4.1<hd < +4.1 (68% CL) | —-4.3< hjy< +4.3 (68% CL)
—6.8< hZ, < +6.8 (95% CL) | —-72<h3 < +7.2 (95% CL)

RZ = 00T13£01 = 00713 | hlp = 00 F{3£0.1 = 0.0 ;3

Az =500 GeV | —1.1<hZ < +1.1t (68% CL) | —1.1 < hjy < +1.17 (68% CL)
_18<hZ < +181 (95% CL) | —1.9 < ]y < +1.91 (95% CL)

hZ, = 0.0 729+0.1 = 00723 | hlp = 0.0 335£0.1 = 0.0 T30

Az =750 GeV | —24<hZ < +2.4 (68% CL) | -2.5<hj;< +2.5 (68% CL)
_40 < hZ < +4.0f (95% CL) | ~4.2 <hYy < +4.21 (95% CL)

hZ = 00792+£01 = 0.0 04 | hlp = 0.0 T55+0.1 = 0.0 Tod

Az =750 GeV | —0.4 < hZ < +0.4t (68% CL) | —0.4 < h]y < +0.4! (68% CL)
~0.6 < hZ < +0.61 (95% CL) | —0.6 < bl < +0.61 (95% CL)
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Table 27: Muon channel limits on ZZ+v and Zv7 anomalous couplings. The +1¢, 68% and 95% CL
limits on the ZZ+y and Zyy CP—conserving anomalous coupling parameters h}, and hly (V = Z,7)
are given, for Az = 250, 500, and 750 GeV. These limits are also valid to within 1% for the
CP—violating parameters hY, and kY, by replacing hY, — h}; and Ry — hY,. For cach entry in
the Table, all other ZZvy and Zy+ anomalous couplings are assumed to be at their SM values.

For the 10 limits, the first uncertainty is the overall statistical uncertainty (stat);
syst); the third uncertainty is the combined (stat + syst)
. Sce text

is the overall systematic uncertainty (
uncertainty. Entries in the table which exceed the unitarity limit are indicated with a

for further details.

ZZ~v Anomalous Couplings Z~+y Anomalous Couplings
hf = 0-01“312:& 0.6 = 001315 | hjp = 0.01353+£0.6 = 0.0I55;
Az =250 GeV | —28.5 < h30 < 4285 (68% CL) | —29.9 < hl, < +29.9 (68% CL) |
~40.8 < hZ, < +40.8 (95% CL) | —42.9 < hly < +42.9 (95% CL)
hZ, = 0. o+§g§io 5 = 0.07%5 1 hly = t;;;io 5 = 0.075;¢
Az =250 GeV | —23.6 < hZ, < +23.8 (68% CL) | —24.8 < hly < +25.0 (68% CL)
~33.9 < hZ < +34.1 (95% CL) | -35.6 < th< +35.8 (95% CL)
h30=00+ 5102 = 00F 5 h), = 00733£0.2 = 0.0 753
Az =500 GeV | -7.1<h% < +7.1 (68% C'L) ~7T4< hly < +74 (68% CL)
~10.2 < h%, < +10.21 (95% CL) | —10.7 < hl, < +10.7t (95% CL)
h‘,o*o.ot;g:t(n—oot. hl, = 0 t%}ﬂ:m—ooi’%f
Az =500GeV | -18<h% < +1.81 (68% CL) | -1.8< h < +1.81 (68% CL)
—25<hZ < +2.50 (95% CL) | —2.6 < h)y < +2.6! (95% CL)
R = 00735401 = 00F55 [ Ay, = 00F57£01 = 0.0 57
Az =750 GeV | —4.0<hd < +4.01 (68% CL) | -4.2<h), < +4.2} (68% CL)
~5.7 < h% < +5.71 (95% cr) | -60< hso < +6.0t (95% CL)
hZ, = 0.0 t 08+01 = 00F55 [ Ay = 00707 4£0.1 = 0.0157
Az =750 GeV | —0.6<hZ < +0.6! (68% CL) | —0.6 <hl, < +0.6! (68% CL)
-0.8 < hZ < +0.8! (95% CL) | —0.8 < A}y < +0.8f (95% CL)
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Table 28: e + i combined limits on ZZv and Zvy anomalous couplings. The +lo, 68% and
95% CL limits on the ZZy and Zyy CP—conserving anomalous coupling parameters hy, and Al
(V = Z,v) are given, for Az = 250, 500, and 750 GeV. These limits are also valid to within 1% for
the CP—violating parameters kY, and hY; by replacing hY; — Ay and hY; — hY,. For each entry
in the Table, all other ZZ+y and Zyv anomalous couplings are assumed to be at their SM values.
For the 1o limits, the first uncertainty is the overall statistical uncertainty (stat); the second
is the overall systematic uncertainty (syst); the third uncertainty is the combined (stat + syst)
uncertainty. Entries in the table which exceed the unitarity limit are indicated with a f. See text

for further details.

Z Z~v Anomalous Couplings Zv7v Anomalous Couplings

h%, = 007218404 = 007215 [ RY, = 0.07227+04 = 0.072%

Az =250 GeV | —19.3 < h$) < +19.2 (68% CL) | —20.3 < h], < +20.2 (68% CL)
~27.6 < hZy < +27.5 (95% CL) | —29.0 < hly < +29.0 (95% CL)

hZ = 0.0T33+£05 = 0083 | )y = 00732+ 0.5 = 0.0757

Az =250 GeV | ~16.1 < h%, < +16.2 (68% CL) | —16.9 < hj, < +17.0 (68% CL)
~23.0 < hZ) < +23.2 (95% CL) | —24.2 < h}y < +24.4 (95% CL)

hZ, = 00728+01 = 00728 [ AT, = 00733 +0.1 = 0.0 F33

Az =500GeV | —-49<hd < +4.9 (68% CL) | ~52<h}; < +52 (68% CL)
-71<hZy< +7.1 (5% CL) | ~74<hly< +74 (95% CL)

h% = 00F7£01 =00F 1A}, = 00F2£01 = 0.07F]%

Az=500Gev | —13<hZ < +13t (68% CL) | ~1.3< k), < +1.3F (68% CL)
—1.8<hZ < +1.81 (95% CL) | -1.9 <&}, < +1.91 (95% CL)

R = 00%32+£01 = 0033 [ A2, = 0.07334£0.1 = 0.0 7375

Az =750 GeV | —2.8<h% < +2.87 (68% CL) | -3.0<hY, < +3.0t (68% CL)
—41<hZ < +41f (95% CL) | -4.3<h < +4.31 (95% CL)

Ry = 0.0702+01 = 00752 | AJy = 00753 +0.1 = 0.0 733

Az =750 GeV | —0.4 < hZ < +0.4% (68% CL) | —0.4 < h], < +0.4f (68% CL)
-0.6 < hZ < +0.6! (95% CL) | -0.6 <], < +0.6! (95% CL)
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Electron Zy Muon Zy Combined e+u 2y
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Figure 25: Direct limits on ZZ7y and ZvyY anomalous couplings. (A) Nig(Z + 7) as a function of
hZ, for electron Zv. (B) Nsig(Z + 7) as a function of hZ, for electron Zy. (C) Nyg(Z +7) as a
function of hZ, for muon Z7. (D) Nsig(Z + 7) as a function of hZ, for muon Zv. (E) Nyio(Z +7)
as a function of A%, for e+ u Z7. (F) Nuig(Z +7) as a function of h%, for e+ p Z7v. Shown in each
of these figures, are the central value (solid horizontal line) and its associated 1o (stat + syst)
uncertainty (dotted horizontal lines) for the measured Niig(Z + ) and the 95% CL upper limits
on the measured Ny;,(Z + 7) (solid horizontal lines). The central values for three theoretical
predictions for Nyig(Z + ) for form factor scales Az = 250, 500, and 750 GeV as a function of
hZ, or hZ, is shown as solid curve. The dotted curves are the 10 overall systematic uncertainties
on the theoretical prediction. Only one ZZ7y anomalous coupling is assumed to be non-zero at a
time. The unitarity limit for the relevant anomalous ZZvy coupling is also shown in each figure as a
dotted curve. The region above each of these curves is excluded by unitarity. For ZZy anomalous
couplings, the individual electron, muon and combined e+ 4 limits on the CP—conserving h%, (h%)
parameters are also valid for the CP—violating h?, (h%,) parameters, respectively. The limits on
Z~~ anomalous couplings are related to thelimits on Z Z~ anomalous couplings by hj ~ 1.05h2,
for i = 1 — 4. The unitarity bound for Zy7v anomalous couplings is a factor of ~ 20% less stringent
than the unitarity bound for ZZ~y anomalous couplings. See text for further details.
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Combined e+u Zvy
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Figure 26: Contour limits on ZZv and Zyv anomalous coupling pairs. In Figs. (A)-(C), the solid
ellipses show the combined e +  68% and 95% CL limits for CP—conserving (and CP—violating)
Z Z~ anomalous couplings for Az = 250, 500 and 750 GeV, respectively. In Figs. (D)-(F), the solid
ellipses show the combined e + u 68% and 95% CL limits for CP—conserving (and CP—violating)
Z~~ anomalous couplings for Az = 250, 500 and 750 GeV, respectively. The orientation of the
contours relative to the hf{, axes is due to interference effects between these parameters in the overall
invariant amplitude Mz, for the Z + v process. The SM prediction is R¥, =0, for i = 1 —4. For
the CP—conserving couplings, the global minimum of the anomalous coupling surface is displaced
slightly from the SM prediction due to interference effects between the SM and these anomalous
coupling contributions to the overall invariant amplitude for Zy production in /s = 1.8 TeV p-p
collisions. No such displacement occurs for CP—violating ZZv or Zy7v anomalous couplings. The
ZZ~ and Z+yv unitarity limits for the relevant form factor scale Az are indicated by dotted curves
in Figs. (A)-(C) and Figs. (D)-(F) respectively. See text for further details.
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7.3.1 Unitarity Constraints for Zy — Form Factor Scale Az Sensitivity
Partial wave unitarity places restrictions on the reduced amplitudes, A%'Zx for arbitrary values of
hZ (i = 1 — 4) for ZZv anomalous couplings [82, 17]:

2 24 sin? Oy cos? Oy

5 a?(3) (1 - ’-”12~>3

where Az, A, are the final-state Z boson and photon helicities, respectlvely For the assumed
generalized dipole form factor and form factor powers (n = 3 for n30 and n = 4 for 1140) unitarity
is violated for k%, and h%, ZZ~v anomalous couplings if

(57)

5 2
(__ -1y 1, Gz =1 M? 48 sin? By cos? @
—_2 || K2 - opd —2 RZ 2z w W .
1+ )6 Y30 ~ 540 I+ ) + (h30) F > 5a7(3) (58)
Z

over the v/3 range Mz < v/3 < 1.8 TeV. A similar unitarity relation holds for k%, and h%, ZZ~v
anomalous couplings, replacing h%, — h%, and h%, — hZ [82, 17].

Partial wave unitarity also places restrictions on the reduced amplitudes for arbitrary values of
h)y (¢ = 1 — 4) for Zyv anomalous couplings [82, 17}:

2

Az Ay

2 < 3(3 — 6sin? Gy + 8sin? Ow)
3
5 a2(3) (1 - Mi)

where Az, A, are the final-state Z boson and photon helicities, respectively. For the assumed form
factor, unitarity is violated for h3; and h}, Zv+y anomalous couplings if

o
Azdy

(59)

(7 - 1° 1 (g -y’ M2 6 (3 — 6sin? Oy + 8sin? Oy
TTJL_____ h3o — Ehzoiafifj%:i + (h 30)2 Zl > 5a2(3) ) (60)
AZ

over the v/3 range Mz < V3 < 1.8 TeV. A similar unitarity relation holds for A, and k3, Zv7
anomalous couplings, replacing hJ, — hj, and hj, — hj; [82, 17].

If only one ZZ~ anomalous coupling is assumed to be non-zero at a time, then for Az >> Mz
and for the assumed form factor, the unitarity limits are:

3
1hdol, 1%l < I‘Q‘Q—E‘Y" (n=3)
W%l 1A%l < lee—vi (n=4)
For Zyv anomalous couplings, the corresponding unitarity limits are:
3
Ih’l‘ro , |h;0| < 1.20_ TeV (n — 3)

AZ
5
|A2ols 1A%l < %}L (n=4)
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In each of Figs. 25a - 25, the ZZv unitarity constraint on Nyiy(Z + ) vs. h%, and hZ%, is shown as
a dotted curve. The region above the ZZy unitarity curves is excluded. Note that the value of Az
increases as the hZ decrease. The limiting case of the Standard Model is obtained when Az — oo
and h% — 0. In each figure, the region which is simultaneously above the ZZy unitarity curve
and below the experimental 68% or 95% CL upper limits on Nyig(Z + 7)ecpt is the region where
unitarity imposes a more stringent constraint on ZZ+y anomalous couplings than our experimental
results. For Zyv anomalous couplings, note that the unitarity constraint is ~ 20% less stringent
than that for ZZv anomalous couplings, while the expected number of Z + 4 events from Z~v~y
anomalous couplings is ~ 10% lower than that from ZZv anomalous couplings. In Tables 26 - 28,
we explicitly flag the A limits which violate unitarity at the Az scale given in each of the tables
with a “}” symbol.

In Figs. 26a - 26c, the contours for Z Z~ unitarity limits are indicated by dotted curves. Similarly,
in Figs. 26d - 26f the contours for Zyv unitarity limits are also indicated by dotted curves. The
region enclosed by each of these contours is allowed by unitarity considerations. It can be seen that
for Az = 250 GeV, the combined e + u limits are entirely within the region allowed by unitarity,
whereas for Az = 500 GeV, the unitarity bound is more stringent than our experimental contour
limits in a significant portion of the hYy — h¥y (Ao — h¥) plane. For Az = 750 GeV, the unitarity
bound is more stringent than nearly all of the experimental contour limits.

In Figs. 27a - 27d the unitarity limits as a function of Az for ZZ7 and Z+y+y anomalous couplings
are shown. The region above the unitarity curves is excluded. Superimposed on these curves are
the combined e + u experimental limits on ZZy and Zvy anomalous couplings as a function of
Az. The region above the experimental curves is excluded. In the small Az region the experimen-
tal results are more stringent than the unitarity constraint, whereas in the large Az region, the
converse is true. Note that our experimental limits on ZZ+v and Zv7y anomalous couplings have
significant dependence on the form factor scale Az. In each of these figures, the value of Az where
the experimental curves cross the unitarity curve is the limit of experimental semsitivity to that
particular anomalous coupling and Az—scale. Our e + u combined 95% CL limits on ZZy/Zvyy
anomalous couplings and form factor scale Az, assuming only one such coupling to be non-zero at
a time, are:

63 < hd o < 63 for AT = 550 GeV
72 < bl < T2 for ApO® = 320 GeV
58 < hlpgo < 58 for AR = 600 GeV
~-4.3 < hipq0 < 4.3 for A;Z“" = 390 GeV

For form factor scales

Alos 5 550 Gev
Abo® > 390 Gev
AR > 600 GeV
AMO® > 390 Gev

the unitarity limit is more stringent than our e+ combined 95% CL limits on ZZv/Zv7 anomalous
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couplings. These form factor scales correspond to distance scale sensitivities Lz = he/Az for
probing possible internal structure of the Z boson of order:

LB < 36x107fm = 007Xz
Lom < 62x107fm = 028X
[0 < 33x1074fm = 0.15 Xz
IMo® < 51x10%fm = 023Xz

where Xz = h/Mzc is the reduced Compton wavelength of the Z boson.

Here again we point out that the unitarity bounds and the Az sensitivity have some model-
dependence associated with the choice of the form factor powers n used in the generalized form
factor. Qur choice of n = 3 for h}/.a and n = 4 for th was motivated mainly by the requirement
that unitarity be preserved at high energies (\/— >> Az >> Myz) and that terms proportional
to hY, have the same high-energy behavior as those proportional to h1 3. For a different choice
of form factor powers, e.g. n = 2 for hY3 (n = 3 for 112 4), the unitarity bounds on the A}j 30
(hm 10) anomalous couplings are made more stringent by factors of ~ 2.6 (~ 2.9), respectively. The
correspondmg sensitivity to Az is reduced by factors of at most ~ 1.4 (~ 1.2) respectively, partially
offset by the fact that the predicted rate of Zy productlon is also slightly enhanced for the choice
of form factor powers of n = 2 for h1 3 (n=3for h2 4) compared to the choice of n = 3 for hY 3
(n = 4 for hY,).
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Unitarity limits as a function of Az for ZZvy and Zy7v anomalous couplings.

hJ,| unitarity limits as a function of form factor scale Az. Only one
20

ZZ~v or Z7v~v anomalous coupling is assumed to be non-zero at a time. Also shown in each figure
are the combined e 4+ p 68% and 95% CL limits (dotted and solid curves, respectively) on these
anomalous couplings as a function of form factor scale Az. The downward-pointing arrows indicate
the value of Az associated with the intersection of the experimental limit with the unitarity curve
in each figure. See text for further details.

85

s



7.3.2 Direct Limits on ZZy Transition Moments

Direct experimental limits on the ZZ~ anomalous couplings also place bounds on the transition
moments of the Z boson, since these quantities are related to each other in the static limit (photon
energy, k — 0) by:

€ 1 k2 Z Z .
dzp = M, RME (hso—hlm) (61)
Q% =  37V10(2hd) (62)
MZ
€ 1 k2 z z
KZr = _E%m’@m“hzo) (63)
€
Q% = _@Vlo(ZhIZO) (64)

In the SM (at the tree level) all ZZ+ couplings vanish: A% = 0 for (i = 1 — 4), thus all SM
transition moments also vanish, at the tree level. We define the following classical parameters for
the Z boson, in analogy with those for the W, and calculate their numerical values:

9, = —3eXz = —-1.0820%0.0001x107° e~ fm
Q3 = Mfg = 1.4038 % 0.0002x 10~'® MeV~fm/T
py, = -3 =-3.2437+£0.0003x 1076 MeV/T
Q¥. = exz = 4.6828£0.0007x107° ¢ - fm?

Xz = 3 = 2.1640£0.0002x107% fm

We also define the following dimensionless classical quantities for the Z boson:

7. = HL = 2 Ll (4%, - h%) (65)
T CiZT M%
m Qm
7, = Q—,EFT;— = V10 (211320) (66)
gz = 2= = V2 Lig (hZ - %) (67)
T Bop M% 10 0
_ 9% _ Z
G = gF = V10 (2h%) (68)

Setting direct experimental limits on éz,. and gz, as defined above is problematic because the Z +~
photon energy spectrum is continuous, and sharply peaked at the experimental cutoff in E7. The
factor (k2/M2%) in the definition of these transition moments is rather ill-defined, experimentally.
Hence, we define the following variables for these two quantities:

8y, = bz, ["—k‘%] = V2 (h% - h%) (69)
9z = 9zr [A—:iz‘] = V2 (h% - hh) (70)
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Table 29 summarizes the limits on ZZv transition moments for the e + p combined result. Figures
28a - 28c show the 68% and 95% CL contours in the 63 — ¢ plane (or equivalently, the g% -
9%, plane) for the combined e + p results, for Az = 250, 500 and 750 GeV, respectively. The
corresponding unitarity curves for the ZZ+ transition moments are also shown in each figure as
dotted contours.

In Figs. 29a - 29b the unitarity limits as a function of Az for the ZZv transition moments
are shown. The region above the unitarity curves is excluded. Superimposed on these curves are
the combined e + p experimental limits on the ZZ+ transition moments as a function of Az. The
region above the experimental curves is excluded. Here again, note that our experimental limits
on the ZZ~v transition moments have significant dependence on the form factor scale Az. In each
of these figures, the value of Az where the experimental curves cross the unitarity curve is the
limit of experimental sensitivity to that particular transition moment and Az—scale. Our e + p
combined 95% CL limits on ZZ+ transition moments and form factor scale Az, assuming only one
such transition moment to be non-zero at a time, are:

~141 < 8, < 141 for AYT = 320 GeV
~1234 < g < 1234 for APT = 300 GeV
~141 < g5 < 141 for AYT = 320 GeV
~1234 < g5, < 1234 for APT = 300 GeV
For form factor scales 5

AFT > 320 GeV

AZT > 300 Gev

AZT > 320 Gev

AZT > 300 GeV

the unitarity limit is more stringent than our e + 4 combined 95% CL limits on ZZy transition
moments, assuming only one such coupling to be non-zero at a time. These form factor scales
correspond to distance scale sensitivities Lz = he/Az for probing possible internal structure of the
Z boson of order:

6‘
LFT < 62x107*fm = 0283z
IPT < 66x107"fm = 0303y
LT < 62x1074fm = 0.28%z
I7T < 66x1074fm = 0304z

The result obtained from limits on the 8% transition moment is the same as that obtained from
limits on the hZ, anomalous coupling, due to the fact that the unitarity curve for the 63 transition
moment is obtained for g7 = 0, which requires hZ, = 0. The unitarity curve for 6%, is therefore
due entirely to non-zero h%,. Similar comments apply for the limits on the 9%, transition moment
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and h%, anomalous coupling, where ¢3 = 0, which requires h%, = 0. (see equations 69, 70,
66 and 68). The unitarity curve for the ¢ transition moment is obtained for 67 = 0, which
requires h:‘,zo = hfo. Therefore this unitarity curve is due to non-zero h%, = hfo, simultancously
involving both h.SZG and h{s Note that the unitarity limit on hfg for hgo = 0 with Az > 200 GeV is
considerably more stringent than that for A% for hZ, = 0 (see Figs 27a — 27b). This is again due
to the fact that the anomalous contributions to the Zv helicity amplitudes grow like (V3/Mz)? for
h30.10 and (V3/Mz)® for hYj 5. The unitarity constraint on non-zero hZ, = h%, is more stringent
than that for hZ, with h% = 0. Similar comments apply for the limits on the g% transition
moment where g = 0, which requires A% = hZ,. Therefore this unitarity curve is due to non-zero
h%, = hi,, simultaneously involving both A%, and h%,.

Table 29: e + 1 combined limits on ZZ+y transition moments. The 1o, 68% and 95% CL limits on
the ZZv transition moments 8%_, q7,., 9%, and ¢%,_ are given for Az = 250, 500, and 750 GeV. L'or
each entry in the Table, all other ZZ+y transition moments are assumed to be at their SM values.
For the #1c limits, the first uncertainty is the overall statistical uncertainty (stat); the second
is the overall systematic uncertainty (syst); the third uncertainty is the combined (stat + syst)
uncertainty. Entries in the table which exceed the unitarity limit are indicated with a t. See text
for further details.

CP—Conserving Couplings CP-Violating Couplings
8, = 00725£04 = 00528 [ g5, = 0.0I557£04 = 0.0 357
Az =250 GeV | —22.9 <63 < +22.7 (68% CL) | —228< g3, < +22.8 (68% CL)
~32.8 < 6 < +32.6 (95% CL) | —32.7< gy < +32.7 (95% CL)
7, = 007707142 = 0.07703 [ g5, = 0.051550+4.2 = 0.07,55%
Az =250 GeV | —176.4 < ¢F. < +177.7 (68% CL) | —176.6 < g%, < +176.6 (68% CL)
—253.0 < ¢ < +254.4 (95% CL) | —253.0 < g5, < +253.0 (95% CL)
8y, = 0.0 129£0.1 = 0.0 20 g5 = 0.0 T5£0.1 = 0.0 F35
Az =500 GeV | -18< 6y < +1.8 (68% CL) -18<g3. < +1.8 (68% CL)
2.6 <85 < +2.6 (95% CL) ~2.6 < gy < +2.6 (95% CL)
1 a5, = 0073202 = 007113 [ ¢, = 00315 £02 = 0.0 I3y
Az =500 GeV | —10.1< g < +10.17 (68% CL) | -10.1 < gp, < +10.1t (68% CL)
—145 < q@, < +14.41 (95% CL) | —14.4 < g5 < +14.41 (95% CL)
85, = 0.0 F0T£01 = 00 77 [ g5, = 0.0 L7011 = 0.0 s
Az=750GeV | —0.6<8; < +0.6!(68%CL) | -0.6<gy, < +06(68%CL)
~08< 8y, < +0.87 (9% CL) | -0.8<gy < +0.8f (95% CL)
¢Z, = 00 733+01 = 00 733 | ¢, = 0.0 F3+£0.1 = 0.0 133
Az=750GeV | -29<qf < +301(68%CL) | -29<qp, < +2.91 (68% CL)
_42<qp < +420 (9% CL) | —42<qy < +420 (95% CL)
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Figure 28: Contour limits on CP—conserving and CP-violating Z boson transition moments. In
Figs. (A)-(C), the solid ellipses show the combined e + u 68% and 95% CL limits in the 63 — ¢7,
(9%, — 9%,) plane for ZZv anomalous couplings with Az = 250, 500 and 750 GeV, respectively.
The orientation of the contours relative to the axes is due to interference effects between these
parameters in the overall invariant amplitude Mz, for the Z + 7 process. All transition moments
vanish at the tree level in the SM. The ZZ«y unitarity limits for the relevant form factor scale Az
are indicated by dotted curves in Figs. (A)-(C), respectively. See text for further details.
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Figure 29: Unitarity limits as a function of Az for ZZ7y transition moments. (A) 6% |, 9%,
unitarity limits as a function of form factor scale Az. (B) |¢Z,|, |¢%,| unitarity limits as a [unction
of form factor scale Az. Only one ZZ~v transition moment is assumed to be non-zero at a time.
Also shown in each figure are the combined e + p 68% and 95% CL limits (dotted and solid
curves, respectively) on these transition moments as a function of Az. The downward-pointing
arrows indicate the value of Az associated with the intersection of the experimental limits with the
unitarity curve in each figure. See text for further details.
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7.3.3 Comparison with Existing Limits on ZZv/Zyy Anomalous Couplings

Low-energy, indirect bounds on ZZ~v and Zv~v anomalous couplings due to non-SM loop contribu-
tions to the muon g, — 2 anomaly have also been considered [68]. Only Zv7 couplings are found
to give a non-zero contribution. These bounds are again sensitive to the cutoff used to regulate
divergences and are also dependent on the regularization scheme used in the loop calculation.

The L3 Collaboration has recently obtained an experimental limit on the h% form factor from a
measurement of the cross section for the process ete™ — Z% — viry [83]. From the absence of an
excess of such events in the Z resonance region from 11.2 pb~! data, for E, > %Ebeam they obtain
a limit on the AZ form factor (for hZ = 0) of:

hZ(P* = M%, ¢ < M%, ¢2=0)| < 1.6 (95% CL) (71)

Translating this result into limits on the ~%, parameter, using equation (14) with a generalized form-
factor power of n = 3, the L3 result is |h%,| < 2.3, 1.8, 1.7 (95% CL), for Az = 250, 500, 750 GeV,
respectively. The L3 hZ, results are well within the |A%)| unitarity limit for the assumed values of
Az. Unitarity is violated for Az > 840 GeV.

The L3 Z — vy results are sensitive only to ZZ+y anomalous couplings, and place no constraints
on Z+v+ anomalous couplings. The direct experimental limits on Zv+y anomalous couplings obtained
by CDF are therefore unique in this regard.

In principle, the experimental upper limit on the neutron EDM could also place significant
constraints on e.g. CP/T —violating Zyy anomalous couplings. However, this is currently still an
open issue as the necessary theoretical calculations have yet to be carried out.

8 CONCLUSIONS

We have measured the production cross section X decay branching ratio for W + v and Z + v in
the electron and muon channels using the inclusive W and Z data samples from the CDF 1988-89
Tevatron collider run, with 4.05+0.28 pb~! (3.54£0.24 pb™!) of electron (muon) data. For central
photons with E7 > 5.0 GeV and AR, > 0.7, we observe 8 (5) electron (muon) Wy candidates
and 2 (2) electron (muon) Zv candidates. From these events, we extract o - B(Wy) and o - B(Z7)
for the electron, muon and e 4+ p combined samples, and compare to Standard Model predictions:

o- B(Wv)e = 20.6712% (stat + syst) pb
o-B(Wv), = 24.67231 (stat+ syst) pb
0 BWY)er, = 22.07139 (stat+ syst) pb
o-B(Wy)sm = 22.4% 8:3 (stat + syst) pb
- B(Z7v)e = 7.0% 32 (stat + syst) pb
o-B(Zv), = 15.8%122 (stat + syst) pb
0 B(ZY)es, = 99737 (stat+ syst) pb
o -B(Zy)sm = 5.5Y33 (stat + syst) pb
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We have also obtained three new results on cross section ratios. When combined with the
previous CDF measurements of the inclusive W/Z cross section ratio, they provide more stringent
tests of the Standard Model and are also sensitive to anomalous couplings of the W and Z bosons.
For the combined e + u data samples, we find:

RWA/W)er = 1.0558% (stat + syst)
R(ZY)Z)ern = 46T28% (stat + syst)
RWY/ZY)ern = 22115 (stat + syst)
RW/Z) ety = 10.0837  (stat + syst)
R(Wy/W)sy = 1.07+0.02%
R(Zv/Z)sm = 2.83+0.03%
R(Wy/Zv)sm =  4.05+0.07
R(W/Z)sy = 10.69+0.22

We have also obtained direct limits on WW+y, ZZ~ and Zv+ anomalous couplings, providing
constraints on possible internal (composite) structure for these particles. From the combined e + p
result for W + v, we obtain direct limits on CP-conserving and CP—violating WWy anomalous
couplings, assuming only one such coupling to deviate from its SM value at a time, of:

Ak = 0.0153 (stat + syst)
A= 00113 (stat + syst)
B = 0.0%3 (stat + syst)
A= 0.0%1% (stat+ syst)

The 95% CL limits on these quantities are:

-6.0 < Ak < +6.4
—24 < A < 423
-6.2 < kK < 462
-24 < A < 424

These experimental results are essentially independent of the form factor scale for Aw above a few
hundred GeV.
For form factor (compositeness) scales of

AGF > 1.0TeV
Ay > 12TeV
Afyy, > 5.0TeV
A}, > 1.2TeV
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the unitarity limit is more stringent than our e + p combined 95% CL limits on W~y anomalous
couplings, assuming only one such coupling to be non-zero at a time. These form factor scales
correspond to distance scale sensitivities for probing possible internal structure of the W boson of
order:

L4 < 20x107*fm = 0.08 3w
Ly < 16x107*fm = 0.07 Xw
LY, < 04x107*fm = 0.02xw
LYy < 1.6x107*fm = 0.07 Xw

The WW+ anomalous couplings are related (in the static limit) to the W boson higher-order
EM moments and mean-squared charge radius. We obtain direct limits on the W boson higher-
order electromagnetic moments, again assuming only one such moment to deviate from its SM
value at a time, of:

gw —2 = 0.0%28 (stat + syst)
@y —1 = 0.0%33 (stat + syst)
Sw = 0.0fg:g (stat + syst)
9t = 0.01373 (stat + syst)
r3, -1 = 0.012§ (stat + syst)

The 95% CL limits on these quantities are:

-3.7< gw—-2 < 437
-55< ¢y —1 < +58
-3.7< bw < 437
-5.6 < g < +5.6
-37< 1% -1 < 437

We have also obtained direct limits on CP—conserving and CP~violating ZZy and Zvy~y anoma-
lous couplings for three different choices of form factor scale Az = 250, 500, and 750 GeV for the
electron, muon and e 4+ u combined data samples. Qur experimental limits on ZZvy and Zyy
anomalous couplings have significant dependence on the form factor scale Az. Our e+ y combined
95% CL limits on ZZ+y and Zyv anomalous couplings and form factor (compositeness) scale Az,
assuming only one such coupling to be non-zero at a time, are:

zZ
63 < ko < 63 for A;*° = 550 GeV

zZ

72 < kg < T2 for AR®® = 320 GeV
h‘Y

—'5.8 < hgovlo < 5‘8 fOI’ AZSOJO = 600 GeV
¥

43 < Koy < 43 for AP = 390 GeV
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For form factor scales

W2
AP0 > 550 GeV
hZ
AZF% > 320 GeV
h‘!
A7 > 600 GeV

]‘7
AP > 390 GeV

the unitarity limit is more stringent than our e+ 4 combined 95% CL limits on ZZ+v/Z~v~y anomalous
couplings. These form factor scales correspond to distance scale sensitivities for probing possible
internal structure of the Z boson of order:

[or < 36x107fm = 0174z
L';‘Z”" < 62x107%fm = 0.28X;
L';g“" < 33x107%fm = 0.15X%;
L?"'” < 51x107*fm = 023Xz

In the static limit, our direct experimental limits on ZZ7y anomalous couplings for Az =
250, 500, and 750 GeV also place bounds on the ZZ~ transition moments of the Z boson. Our
e + 1 combined 95% CL limits on ZZ+ transition moments and form factor scale Az, assuming
only one such transition moment to be non-zero at a time, are:

6‘
-14.1 < 85 < 141 for AFT = 320 GeV

~1234 < qF. < 1234 for AFT = 300 GeV

141 < g% < 141 for AT = 320 GeV
Zr zZ
~1234 < ¢§. < 1234 for AT = 300 GeV

The experimental results presented in this paper are in good agreement with Standard Model
predictions. We look forward to continuing this program with data from future Tevatron collider
runs.
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A THE W+ ANGULAR DISTRIBUTION

The W + v production and decay kinematics in high-energy p-p collisions is very rich in structure.
At large photon scattering angles, §* in the W+ center of mass, where §* is defined as the angle
between the photon and the incoming quark in the W rest frame, the u— and t—channel diagrams
interfere destructively with the s—channel diagram. This results in a radiation amplitude zero [84]
in the W*+y differential cross section do/d cosf* at cos§* = q:%. However, the radiation zero is
expected to be at least partially filled in due to effects such as higher-order QCD corrections {85],
the finite decay width of the W boson, background processes, event mis-reconstruction associated
with the two-fold ambiguity of the longitudinal component of the neutrino momentum, structure
function effects (e.g. d_pu,; — Wy sea-sea interactions) and possible non-gauge theory values of
WW~ anomalous couplings [84]. For large-statistics samples, measurement of the depth of the dip
in the differential cross section at cos§* = ;:13- and the shape of the cos#* distribution provides a
sensitive measurement of the values of these anomalous parameters.

Another method for observing the radiation zero, which does not require reconstruction of
the W+ center-of-mass system and hence is not subject to smearing effects due to event mis-
reconstruction is to study the photon—lepton pseudorapidity correlations in W#v production [86].
The SM predicts a “valley” or a “channel” in the three-dimensional surface associated with the
d*c/dn,dn+ distribution (where pseudorapidity n = —In(tan8/2), and @ is the usual lab-frame
polar angle), corresponding to a pronounced “dip” in the An,+ = 7, — 7 distribution at
Anys ~ F 0.35 for W*y production. The “channel” in the d?c/dn,dn: distribution and the
corresponding “dip” in the An.,,+ distribution are remnants of the SM radiation amplitude zero
in the cos@* angular distribution and as such are also potentially sensitive to WW+y anomalous
couplings.

The use of these distributions for setting limits on WWy anomalous couplings is not yet feasible
with the small-statistics W~ data samples presently available. However, the measurement of the Wy
production cross section X decay branching ratio, or equivalently the integral number of isolated
photons above a minimum photon E7 cut and a lepton-photon angular separation cut is also
sensitive to WW+~ anomalous couplings, and is the underlying method used in this analysis.

As more integrated luminosity is acquired in the future, with large-statistics W+~ data samples
it will become possible to study the detailed shapes of the photon Er distribution, the photon-lepton
angular separation distribution AR.,,, the photon-lepton pseudorapidity correlation 1., vs. 74+, and
the cluster transverse mass distribution, M(%? (~ V/3). These kinematic distributions all contain
information on the W 4 « process which are sensitive to the destructive interference present in the
SM production of W + v, and which are also sensitive to possible WW+ anomalous couplings. The
most stringent experimental limits on such couplings will be obtained by simultaneous use of all
relevant kinematic information.
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B METHODOLOGY FOR THE DETERMINATION OF
o-B(W++) AND o¢-B(Z+7) IN THE ELECTRON
AND MUON CHANNELS

The W + v and Z + 7 cross sections x branching ratios are generically given by:
Nog(Ve+7)  Nobs(Ve+7) = SNk (Ve +7)

o B(Vet7) = = : (72)
[ Ledt- (4%, -&,.) [ Ledt- (A - é)
or, conversely the number of W + v and Z + « signal events is generically given by:
Nig(Ve+7) = Nops(Ve+7) = SNoig (Ve +7) = o~ B(Ve+ 7)'/L'£dt (aby b)) (1)

where V = W or Z; Nsig(Ve+7v) = Nows(Ve +7) — ENprg(Ve + 7) is the number of signal Wy
or Z+ events in a particular leptonic decay channel (¢ = e or p); ANyps(Ve + ) is the number of
observed W+ or Zv events in a particular decay channel; EMNVyxy(Ve+7) is the number of (summed)
background events expected in each of the data samples. The integrated luminosity factoris [ L,dt.
The product term (A EVAY) is the overall acceptance x efficiency factor for selecting W+ and
Z~v events, and is a product of a number of acceptances x efficiency factors. The explicit forms
of the product term (A{,,Y . d’v) for each of the electron/muon W+v/Z~y decay channels are given
below.

For W+ in the electron channel:

%V'y : E%’V'y = €zuz * Ai/[T : Ae T centT (chem A;;’cem GZem) (74)
w
For W+ in the muon channel:

H“ H“ [ 4 vy
AW'y €W7—EZU-’L‘ AMVT",(A T ecentr €Wcos) (chem chm Ecem) (75)

For Z+ in the electron channel:

1
e e — . cae | ae e
7y GZ"y’ = fe €ruz /1Mz (A T cent7)
DY

X [{fgcc . (2€gentL -7 €2entT)} (chc A‘gcc Gcem
+ (fécp'eglug) (chp Zcp €Zem)
+ (f%cf 'e_efwrd) (fch A}ecf ccm)}

1

— [ € e
= fe c€zyx * AMZ . (T . EcentT)
DY

e 2]
X [ {Aech : (2€centL -Te- centT)} (chc ch 606771)
€ Ye Y. Y
+ ( Zep © e;lug) : (chp ’ AZecP Ecem)

+ (A;C,.e;wd) (Gcf Zef EZem)] (76)
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For Z+v in the muon channel:
1
foy
x| 3fh.. - (2=T*H)- (26 — €t (AN )

Zee, centp, centp Zee Zee " tcem

)
b (M o) U A €l |

7 AR (AL TH L M 2
AZ'y GZ‘/ = - €zuz AMZ (AZ T EcentT €Zz:o.s)

1
= E * €zyz AMMZ : (Tu : egen!'p : E%co:;)
X [{A‘écc ' (2 - T“) : (2egenth - Ggentr)} : (f;';c : A}“cc . €Zem)
b (A ly,) + Uie Al )| (77)

The factor €, is the efficiency of the |zyx| < 60 cm cut, common to all four data samples. For
¢ =eoru Zy events, fhy (< 1) is a small correction factor which explicitly takes into account the
removal of the Drell-Yan DY + 7 contribution to events in the Z + vy data within the Z — ¢+¢~
mass window, and also corrects for the loss of Z 4 v events outside the Z — £*¢~ mass window.

The factor Af"fvTv is the acceptance of the transverse mass My, > 40 GeV/c? cut for W+ events

passing all other cuts; Aﬁlz is the acceptance of the Z mass-window cut for Z~v events passing all
other cuts.

The acceptance factor Ay, = Afy . Al fid cem” AW 5, 18 the overall kinematic x geometrical
acceptance for W — e . in electron W7 events, where Ay, 5 is the kinematical acceptance for
central fiducial electrons passing tl}e E% > 20 GeV cut, Ay 4 cem 15 the geometrical acceptance
for fiducial central electrons and Ay 5 = is the kinematic acceptance for the Er > 20 GeV cut.

Similarly, Ay = AW p. AW id cme” Avh 5, 15 the overall kinematic x geometrical acceptance
for W — u 7, in muon Wy events, where A}, pp I8 the kinematical acceptance for central fiducial
muons passing the Pr > 20 GeV cut, Aﬁ//id emu 18 the geometrical acceptance for fiducial central

muons and A';{} By is the kinematic acceptance for the Fr > 20 GeV cut.

The overall kinematic X geometrical acceptance factor for electron Z decays is A3 = A%, +
Ay, + Ag.s, where the factors Ay ., A%, and A%, are the overall kinematical X geometrical
acceptances for the topological classes of central-central, central-plug and central-forward fiducial-
fiducial dielectrons from Z decay, respectively. The overall kinematic X geometrical acceptance
factors for the three topological classes are products of individual kinematic x geometrical accep-
tance factors:

eZcx = ( eZlc Er’ CZIC fid ccm) : (A?x Er’ ez?z fid) (78)
where cz = cc, cp or ¢f, and A%, g, is the kinematic acceptance for the commonly-selected
“tight” electron passing the E% > 20 GeV cut and A%, fid cem 18 the geometrical fiducial acceptance
associated with the central EM calorimeter. The factor A%, By 1S the kinematic acceptance for
the “loose” electron passing the E% > 10 GeV cut and A%, tia is the geometrical acceptance
associated with the fiducial acceptance of the central, plug or forward E M calorimeters, for z = ¢, p,
or f, respectively. The corresponding acceptance fractions f§.. , f%., and f3. are given by

foee = A%e/A%s f5p = A"ZCP/A"Z and fg., = A‘Zcf/Ae, respectively.
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The overall kinematic x geometrical acceptance factor for muon Z decays is A}, = A%+
A% ., where the factors 4% _, A% . are the overall kinematical x geometrical acceptances for the
topological classes of central-central fiducial-fiducial and fiducial-nonfiducial dimuons from Z decay,
respectively. The overall kinematic x geometrical acceptance factors for the two topological classes
are products of individual kinematic x geometrical acceptance factors:

AZew = (A%lc Pr’ A7, fid cmu) ) (Alézx Pr’ A7 fz'd) (79)

where cz = cc or ¢, and A pp I8 the kinematic acceptance for the commonly-selected “tight”
muon passing the Pf > 20 GeV/c cut and A%, ;... is the geometrical fiducial acceptance
associated with the central muon system. The factor A% pp is the kinematic acceptance for
the “loose” muon passing the Py > 20 GeV/c cut and A%} tia is the geometrical acceptance
for either the fiducial acceptance (z = ¢), or the allowed non-fiducial acceptance (z = ¢). The
corresponding acceptance fractions f4,. and f4 . are given by f5 = AL /A% and fy, =
A% /A%, respectively.
The overall W/Z lepton trigger efficiency for the common “tight” central lepton selection is
T! =€t - €, - €5, where the €§,, i = 1 — 3 are the individual level-1 - level-3 lepton (£ = e or 1)
trigger efficiencies, respectively.
The overall “tight” central fiducial electron selection efficiency, common for both W and Z
boson decay is given by:
Contr = S e ST e iy G KT T (80)
where the individual efficiencies for the common central electron selection are the isolation I < 0.1
cut, ¢§5"; the “tight” Had/EM cut, €1 pas),; the CES strip x% < 20 cut, €§™ ; the Ly, < 0.2

Y 150 ) R
strip
cut, €7 the “tight” E/P < 1.5 cut, e??/LP)T; CTC electron track reconstruction, €fy* and the
CTC-CES Az < 3.0 cm and Ar — ¢ < 1.5 cm track match cuts, €X7* and €X7", respectively.
The overall “loose” central electron selection efficiency for Z boson decay is given by

e cem

€cent, = Eiso " €(Had/EM)L " €(E/P)L (81)

where the individual common central electron selection efficiencies are the isolation I < 0.1 cut,
esem. the “loose” Had/EM cut, eE;{";d/EM)L and the “loose” E/P < 2.0 cut, €E1P),"
The overall plug electron selection efficiency for Z boson decay is given by
€lug = Ciso " €(Had/EM)" GZ%:; " Etpe (82)
where the individual common plug electron selection efficiencies are the isolation I < 0.1 cut,
e?>"; the Had/EM cut, e?;{";d/EM); the pad x%,; < 20 cut, ei’im and the VIPC hit fraction > 0.5
3z3
cut, ehee.
The overall forward electron selection efficiency for Z boson decay is given by
— f f
Gurd = €iso " €(Had/EM) (83)
where the individual common forward electron selection efficiencies are the isolation I < 0.1 cut,
fem : fem
€/5™ and the “loose” Had/EM cut, €(Had/EM),"
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The overall “tight” central fiducial muon selection efficiency, common for both W and Z boson
decay is given by:

m . mu  cmu  _cmu _cmu  Cmu (84)

€centy = Ciso " Emi CEstub " Ctrk €Az

where the individual efficiencies for the common central muon selection are the isolation [ < 0.1
cut, ef;n*; the minimum ionizing cut, e7*; the CMU stub-finding efficiency, €S72%; the CTC re-
tracking efficiency for the P > 20 GeV/c cut, €73* and the CTC-CMU Ar—¢ < 1.5 cm track-stub
matching cut, eX7".

The overall “loose” central fiducial and non-fiducial muon selection efficiencies for Z boson

decay are respectively given by:

" . mu | cmu | cmu
€centL1 = & €stub trk (85)
7 _ _cmu __cmu
6centL,z = €mi Erk (86)

The factors f‘vtv,z w05 account for a small over-efficiency in the removal of cosmic ray background
from the W+ and Z+4 data samples, respectively.

For central photons in £ = e or u W+ events, the factor fjy}_,,. is defined as the fraction of all
photons that are central (|n,] < 1.1), which are produced in W+ events where the W decay leptons
pass the W selection requirements and the photon has already satisfied the EJ > 5.0 GeV and

ARy, > 0.7 requirements. The photon acceptance factor is

A%cem = A';;, E; : A;‘l’fid cem A;f’ AR,
= 1.0- Az!l/fid cem 1.0 = A;{’fid cem (87)

We are measuring only that portion of the (total) production cross section x branching ratio,
o - B(W + 7) associated with photons above EJ > 5.0 GeV and lepton-photon angular separation
ARg, > 0.7. Therefore, the photon acceptance factor A}, is defined such that the kinematic
acceptance factor, A;’f, B = 1.0 since by our definition of the o - B(W + «) cross section all

central photons with W bosons must intrinsically pass the E7 > 5.0 GeV requirement. The factor
AV fid cem 15 the geometrical acceptance for photons which are in the central region (7] < 1.1)
for W~ events with W decay leptons passing the W selection requirements and central photons
already satisfying the E] > 5.0 GeV and AR¢, > 0.7 requirements and passing the CEM fiducial
requirements. Similarly, the lepton-photon angular separation acceptance factor for central photons

is AY AR, = 1.0 since by our definition of the ¢ - B(W + ) cross section all photons must also

intrinsically pass the ARy, > 0.7 angular separation requirement. The product f¥.... - Al cem i

therefore the acceptance factor for central fiducial photons from £ = e or 4 W+ events that have
already satisfied the W selection and E7J > 5.0 GeV and ARy, > 0.7 requirements.

For central photons in electron Z7y events, the factors f7., f7;, and f7:, are defined as the
fraction of all photons that are central (}7,| < 1.1), which are produced in electron Zv events where
the Z decay electrons pass the Z selection requirements for each class of central-central, central-plug
and central-forward fiducial-fiducial Z bosons, respectively, and the photon has already satisfied
the E7 > 5.0 GeV and AR., > 0.7 requirements. For central photons in muon Z7v events, the
factors fg-‘;c and f%. are similarly defined as the fraction of all photons that are central (|| < 1.1),
which are produced in muon Zv events where the Z decay muons pass the Z selection requirements
for both classes of central-central fiducial-fiducial and fiducial-nonfiducial Z bosons, respectively,

99



and the photon has already satisfied the £7. > 5.0 GeV and AR, > 0.7 requirements. For electron
Z~v, the factors A}écc, A%‘Cp and A}‘Cf represent the individual overall acceptances associated with
central photons passing all photon cuts in electron Zv events for central-central, central-plug and
central-forward fiducial-fiducial dielectrons from Z decay, respectively. For muon Z7v, the factors
A}“cc and A}“ca represent the individual overall acceptances associated with central photons passing
all photon cuts in muon Zy events for central-central, fiducial-fiducial and fiducial-nonfiducial
dimuons from Z decay, respectively.

Each of the individual central photon acceptance terms is in turn a product of individual central

photon acceptances:

e — Yt e Ye
AZc::: - AZC:C E‘;. ' AZc:c fid cem ' AZcx ARy,
— e — Yt
- 1.0 AZcz fid cem ~ 1.0 = AZCI fid cem (88)

where £ = e or u, and ¢z = cc, cp, or ¢f for electron Zv and cz = cc, or ¢€ for muon Zvy. We are
measuring only that portion of the (total) production cross section X branching ratio, o - B(Z + )
associated with photons above EJ > 5.0 GeV and lepton-photon angular separation ARg, >
0.7. Therefore, the photon acceptance factor A% is such that the kinematic acceptance factor
A}‘Cz Ep = 1.0 since by our definition of the o B(Z+) cross section, all central photons associated
with cz Z bosons must intrinsically pass the E7 > 5.0 GeV requirement. The factor A7, (4 com 18
the geometrical acceptance for photons which are in the central (|,| < 1.1) region associated with
cz Z bosons from Z+v events with Z decay leptons passing the Z selection requirements and central
photons already satisfying the E7 > 5.0 GeV and AR, > 0.7 requirements, that pass the CEM
fiducial requirements. Similarly, the lepton-photon angular separation acceptance factor for central
photons associated with cz Z bosons is A%, AR, = 1.0since by our definition of o - B(Z + 7)s
all photons must also intrinsically pass the AR, > 0.7 angular separation requirement, which is
applied to both of the Z decay leptons. The product f}¢_ - A%, is therefore the acceptance factor
for central fiducial photons associated with £ = e or pt cz Z+v events that have already satisfied the
Z selection and E7 > 5.0 GeV and ARy, > 0.7 requirements.

The central fiducial photon selection efficiency, common to all four Wy and Zy data sets, is
given by

Y =€l € lipry  €lrap - € €l €7 LPpY__ . geem
€cem = €ET4 " €TPT4 " €N3D " Had/EM " €Lshr " €32, 12 " no 27d CES Peorm  Semvy (89)

where the individual terms are the central fiducial photon efficiencies for passing the calorimeter
isolation ET4 < 2.0 GeV cut, followed in sequence by the tracking isolation P74 < 2.0 GeV cut,
the N3D = 0 cut, the Had/EM cut, the L, < 0.5 cut, the CES x%,,,, < 20 and x2,,, cuts and the
no 2*¢ CES strip or wire clusters with ESia > 1 GeV cut. The factor PL_ is the photon survival
probability for a photon to traverse the material of the inner central detector without converting
to an ete~ pair. The factor ST is a small correction to account for differences in EM shower
development for electrons vs. photons, since electron test beam data was used to determine some
of the individual photon efficiencies.

The numerical values associated with the overall acceptance X efficiency product terms for
each of the electron/muon W+v/Zv decay channels are summarized in Table 6 in the main text.
The individual electron and muon efficiencies for the W~ and Zy data samples are summarized in
Tables 30 and 31. The overall electron and muon efficiencies for the W+ and Z~v data samples are
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summarized in Tables 32 and 33. The kinematic x geometrical acceptance factors for the W and Z
bosons and for photons associated with Standard Model W+ and Zv processes in the electron and
muon channels as determined using the Baur Wy /Zy and “fast” MC detector simulation programs,
for the “nominal” set of HMRS-B structure functions are summarized in Table 34. The photon
acceptance fractions f7 and acceptance factors AV associated with o - B(Ve + 7¥)cuts for Wy and
Z~ are summarized in Tables 35 and 36, respectively.

Table 30: Individual Electron Efficiencies for W+ and Zv Data Samples. The statistical uncertainty
associated with each quantity is given.

oy 98.5 + 0.5% 70 < My < 110 GeV/c*
€2vz 95.4 4+ 0.1% |zyex| < 60 cm

egem 96.0 £ 1.0% Isolation [ < 0.1 Cut
e enyy | 99-0 1.0% Tight Had/EM Cut
€(Haa/Er), | 990 1.0% Loose Had/EM Cut
. 97.0 £ 1.0% X2erip < 15.0 Cut

eem 97.0 + 1.0% Lok < 0.2 Cut

oo 93.0 + 1.0% Tight E/P < 1.5 Cut
CEIP)L 97.0 + 1.0% Loose E/P < 2.0 Cut

eem 100.013:9% CTC Track Reconstruction
xm 97.0+ 1.0% Az < 1.5 cm Matching Cut
exm 98.0+ 1.0% Az < 3.0 cm Matching Cut
& 96.0 £ 1.0% Isolation I < 0.1 Cut
e mny | 990+ 1.0% Had/EM Caut

e 94.0 + 1.0% X33 < 20 Cut

3 93.042.0% | VTPC hit fraction > 0.5 Cut
elem 91.0+ 1.0% Isolation I < 0.1 Cut
el ey | 100.0559% Had/EM Cut

€, 99.3 + 0.3% | Level-1 Central Electron Trigger
€5, 98.0 + 0.4% | Level-2 Central Electron Trigger
€5 100.0109% | Level-3 Central Electron Trigger
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Table 31: Individual Muon Efficiencies for Wy and Zv Data Samples. The statistical uncertainty
associated with each quantity is given.

fby | 97.0+£0.2% 65 < M5* < 115 GeV/c*
€suz 95.4 4+ 0.1% |2vtx] < 60 cm

e€mv | 98.04 1.0% | Muon Isolation Cut (AR = 0.4)
omu 98.7 ¥ 92% | Minimum Ionizing Energy Cut
€nt | 98.7£1.0% CTC Re-Tracking

emy | 98.6F 129 CMU Stub Finding

€ | 96.0+ 1.0% Az < 2.0 cm Track Match
€Weos | 99-7£0.2% Cosmic Ray Filter

€r0. | 99.7£0.2% Cosmic Ray Filter

€74 93.4 + 0.4% | Level-1 Central Muon Trigger
€ra 97.2 7 23% | Level-2 Central Muon Trigger
€ra 100.0199% | Level-3 Central Muon Trigger

Table 32: Overall Electron Efficiencies for Wy and Zv Data Samples. The statistical uncertainty
associated with each quantity is given.

JLe-dt| 4.0540.28 Integrated Luminosity (pb~')
T 97.34+ 0.5% | Central Fiducial Electron Trigger
€Centy 84.0+ 3.0% | “Tight” Central Fiducial Electron
€cent, 93.0+ 3.0% | “Loose” Central Fiducial Electron
€ lug 90.0 + 3.0% Plug Fiducial Electron

| €Furd 91.0+3.0% Forward Fiducial Electron

Table 33: Overall Muon Efficiencies for Wy and Z+y Data Samples. The statistical uncertainty
associated with each quantity is given.

JL,-dt| 3.54%0.24 Integrated Luminosity (pb™")
TH 91.0 £ 2.0% Central Fiducial Muon Trigger
€oenty 90.4 + 3.8% “Tight” Central Fiducial Muon
e‘c‘em,‘l 96.0 £+ 3.5% “Loose” Central Fiducial Muon
€centy, 97.4 + 1.1% | “Loose” Central Non-Fiducial Muon
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Table 34: W and Z Acceptances for e and u o - B(W/Z + 7)cuts- The statistical uncertainty
associated with each quantity is given.

Acceptance Electron Muon
A%, 224%0.1% | 13.4+0.1%
Am, 98.3+0.1% | 98.7+£0.1%
A% 28.9+0.1% | 150+ 0.1%
Ay, 83.1+0.2% | 86.9+ 0.2%
AS.. 129+ 0.1% | 48+0.1%
Ay, or Az [ 13.3£0.1% | 10.2£0.1%
AS s 2.7+ 0.1% -
ALy 25+0.1% | 14.3+0.1%

Table 35: Photon Fractions and Acceptances for e and p o- B(W +7)cuts. The statistical uncertainty
associated with each quantity is given.

W~ Electron Muon
T | 47.4£0.3% | 474 £ 0.5%
Al om | 75.340.2% | 75.5 £ 0.3%

Table 36: Photon Fractions and Acceptances for e and g - B(Z+7)cuts. The statistical uncertainty
associated with each quantity is given.

Zy Electron Muon
. 64.5+ 0.4% | 66.2+0.7%
[ OF friz | 55.7£0.5% | 64.3 £ 0.5%
7t 39.4+1.1% -
AL, 76.9+0.3% | 76.9+ 0.5%
A%, or A | 76.6+0.4% | 76.1+ 0.4%
A%, 71.3 + 1.4% -
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C METHODOLOGY FOR THE DETERMINATION OF
o -B(Vei+Y)ews FROM MONTE CARLO 0 - B(Vi+7)gen

The Monte Carlo W+~ /Z~ production cross sections X decay branching ratios passing all photon
cuts, o - B(Vz + 9¥)cuts are determined from the cross section output from the Baur W+v/Zvy Monte
Carlo event generators, o - B(Vy + 7)4en by using the fact that:

Mecks = 0BVt Vs [ Lodt- (4], f,,) (90)

However:

NVH-‘Y = 0o B(Vf+7)gen /Efdt A EV—y) (91)

The product factor (Av~, qu) is given by equations (74) — (77). The overall kinematic/geometrical
acceptance factor x efficiency for Vo + v events (V = W or Z, ¢ = e or p) for the generated V, + v
events to pass the E7 > 5.0 GeV and ARg, > 0.7 cuts is (A{ - €f,,). Thus the (A¥. -¢},) are the
same as equations (74) — (77) except that all of the individual acceptance terms A; are replaced
by A. We thus obtain the general relation:

AL,
o B(Ve+7)euts = - B(Ve+ Y)gen [;17_1_%] ¥2)
Vy Vg

The predicted number of electron W + v events can then be obtained by use of either equation (90)
or equation (91).

In Table 34 we summarize the Standard Model kinematic X geometrical acceptance factors
associated with o - B(Ve + 7)cuts for the W and Z bosons from the Wy and Z+y processes in
the electron and muon channels, as determined using the Baur Wy /Zvy and “fast” MC detector
simulation programs, for the “nominal” set of HMRS-B structure functions. The photon acceptance
fractions f7* and acceptance factors A7 associated with o - B(Vy 4+ 7)cuts for Wy and Zy are
summarized in Tables 35 and 36, respectively. Table 37 summarizes the kinematic x geometrical
acceptance factors with ¢ - B(Ve+ 7)gen for the e and p channel W and Z bosons from the Wy and
Z~ processes. The photon acceptance fractions f7¢ and acceptance factors A associated with
0 - B(Vg + 7)gen are summarized in Tables 38 and 39, for Wy and Z7v, respectively.
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Table 37: W and Z Acceptances for ¢ and g - B(W/Z + ¥)4en. The statistical uncertainty
associated with each quantity is given.

Acceptance Electron Muon
A%, 34.1+£0.1% | 204+ 0.1%
At o 98.4+0.1% | 98.7+ 0.1%
A% 36.6 +0.1% | 19.240.1%
Ay 83.1+0.2% | 86.9 + 0.2%
A% 16.4+0.1% | 6.1 +0.1%
Ag, or A%, |1 16.9+0.1% | 13.1+£0.1%
A% . 3.3+0.1% —
Ay 32+4+0.1% | 1754+ 0.1%

Table 38: Photon Fractions and Acceptances for e and g o B(W +7)4en. The statistical uncertainty
associated with each quantity is given.

Wy Electron Muon
fr | 475£0.1% | 474+ 0.1%
A | 1362 0.1% [ 13.7£0.1%

Table 39: Photon Fractions and Acceptances for e and p - B(Z +9)gen. The statistical uncertainty
associated with each quantity is given.

Zy Electron Muon
f7% 71.9+0.2% | 75.0 £ 0.3%
f7e or fi* 1 52.34£0.2% | 72.0 £ 0.3%
f74 40.2 + 0.2% -
A, 19.1£0.2% | 18.9+0.3%
A or A2 | 20.14+0.2% | 19.3 % 0.2%
A7 13.3 £ 0.6% ~
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PROBABILITY DISTRIBUTION

In order to determine the level of background from QCD W/Z+Jet in W/Z + v data samples,
we have used a non-signal control sample of Jet-20 data to obtain the QCD jet misidentification
probability distribution Pcont,r‘f’lnsam”l"(ET). A total of 20 Jet-20 events passed all photon cuts
used for selecting the electron/muon W+ /Zy data samples. A total of 11726 non-leading central

jets naqan‘] our jet selection cuts. Due to the limited statistics in the numerator, this probability

dacstll LUl SLICLLIRA LUvs. 27U0 30 VAR LAVl SLaviovils 1l ARALCIAL0OL, ViU prlORALIALY

distribution calculated with a finite number of discrete bins in ET, and then bin- by bin multlphed
+1 o mhan AF aamtbna annh ~F L £ .. anrnmlac Mhic svipth~ad ~F Tt it = A
Uy bll\‘: Nnumioer o1 u:uucu JC‘:D lll eacn Ol bllU 10our U(Ll/da Dd-lllPlCD LIS meinoa o1 klt:l/l,lllllllllls \:llb
amount of QCD jet background in each data sample therefore tacitly assumes that the QCD jet
misidentification probability distributions are the same in both the non-signal control sample and
the signal data samples:
Conirol Sample —_ WelZ,
Py (Er) = Prilip(E1) (93)

Jet— "y
The validity of this relation can be tested by explicitly comparing the QCD jet misidentification
probability distribution obtained from the Jet-20 data sample with that obtained from the combined
e + p inclusive W data samples, where for the latter, we assume the W+ signal to be that of the
Standard Model prediction, and subtract it out from the numerator of the combined e + u W
data samples’ QCD jet misidentification probability distribution, such that for the i** Er—bin, this

relation becomes:
N' id CEM V]
i v Bkgnd (94)
A arBztra Jet V,
43, Vi

Fid CEM J20
AN ]
A AEztra Jet J20
LL.J./ 71 J

These results are summarized in Table 40. The available statistics are limited for each case, even
after combining the e + p inclusive W data samples. The Jet-20 (combined e + p inclusive W)

datn aamnle hae 920 {12) avonte nacsing all rnte rncnnn nr aly A QM cional of 70 4+ 0 R avante ig
Udvd SQIlipiC Uao &V 49 ) TYTULVS Paobllily dir Luid, 1CopCluivley 42 Jve Siglida UL .U T V.U €vVensis 1s

expected for the combined e + u W+ data. Despite the hmlted statistics, the agreement between
the two probability distributions is reasonably good. If a non-SM W1 signal, as allowed by our
experimental 95% CL limits on WW~ anomalous couplings and within the E7 range 5 < Fr <
15 GeV is subtracted instead of the SM signal, the fractional change in the combined e + p QCD
jet misidentification probability distribution over this ET range is ~ £25%, well within statistical
uncertainties. (See Section 7, especially Table 19 and Fig. 17.)

We have also carried out this same comparison, but relaxing the photon selection criteria to
simply require isolated EM clusters in the Jet-20 and combined e+ u data samples, using only the
calorimeter isolation and tracking isolation cuts, ET4 < 2 GeV and X PT4 < 2 GeV. In the Jet-20

(combined e + p) data sample, 64 (30) isolated “loose” EM clusters are found, respectively. We

exnect a combined ed 4 SM sicnal nncmnd‘ thoge cuts of R 84+0.R events. Thus anv |nnrrnrnrv |n the
expect a compbined A O SIgNRaL PASSING LIAe5€ Culs O1 8.5 V.C eVENLS. 114us, anly ccuracy in iiie

signal subtraction is diluted by approximately a factor of ~ 3x, relative to the prev10us comparison
with the full photon cuts applied. The results of the comparison using relaxed photon selection
cuts are shown in Table 41. Again, the agreement between the two probability distributions is

reasonably good.
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Table 40: QCD Jet Misidentification Probability — All Photon Cuts. The statistical uncertainty
associated with each quantity is given. See text for further details.

a~.120 s Weaty

ET Range (GeV) P oy P ettt
5- 6 049+0.15% | 0.41+£0.29%
6— 8 0.17£0.07% | 0.15+£0.21%
8- 11 0.07£0.05% | —0.10£0.16%
11-15 0.06 +£0.06% | 0.58+0.53%
> 15 000538 % | 0.09+0.21%
> 5 0.17£0.04% | 0.19£0.11%

Table 41: QCD Jet Misidentification Probability — “Loose” Photon Cuts. The statistical uncer-
tainty associated with each quantity is given. See text for further details.

Er Range (GeV)| P20, Prcth, .
5- 6 1.35+£0.27% | 0.97+0.53%
6— 8 0.76 £0.16% | 0.97+0.48%
8-11 0.18+0.10% | 0.19+0.40%
11— 15 0.17£0.13% | 1.04+0.87%
> 15 0.00 X398 % | 0.07+0.21%
> 5 0.55+0.07% | 0.67+0.13%
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E DETERMINATION OF ADDITIONAL BACKGROUNDS
IN THE W + v AND Z + v DATA SAMPLES

E.1 Z 4+~ and Z+Jet Backgrounds in the W + v Data Samples
The misidentified Z + v background in the W + v data sample is given by:

[ ¢ ¢
NZW“/ = 0 B(ZW + 7)cuts - / Ledt - (AZW'y '€ZW7) (95)
where o - B(ZW + 9¥)euts is the Baur Zv Monte Carlo predicted cross section, obtained from
o - B(Z 4+ ¥)gen for Zy MC events passing the W+ event selection cuts, for the £ = ¢ or u channels.
For the Zy background in the electron W+ data sample:
e e _ e e %
AZW’y ’ 6ZVV‘Y = €Ezyz A ' (A ZwW ° T centT) (fZchm Zchm ' ecem) (96)

For the Zv background in the muon W7 data sample:

u @ _ " p Yu ~
AZW’V “€ZWy T Czvz AMVI;, . (A w -T Cc:e'ntT cos) ( ZVVcem AZchm : €cem) (97)

14 — 4 . At vy H H H .
where Azy = AZw p. - Azwyid  AZw gy 18 the overall kinematic x geometrical acceptance
i ntral fiducial leptons associated with Z5 events misidentified as W+ events for the

= e, 4 Wy data samples. The factor Ay, pp is the kinematical acceptance for either of the
Z decay leptons to pass the common-selection “tight” central fiducial lepton Er (Pr) > 20 GeV
cut. The factor AlZWﬁd is the geometrical acceptance for one of the Z decay leptons associated
with Zv events misidentified as W+ events to be within the fiducial acceptance of the central £M
calorimeter, for electrons, or the fiducial acceptance of the central muon system, for muons. The
factor A‘;‘W g, is the kinematic acceptance for the unobserved lepton from Z decay satisfying the
Er > 20 GeV cut.
For central photons in misidentified £ = e or u Z7v events, the factor f3y..,. is defined as
the fraction of all photons that are central (ln_.l < 1. ﬂ which are produced in Z+v events where

AT 1AL VIAL ALV VARG Q2T LUAIMIGL K 20 L LSUAURLEU

the misidentified Z decay leptons pass the W selectlon requlrements and the photon has already
atiafiad tha Y~ BN DoV and A ~ N 7 wpomitirarman +a Tl fortar A7 —
b Hblll:u LUT IJT S Q.U JTC V. allu l—.l.l(./( 7~ U ' IC\{UILCIIICLLUD 4 IlT favivul nzwcem _ I'lZszd cem

s the overall kinematic x geometrical acceptance for central fiducial photons associated with Zv
events misidentified as W+ events for the £ = e, u W+~ data samples, since by our definition of the
o-B(W ++v)and o B(Z + 7v) cross sections, a,ll central photons with Z bosons must intrinsically
pass the E] > 5.0 GeV and ARg, > 0.7 angular separation requirements.

The QCD jet background in the electron and muon Zv data samples is given by:
bigcp = - B(Zt) /E[dt (Azu " GZWu n\) (98)

The contribution from inclusive Z+Jet background in the electron and muon W< data samples,
where the Z is misidentified as a W boson and a central jet is misidentified as a photon is given
by:

Mi;VQCD = O B(Z[) . / Eldt . (Aezwu,yn . €lzwu,7n) (99)

where o - B(Z;) is the inclusive Z production cross section x decay branching ratio for the £ = ¢
or g channei.
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The inclusive Z+Jet background in the electron and muon W+ data samples is obtained from:

~

— - [ A
4Waecp  _ 4Qcp hln
A/bkg - kag ’ [

B

ZW KI,Y” LZW “"Y”

YR J (100)
le,yll Z(I,YH

E.2 Tau Lepton QCD Jet Backgrounds in the W + 4y and + v Data Samples

The tau decay contribution to the inclusive W+Jet background in the e‘gectron and muon W + v
data samples is given by:

N3P = . BOW])- B(r — € i vs)- /Eedt- (L (101)

I
A[::gccu = o-B(W)) ./let. (A€/V“»y" 56‘,7) (102)

where o - B(Wy) is the inclusive W production cross section x decay branching ratio for £ = e or p.
The tau W+Jet background in the electron and muon W+ data samples can therefore be
obtained from:

4
WTCD W‘CD _ A"v‘vu_yn . GWT u,_‘(n
N;,kgq = .N'bk; . B(T — 2 Ve 1/1-) . h (103)
W““[" * GW"‘Y"
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