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(—)The process pp —+ W+Z+ A ~ E~+vif~+f2 + X is calculated to O(a, ) for general C and -P

conserving WWZ couplings. At the Fermilab Tevatron center-of-mass energy, the @CD corrections
to WZ production are modest. At CERN Large Hadron Collider (LHC) energies, the inclusive +CD
corrections are large, but can be reduced significantly if a jet veto is imposed. The sensitivity limits
for the anomalous WWZ couplings are derived from the next-to-leading-order Z boson transverse
momentum distribution for Tevatron and LHC energies. Unless a jet veto is imposed, O(a, ) +CD
corrections decrease the sensitivity to anomalous WWZ couplings considerably at LHC energies, but
have little influence at the Tevatron. We also study, at next-to-leading-order, rapidity correlations
between the W and Z decay products, and the ZZ/WZ and WZ/Wp cross section ratios. These
quantities are found to be useful tools in searching for the approximate zero present in the standard
model WZ helicity amplitudes. The prospects for observing the approximate amplitude zero at the
Tevatron and the LHC are critically assessed.

PACS number(s): 13.85.+k, 12.38.Bx, 14.70.Fm, 14.70.Hp

I. INTRODUCTION

The electroweak standard model (SM) based on an
SU(2) U(l) gauge theory has been remarkably suc-
cessful in describing contemporary high energy physics
experiments. The three vector boson couplings pre-
dicted by this non-Abelian gauge theory, however, re-
main largely untested. The production of WZ pairs
at hadron colliders provides an excellent opportunity to
study the WWZ vertex [1—5]. In addition, the reaction

(—)
pp —+ W+Z is of interest due to the presence of an ap-
proximate zero in the amplitude of the parton level sub-
process qiq2 -+ W Z [5] in the SM, which is similar in
nature to the well-known radiation zero in the reaction
pp m W+p [6]. In the SM, the WWZ vertex is com-
pletely fixed by the SU(2) U(1) gauge structure of the
electroweak sector. A measurement of the WWZ vertex
thus provides a stringent test of the SM.

WZ production at hadron colliders has recently re-
ceived attention due to the observation of a clean
W+ Z ~ e+v e+ e candidate event by the Collider
Detector at Fermilab (CDF) Collaboration [7). Dou-
ble leptonic WZ decays are relatively background free
and therefore provide an excellent testing ground for
anomalous WWZ couplings. With an integrated lumi-
nosity of the order of 1 fb, which is envisioned for
the main injector era [8], a sufficient number of events
should be available to commence a detailed investigation
of the WWZ vertex in the W+Z ~ Zz vqZz Ez channel
(li, E2 ——e, p). The prospects for a precise measurement
of the WWZ couplings in this channel would further im-
prove if integrated luminosities on the order of 10 fb

could be achieved (a luminosity-upgraded Tevatron will
henceforth be denoted by TeV*) and/or the energy of
the Tevatron could be doubled to ~s = 3.5—4 TeV (an
energy upgraded Tevatron will henceforth be referred to
as the DiTevatron) [8]. At the CERN Large Hadron Col-
lider [(LHC), pp collisions at ~s = 14 TeV [9]], it should
be possible to determine the WWZ couplings with high
precision [3].

In contrast to low energy data and high precision
measurements at the Z peak, collider experiments of-
fer the possibility of a direct, and essentially model-
independent, determination of the three vector boson
vertices. Hadronic production of WZ pairs was erst cal-
culated in Ref. [1]. The O(o.,) @CD corrections to the
reaction pp ~ W+Z were first evaluated in Refs. [10]
and [11].Studies on the potential for probing the WWZ
vertex have been performed in Refs. [3] and [4].

Previous studies on probing the WWZ vertex via
hadronic WZ production have been based on leading-
order (LO) calculations [3,4]. In general, the inclu-
sion of anomalous couplings at the WWZ vertex yields
enhancements in the WZ cross section, especially at
large values of the W or Z boson transverse momentum
pz(W) or p&(Z) and at large values of the WZ invariant
mass Mivz. Next-to-leading-order (NLO) calculations of
hadronic WZ production have shown that the O(n, ) cor-
rections are large in precisely these same regions [10,11].
It is thus vital to include the O(n, ) corrections when us-
ing hadronic WZ production to test the WWZ vertex
for anomalous couplings.

In this paper, we calculate hadronic WZ production to
O(n, ), including the most general, C- and P-conserving,
anomalous WWZ couplings. Our calculation also in-
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eludes the leptonic decays of the W and Z bosons in
the narrow width approximation. Decay channels where
the W or Z boson decays hadronically are not consid-
ered here. The calculation has been performed using the
Monte Carlo method for Ni 0 calculations [12]. With
this method, it is easy to calculate a variety of observ-
ables simultaneously and to implement experimental ac-
ceptance cuts in the calculation. It is also possible to
compute the O(o.,) QCD corrections for exclusive chan-

(—)
nels, e.g. , pp ~ WZ + 0 jet. Apart from anomalous
contributions to the W WZ vertex we assume the SM to
be valid in our calculation. In particular, we assume that
the couplings of the W and Z bosons to quarks and lep-
tons are as given by the SM. Section II briefly summarizes
the technical details of our calculation.

The results of our numerical simulations are presented
in Secs. III and IV. In contrast with the SM contribu-
tions to the q~q2 ~ WZ helicity amplitudes, terms as-
sociated with nonstandard WWZ couplings grow with
energy. The WZ invariant mass distribution, the clus-
ter transverse mass distribution, and the Z boson trans-
verse momentum spectrum are therefore very sensitive to
anomalous WWZ couplings. In Sec. III, we focus on the
impact QCD corrections have on these distributions, and
the sensitivity limits for the anomalous WWZ couplings
which can be achieved at the Tevatron, DiTevatron, and
LHC with various integrated luminosities. At LHC en-
ergies, the inclusive O(a, ) QCD corrections in the SM
are found to be very large at high pz (W) or pz, (Z), and
have a non-negligible influence on the sensitivity bounds
which can be achieved for anomalous WWZ couplings.
The large QCD corrections are caused by the combined
effects of destructive interference in the Born subprocess,
a log-squared enhancement factor in the qqg —+ WZq~
partonic cross section at high transverse momentum [11],
and the large quark-gluon luminosity at supercollider en-
ergies. At the Tevatron, on the other hand, the O(n, )
QCD corrections are modest and sensitivities are only
slightly afFected by the QCD corrections. In Sec. III,
we also show that the size of the QCD corrections at
high pT. (Z) or pT, (W) can be significantly reduced, and
a significant fraction of the sensitivity lost at LHC en-
ergies can be regained, if a jet veto is imposed, i.e., if
the WZ+ 0 jet exclusive channel is considered. We also
find that the residual dependence of the NLO WZ+ 0 jet
cross section on the factorization scale q is significantly
smaller than that of the O(n, ) cross section for the in-

(—)
elusive reaction p p ~ WZ + X.

In Sec. IV, we study rapidity correlations between the
W and Z decay products, the ZZ/WZ and WZ/Wp
cross section ratios, and how these quantities are affected
by QCD corrections. In the SM at the tree level, the pro-
cess q~q2 ~ WZ exhibits an approximate amplitude zero
at cos 0*

s tan ow 0.1 (cos 0' ——tan2 Ow
—0.1) for ud ~ W+Z (du ~ W Z) [5] which is similar
in nature to the well-known radiation zero in Wp pro-
duction in hadronic collisions. Here 0* is the Z boson
scattering angle in the parton center-of-mass frame rel-
ative to the quark direction and 0~ is the weak mixing
angle. The radiation zero in Wp production can be ob-

served rather easily at the Tevatron in the distribution
of the rapidity difference by(p, I) = y(p) —y(E) of the
photon and the charged lepton which originates from the
W decay, W ~ Ev [13]. In the SM, the Ay(p, Z) dis-
tribution exhibits a pronounced dip at Ey(p, E) ~0.3
in W+p production, which originates from the radiation
zero. We find that, at leading-order, the approximate
amplitude zero in pp ~ W+Z ~ Ei vqZz Ez leads to a(—)

dip in the corresponding Ay(Z, Ei) = y(Z) —y(Eq) dis-
tribution which is located at Ay(Z, gi) = +0.5 (= 0) in

pp (pp) collisions. O(n, ) QCD corrections tend to fill in
the dip; at LHC energies they obscure the signal of the
approximate amplitude zero almost completely, unless a
jet veto is imposed.

Alternatively, cross section ratios can be considered.
Analogous to the Zp/Wp cross section ratio [14], the
ZZ/WZ cross section ratio as a function of the minimum
transverse momentum of the Z boson is found to reflect
the approximate amplitude zero. The ratio of the WZ
to Wp cross sections, on the other hand, measures the
relative strength of the radiation zero in Wp production
and the approximate zero in qiq2 ~ WZ. QCD cor-
rections significantly afFect the ratio of ZZ to WZ cross
sections, but largely cancel in the WZ/Wp cross section
ratio. Although rapidity correlations and cross section
ratios are useful tools in searching for the approximate
amplitude zero in WZ production, it will not be easy to
establish the effect at the Tevatron or LHC, due to the
limited number of W+Z ~ Xz vqEz E2 events expected.
Our conclusions, finally, are given in Sec. V.

II. CALCULATIONAL TOOLS

Our calculation generalizes the results of Ref. [15] to
arbitrary C- and P-conserving WWZ couplings. It is
carried out using a combination of analytic and Monte
Carlo integration techniques. Details of the method can
be found in Ref. [12]. The calculation is done using the
narrow width approximation for the leptonically decaying
W and Z bosons. In this approximation it is particularly
easy to extend the NLO calculation of WZ production
with on-shell W and Z bosons to include the leptonic
W and Z decays. Furthermore, nonresonant Feynman
diagrams such as du —+ W * ~ e v Z followed by Z +

@+p contribute negligibly in this limit, and thus can be
ignored.

A. Summary of O(a, ) WZ production including W
and Z decays

The NLO calculation of WZ production includes con-
tributions from the square of the Born graphs, the inter-
ference between the Born graphs and the virtual one-loop
diagrams, and the square of the real emission graphs.
The basic idea of the method employed here is to isolate
the soft and collinear singularities associated with the
real emission subprocesses by partitioning phase space
into soft, collinear, and finite regions. This is done by in-
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troducing theoretical soft and collinear cutoK parameters
6, and b, . Using dimensional regularization, the soft and
collinear singularities are exposed as poles in e (the num-
ber of space-time dimensions is N = 4 —2e with e a small
number). The infrared singularities &om the soft and vir-
tual contributions are then explicitly canceled while the
collinear singularities are factorized and absorbed into
the definition of the parton distribution functions. The
remaining contributions are finite and can be evaluated
in four dimensions. The Monte Carlo program thus gen-
erates n-body (for the Born and virtual contributions)
and (n + 1)-body (for the real emission contributions)
final state events. The n and -(n+ 1)-body contribu-
tions both depend on the cutoK parameters b, and b;
however, when these contributions are added together to
form a suitably inclusive observable, all dependence on
the cutoK parameters cancels. The numerical results pre-
sented in this paper are insensitive to variations of the
cutoft' parameters.

Except for the virtual contribution, the O(n, ) correc-
tions are all proportional to the Born cross section. It is
easy to incorporate the decays W + Ezvq and Z + E& E2
into those terms which are proportional to the Born cross
section; one simply replaces do' '"(qzq2 ~ WZ) with
do '"(qqq2 m WZ -+ EqvqEz E2 ) in the relevant formu-
las. When working at the amplitude level, the R' and
Z decays are trivial to implement; the vector boson po-
larization vector ev(k), V = W, Z, is simply replaced by
the respective decay current J„(k) in the amplitude. De-
tails of the amplitude level calculations for the Born and
real emission subprocesses can be found in Ref. [16]. For
Zq ——Z2 the amplitudes in principle should be antisym-
metrized. Since the leptons originating &om the decay
of the W and Z bosons are usually well separated, ef-
fects &om the antisymmetrization of the amplitudes are
expected to be very small and hence are ignored here.

The only term in which it is more difBcult to incor-
porate the W and Z decays is the virtual contribution.
Rather than undertake the nontrivial task of recalculat-
ing the virtual correction term for the case of leptonically
decaying weak bosons, we have instead opted to use the
virtual correction for real on-shell R' and Z bosons which
we subsequently decay ignoring spin correlations. When
spin correlations are ignored, the spin-summed-squared
matrix element factorizes into separate production and
decay-squared matrix elements.

Neglecting spin correlations slightly modifies the
shapes of the angular distributions of the final state lep-
tons, but does not alter the total cross section as long
as no angular cuts (e.g. , rapidity cuts) are imposed on
the final state leptons. For realistic rapidity cuts, cross
sections are changed by typically 10'%%up if spin correlations
are neglected. Since the size of the finite virtual correc-
tion is less than 10'%%uo the size of the Born cross section,
the overall efFect of neglecting the spin correlations in the
finite virtual correction is expected to be negligible com-
pared to the combined 10%—20% uncertainty from the
parton distribution functions, the choice of the scale Q,
and higher-order @CD corrections.

B. Incorporation of anomalous R'WZ couplings

The WWZ vertex is uniquely determined in the SM by
SU(2) U(1) gauge invariance. In WZ production the
lV and Z bosons couple to essentially massless fermions,
which ensures that electively O„W" = 0 and B~Z" = 0.
These conditions together with Lorentz invariance and
conservation of C and P allow three &ee parameters
gq, K, and A, in the WWZ vertex. The most general
Lorentz-, C-, and P-invariant vertex is described by the
effective Lagrangian [17]

C~~z = i ec t8o~ gg(—Wt„W"Z" —WtZ„W" ) + rWtW„Z" + 2 W„„W"Z""

where W" and Z~ are the W and Z fields, respectively,
W„= O„R'„—O„lV~, and Z„„=B~Z„—0 Z„. At the
tree level in the SM, g~

——1, v. = 1, and A = 0. All higher
dimensional operators are obtained by replacing V" with
(0 ) V", V = W, Z, where m is an arbitrary positive
integer, in the terms proportional to Lgq ——gq —1, LK =
K,—1, and A. These operators form a complete set and can
be summed by replacing Lg~, AK, , and A by momentum-
dependent form factors. All details are contained in the
specific functional form of the form factor and its scale
AFF. The form factor nature of Lgq, LK, and A will be
discussed in more detail later in this section.

Following the standard notation of Ref. [17], we have
chosen, without loss of generality, the W boson mass,
M~, as the energy scale in the denominator of the term
proportional to A in Eq. (1). If a different mass scale N

—8.6 & Ae & 9.0 (for A = 0),
—1.7 & A & 1.7 (for Az = 0) . (2)

Assuming SM R'Wp couplings, CDF also obtained a
limit on LK, &om the reactions pp ~ W+ W, W +Z ~

vjj with p&(jj ) ) 130 GeV [7,18]:

had been used, then all of our subsequent results could
be obtained by scaling A by a factor M2/M~2.

At present, the WWZ coupling constants are only
weakly constrained experimentally. The CDF Collabora-
tion recently presented preliminary 95'%%uo confidence level
(C.L.) limits on Av and A from a search performed in
the pp ~ WZ ~ jjE+E (E = e, p) channel at large
dijet transverse momenta p&(jj) ) 100 GeV [7]:
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—1 3 & A~ & 1 4 (for A = 0) .

To derive these limits, a dipole form factor with scale
AFF = 1.5 TeV was assumed (see below); however, the
experimental bounds are quite insensitive to the value of
AFF. Although bounds on these couplings can also be
extracted from low energy data and high precision mea-
surements at the Z pole, there are ambiguities and model
dependences in the results [19—21]. From loop contribu-
tions to rare meson decays such as KL, —+ p+p [22] or
B ~ K~*&p+ p, [23], e'/e [24], and the Z ~ bb width [25],
one estimates limits for the nonstandard WTVZ couplings

of 1 —10. No rigorous bounds can be obtained &om
LEP I data if correlations between difFerent contributions
to the anomalous couplings are taken fully into account.
In contrast, invoking a "naturalness" argument based on
chiral perturbation theory [26,27], one expects deviations
&om the SM of 10 or less for g~, v, and A.

If C- or P-violating TVWZ couplings are allowed, four
additional &ee parameters g4, g5, 2, and A appear in the
effective Lagrangian. For simplicity, these couplings are
not considered in this paper.

The Feynman rule for the R'WZ vertex factor corre-
sponding to the Lagrangian in Eq. (1) is

—igwwz Qw1'p„(k, ki, k2) = —igwwz Qw 1'p„„(k,ki, k2) + 1'p„'„(k,ki, k2) (4)

where the labeling conventions for the four-momenta and Lorentz indices are defined by Fig. 1, ggr~z ——e cot8~
is the WWZ coupling strength, Qw is the electric charge of the W boson in units of the proton charge e, and the
factors 1 sM and I'NsM are the SM and nonstandard model (NSM) vertex factors:

rps"„.(k, k„k,) =

rpN„sM(k, k„k,) =

(ki k2)p g~y, + 2 k~ gp~ 2 k~ gp~

1 r k' )—
~
»i+ b, v. + A 2 ~

(ki —k2)pg„„2 Mw2 )

(5)

(ki —k2) p k~ k„+ (»i + b, r + A) k„gp~ —
~
2»i + A

~
k„gp„.

M~2
(6)

The nonstandard model vertex factor is written here
in terms of Lgq ——gq —1, LK = K —1, and A, which all
vanish in the SM.

It is straightforward to include the nonstandard model
couplings in the amplitude level calculations. Using the
computer algebra program FQRM [28], we have computed
the qqq2 —+ R'Z virtual correction with the modified ver-
tex factor of Eq. (4); however, the resulting expression
is too lengthy to present here. The nonstandard R'WZ
couplings of Eq. (1) do not destroy the renormalizabil-
ity of QCD. Thus the infrared singularities from the soft
and virtual contributions are explicitly canceled, and the
collinear singularities are factorized and absorbed into
the definition of the parton distribution functions, ex-
actly as in the SM case.

The anomalous couplings cannot be simply inserted
into the vertex factor as constants because this would vi-

olate S-matrix unitarity. Tree level unitarity uniquely
restricts the W'R'Z couplings to their SM gauge
theory values at asymptotically high energies [29].
This implies that any deviation of Agq, LK, or
&om the SM expectation has to be described by a
form factor Agi(Mwz~pw~pz)~ +~(Mwz~pw~ pz)
p(M2, pz, p2z) which vanishes when either the square
of the R'Z invariant mass M~& or the square of the four-
rnomentum of the final state W or Z (p2w or p2z) becomes
large. In TVZ production p~ M~ and p& —M& even
when the finite R' and Z widths are taken into account.
However, large values of M~& will be probed at future
hadron colliders like the LHC and the M~& dependence
of the anomalous couplings has to be included in order
to avoid. unphysical results which would violate unitarity.
Consequently, the anomalous couplings are introduced
via form factors [30,31]

0
2 2 2 2 2 Lg~».(Mwz, pw =Mw, pz =Mz) =

(1+Mwz/~FF)

2 2 2 2 2
0

b, I (Mwz pw ——Mw pz = Mz)
(1 ™wz/~FF)"

0
&(Mwz pw = Mw, pz ™z)=

( + wz/~FF)
(9)
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A. Input parameters

= -ig q r (kl, k)
WWZ W Ppv 1 2

FIG. 1. Feynman rule for the general WWZ vertex. The
factor g~~z ——ecot 8~ is the TVWZ coupling strength and
Q~ is the electric charge of the W boson. The vertex function
r». (k, kz, ks) is given in Eq. (4).

where Lg&, Lm, and A are the form factor values at
low energies and AFF represents the scale at which new
physics becomes important in the weak boson sector, e.g. ,
due to new resonances or composite structures of the W
and Z bosons. In order to guarantee unitarity, it is nec-
essary to have n ) 1/2 for b, K and n & 1 for Agq and
A. For the numerical results presented here, we use a
dipole form factor (n = 2) with a scale AFF = 1 TeV,
unless explicitly stated otherwise. The exponent n = 2 is
chosen in order to suppress WZ production at energies
V s & AFF )) M~, Mz, where novel phenomena like res-
onance or multiple weak boson production are expected
to become important.

Form factors are usually not introduced if an ansatz
based on chiral perturbation theory is used. In the
&amework of chiral perturbation theory, the effec-
tive Lagrangian describing the anomalous vector boson
self-interactions breaks down at center-of-mass energies
above a few TeV [26,27] (typically 4mv 3 TeV, where
v 246 GeV is the Higgs field vacuum expectation
value). Consequently, one has to limit the center-of-mass
energies to values suKciently below 4vrv in this approach.

III. QCD CORRECTIONS AND NONSTANDARD
R R'Z COUPLINGS

We shall now discuss the phenomenological implica-
tions of O(n, ) QCD corrections to WZ production at
the Tevatron (pp collisions at ~s = 1.8 TeV) and the
LHC (pp collisions at ~s = 14 TeV). We also consider
a possible upgrade [8] of the Tevatron to ~s = 3.5 TeV
(DiTevatron). We 6rst briefly describe the input parame-
ters, cuts, and the finite energy resolution smearing used
to simulate detector response. We then discuss in detail
the impact of O(n, ) QCD corrections on the observabil-
ity of nonstandard WWZ couplings in WZ production
at the Tevatron, DiTevatron, and LHC. To simplify the
discussion, we shall concentrate on W+Z production. In
pp collisions the rates for W+Z and W Z production are
equal. At pp colliders, the W Z cross section is about
30%%uo smaller than that of W+Z production. Further-
more, we shall only consider W+ ~ Ez vz and. Z ~ Zz Ez
decays (eq, e2 ——e, p).

B. Cuts

The cuts imposed in our numerical simulations are mo-
tivated by the finite acceptance of detectors. The com-
plete set of transverse momentum (pT), pseudorapidity

(g), and separation cuts can be summarized as follows:

Tevatron
pT, (e) ) 20 GeV

P~ & 20 GeV
lq(e)l & 2.5

xa(e, e) & o.4

LHC
pT, (e) ) 25 GeV

Pr ) 50 GeV
l~(e)l & 3.0

aa(e, e) & o.4

Here, AA = [(AP) + (Erj) ]~~ is the separation in the
pseudorapidity —azimuthal-angle plane. The b, R(e, e) cut
is only imposed on leptons of equal electric charge. It
has only a small effect on the WZ cross section. For
simplicity, identical cuts are imposed on final state elec-

The numerical results presented here were obtained us-
ing the two-loop expression for n, . The QCD scale AqcD
is specified for four flavors of quarks by the choice of
the parton distribution functions and is adjusted when-
ever a heavy quark threshold is crossed so that o., is
a continuous function of q . The heavy quark masses
were taken to be mg ——5 GeV and mq ——150 GeV,
which is consistent with the bound obtained by DO,
mq & 131 GeV [32], and the value suggested by the cur-
rent CDF data, mq ——174 6 10+~2 GeV [33]. Our results
are insensitive to the value chosen for mq.

The SM parameters used in the numerical simulations
are Mz = 91.173 GeV, M~ = 80.22 GeV, n(M~)
1/128, and sin Ow = 1 —(M~/Mz) . These values are
consistent with recent measurements at the CERN e+e
collider LEP, SLAC Linear Collider (SLC), the CERN pp
collider, and the Tevatron [34—37]. The soft and collinear
cutoff parameters, as discussed in Sec. II A, are fixed to
b, = 10 and b = 10 . The parton subprocesses have
been summed over u, d, s, and c quarks and the Cabibbo
mixing angle has been chosen such that cos 0~ ——0.95.
The leptonic branching ratios have been taken to be
B(W ~ ev) = 0.107 and B(Z ~ e+e ) = 0.034 and the
total widths of the W and Z bosons are I'~ ——2.12 GeV
and I'z ——2.487 GeV. Except where otherwise stated,
a single scale Q = M~z, where M~z is the invariant
mass of the W Z pair, has been used for the renormaliza-
tion scale p, and the factorization scale M .

In order to get consistent NLO results it is necessary
to use parton distribution functions which have been fit
to next-to-leading-order. In our numerical simulations
we have used the Martin-Roberts-Stirling (MRS) [38]
set SO distributions with A4 ——230 MeV, which take
into account the most recent New Muon Collaboration
(NMC) [39] and Chicago-Columbia-Fermilab-Rochester
(CCFR) [40] data and are consistent with measurements
of the proton structure functions at the DESY ep collider
HERA [41]. For convenience, the MRS set SO' distribu-
tions have also been used for the LO calculations.
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trons and muons. The large missing transverse momen-
tum (P&) cut at LHC energies, which severely reduces the
total TVZ cross section, has been chosen to reduce po-
tentially dangerous backgrounds from event pileup [42],
pp —+ Zbb —+ Eqv~Z~ E2 + X, and processes where par-
ticles outside the rapidity range covered by the detector
contribute to the missing transverse momentum. Present
studies [43,44] indicate that these backgrounds are under
control for PT & 50 GeV. The total W+Z cross section
within cuts in the Born approximation at the Tevatron,
DiTevatron, and LHC is 8.5 fb, 22.4 fb, and 25.9 fb, re-
spectively. If the LHC is operated significantly below the
design luminosity of l: = 10s4 cm 2s i [9], the back-
ground &om event pileup is less severe and it may well
be possible to lower the missing pT threshold. If the
P& & 50 GeV cut is replaced by a P& & 20 GeV require-
ment, the total LO TV+Z cross section triples to 80.8 fb.

C. Finite energy resolution effects

Uncertainties in the energy measurements of the
charged leptons in the detector are simulated in our
calculation by Gaussian smearing of the particle four-
momentum vector with standard deviation o.. For distri-
butions which require a jet definition, e.g. , the TVZ+1 jet

exclusive cross section, the jet four-momentum vector is
also smeared. The standard deviation 0 depends on the
particle type and the detector. The numerical results
presented here for the Tevatron and/or DiTevatron and
LHC center-of-mass energies were made using o. values
based on the CDF [45] and ATLAS [43] specifications,
respectively.

D. Inclusive NLO cross sections

The sensitivity of WZ production to anomalous WTV Z
couplings in the Born approximation was studied in de-
tail in Refs. [3] and [4]. The distributions of the Z bo-
son transverse momentum, pT, (Z), and the WZ invariant
Inass M~& were found to be sensitive to the anomalous
couplings. However, at hadron colliders the 8 Z invari-
ant mass cannot be determined unambiguously because
the neutrino from the W decay is not observed. If the
transverse momentum of the neutrino is identified with
the missing transverse momentum of a given WZ event,
the unobserved longitudinal neutrino momentum p&(v)
can be reconstructed, albeit with a twofold ambiguity,
by imposing the constraint that the neutrino and the
charged lepton four-momenta combine to form the TV
rest mass [46,47]. Neglecting the lepton mass one finds

p ( )= p (e) +2p (e) y +p(e) M +2p (e) p —4p (e)p2
i 2)

2p~(e) I,
(10)

where p&(e) denotes the longitudinal momentum of the
charged lepton. The two solutions for p&(v) are used to
reconstruct two values for M~&. Both values are then
histogrammed, each with half the event weight.

The difFerential cross section for M~z in the reaction
pp ~ W+Z + X ~ eiviez e2 + X at ~s = 1.8 TeV is

shown in Fig. 2. The Born and NLO results are shown
in Fig. 2(a) and Fig. 2(b), respectively. In both cases, re-
sults are displayed for the SM and for three sets of anoma-
lous couplings, namely (A = —0.5, b, r = Agi = 0),
(b,r = —1.0, A = Egi = 0), and (Agi = —0.5, Ar
A = 0). For simplicity, only one anomalous coupling
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FIG. 2. The inclusive diKer-
ential cross section for the re-
constructed WZ mass in the
reaction pp —+ W+Z + X

ei+~, ez+e; + x at
= 1.8 TeV (a) in the Born ap-
proximation and (b) including
O(o.,) +CD corrections. The
curves are for the SM (solid
lines), A = —0.5 (dashed
lines), b, ~ = —1.0 (dot-
ted lines), and Agi —— —0.5
(dot-dashed lines). The cuts
imposed are summarized in
Sec. III B.
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at a time is allowed to differ from its SM value. The
figure shows that at the Tevatron center-of-mass energy,
O(a, ) QCD corrections do not have a large influence on
the sensitivity of the reconstructed WZ invariant mass
distribution to anomalous couplings. The O(n, ) correc-
tions at Tevatron energies are approximately 30% for the
SM as well as for the anomalous coupling cases. Since
the anomalous terms in the helicity amplitudes grow like
~i/M~ (s/M~) for Av (A and Agq) [3], where s denotes
the parton center-of-mass energy squared, nonstandard
couplings give large enhancements in the cross section at
large values of M~z.

The WZ invariant mass distributions at the DiTeva-
tron and the LHC are shown in Figs. 3 and 4, respec-
tively. In both cases, the sensitivity of the M~z dis-
tribution to anomalous WWZ couplings is significantly
more pronounced than for pp collisions at ~s = 1.8 TeV.
O(n, ) QCD corrections enhance the SM Mlvz differen-
tial cross section by about a factor 2 at the LHC, whereas
the O(n, ) corrections at the DiTevatron are very similar
in size to those found at Tevatron energies. For nonstan-
dard WWZ couplings, the QCD corrections are more
modest at the LHC. Because of the form factor parame-
ters assumed, the result for LK = —1 approaches the SM
result at large values of M~z. As mentioned before, we
have used n = 2 and a form factor scale of App ——1 TeV
in all our numerical simulations [see Eqs. (7)—(9)]. For a
larger scale App, the deviations from the SM result be-
come more pronounced at high energies. No significant
change in the shape of the M~z distribution is observed
for all center-of-mass energies considered.

In Fig. 5 we investigate the influence of anomalous
WWZ couplings on the WZ invariant mass spectrum
at next-to-leading-order, together with the effect of the
twofold ambiguity in M~z originating from the recon-
struction of the longitudinal momentum of the neutrino

from the W decay, in more detail. The lower dotted,
dashed, and dot-dashed lines display the WZ invariant
mass distribution for AK = +1 (+1), Agz ——+0.5
(+0.25), and A = +0.5 (+0.25), whereas the upper
curves show the Mlvz spectrum for AKo = —1 (—1),
b, g~o = —0.5 (—0.25), and A = —0.5 (—0.25) at the
Tevatron (LHC). For AK and Aggro, negative anoma-
lous couplings lead to significantly larger deviations &om
the SM prediction than positive nonstandard couplings
of equal magnitude, whereas there is little difference for
Ao (dashed lines). For Ar the sign dependence is more
pronounced at small energies. Other distributions, such
as the cluster transverse mass distribution or the trans-
verse momentum distribution of the Z boson, display a
similar behavior.

This effect can be easily understood from the high
energy behavior of the WZ production amplitudes,
M(Az, A~), where Az (A~) denotes the helicity of the Z
(W) boson [3,5]. In the SM, only M(+, y) and M(0, 0)
remain finite for s —+ oo. Contributions to the helic-
ity amplitudes proportional to A mostly influence the
(4, +) amplitudes and increase like s/Ml22, at large en-
ergies. The SM (+, +) amplitudes vanish like 1/s, and
nonstandard terms dominate except for the threshold re-
gion, +i Mgr + Mz. For nonstandard values of A,
the cross section therefore depends only very little on
the sign of the anomalous coupling. Terms proportional
to Dgz also increase like s/M~ with energy, but mostly
contribute to the (0,0) amplitude, which remains finite
in the SM in the high energy limit. Interference effects
between the SM and the anomalous contributions to the
(0,0) amplitude, thus, are non-negligible, resulting in a
significant dependence of the cross section on the sign
of Lgq. Terms proportional to Lv, finally, are propor-
tional to ~s/M~ and mostly influence the amplitudes
with a longitudinal W and a transverse Z boson. In the
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FIG. 3. The inclusive differ-
ential cross section for the re-
constructed W Z mass in the
reaction pP ~ W+Z + X

S+v, e+e; + X
= 3.5 TeV (a) in the Born ap-
proximation and (b) including
O(n, ) +CD corrections. The
curves are for the SM (solid
lines), A = —0.5 (dashed
lines), Av. = —1.0 (dot-
ted lines), and Ag~ = —0.5
(dot-dashed lines). The cuts
imposed are summarized in
Sec. III B.
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FIG. 4. The inclusive differ-
ential cross section for the re-
constructed WZ mass in the
reaction pp + W+Z + X

e+v, e+e; + x
= 14 TeV (a) in the Born ap-
proximation and (b) including
O(n, ) QCD corrections. The
curves are for the SM (solid
lines), A = —0.25 (dashed
lines), Ar = —1.0 (dot-
ted lines), and Agi = —0.25
(dot-dashed lines). The cuts
imposed are summarized in
Sec. III B.

Mvz (GeV) M~z (GeV)

SM, these terms vanish like 1/~s. In the high energy
limit one therefore expects little dependence of the cross
section on the sign of AK, similar to the situation en-
countered for A [see Fig. 5(b)]. However, since the terms
proportional to LK increase less drastically with energy,
interference effects between those terms and the SM am-
plitudes are substantial near threshold.

The double-dotted-dashed line in Fig. 5 shows the
true M~z distribution. The distribution of the recon-
structed invariant mass at both center-of-mass energies
is harder than the true M~z distribution. At LHC en-
ergies, the twofold ambiguity in the reconstructed TVZ
invariant mass only slightly affects the M~z distribu-

tion [Pig. 5(b)]. At the Tevatron, on the other hand, the
true and reconstructed invariant masses are quite differ-
ent for M~z & 500 GeV, thus severely degrading the
sensitivity to nonstandard WWZ couplings. If the W
decay is treated in the narrow width approximation, one
of the two reconstructed invariant masses coincides with
the true R'Z invariant mass. Since the M~z spectrum is
steeply falling, the incorrect solution of the reconstructed
invariant mass influences the distribution in a noticeable
way only if it is larger than the true TVZ invariant mass.
The average difFerence (absolute value) between the two
reconstructed values of M~z is almost independent of
the center-of-mass energy. As a result, the twofold am-
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FIG. 5. The inclusive NLO
differential cross section for the
reconstructed WZ mass in the
reaction (a) pp —+ W+Z + X
—+ E,+v E+e + X' at ~s

1.8 TeV and (b) pp~ W+Z+ X -+ e+~,e+e, + X
at ~s = 14 TeV. The curves are
for the SM with reconstructed
invariant mass (solid lines) and
nonstandard W WZ couplings
(dotted, dashed, and dot-
dashed curves) as listed in the
figure. The lower (upper) lines
apply for positive (negative)
anomalous couplings. The dou-
ble-dot ted-dashed line shows
the true SM WZ invariant mass
distribution. The cuts imposed
are summarized in Sec. III B.
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FIG. 6. The inclusive NI 0
differential cross section for the
cluster transverse mass for (a)
Jp ~ w+z+x -+ e+v, e+e,
+A at vs = 1.8 TeV and (b)
p~ ~ w+z+x ~ e+v, e+e,
+A at ~s = 14 TeV. The
curves are for the SM (solid
lines) and nonstandard WWZ
couplings (dotted, dashed, and
dot-dashed curves) as listed on
the 6gure. The cuts imposed
are summarized in Sec. III B.
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biguity in the reconstructed WZ invariant mass affects
the M~z spectrum at the LHC much less than at the
Tevatron.

As an alternative to the WZ invariant mass spectrum,
the differential cross section of the cluster transverse mass
MT(lilz Ez, PT) [48] can be studied. The cluster trans-
verse mass is defined by

2- i./2
MT(c;pT) = M, + pT(c)

2

2
PT(c) + V T )

where M denotes the invariant mass of the cluster c =

EiEz Ez . The MT distribution at the Tevatron and the
LHC is shown in Fig. 6. Since @CD corrections change
its shape only slightly, we only show the NLO M~ dis-
tribution. At the Tevatron, the cluster transverse mass
distribution is seen to be significantly more sensitive to
anomalous couplings than the reconstructed WZ invari-
ant mass distribution, in particular for A and Lgi. The
cluster transverse mass distribution for pp collisions at
~s = 3.5 TeV is qualitatively very similar to that ob-
tained at Tevatron energies and is therefore not shown.

In Figs. 7—9 we show the differential cross section for
the transverse momentum of the Z boson, pT(Z). The
pT(Z) spectrum is seen to be considerably more sensi-
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FIG. 7. The inclusive dif-
ferential cross section for the
transverse momentum of the
Z boson in the reaction pp
-+ w+z+x -+ e+v, e+e, +x
at ~s = 1.8 TeV (a) in the
Born approximation and (b)
including O(n, ) @CD correc-
tions. The curves are for the
SM (solid lines), A = —0.5
(dashed lines), Am = —1.0
(dotted lines), and AgI = —0.5
(dot-dashed lines). The cuts
imposed are summarized in
Sec. III B.
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FIG. 8. The inclusive dif-
ferential cross section for the
transverse momentum of the
Z boson in the reaction pp
—+ w+z+ x -+ e+v, e+e, + x
at ~s = 3.5 TeV (a) in the
Born approximation and (b)
including O(n, ) QCD correc-
tions. The curves are for the
SM (solid lines), A = —0.5
(dashed lines), A" = —1.0
(dotted lines), and Ag~ = —0.5
(dot-dashed lines). The cuts
imposed are summarized in
Sec. III B.

()( ) p()( )

tive to nonstandard WTVZ couplings than the cluster
transverse mass or the TVZ invariant mass distributions.
At high transverse momentum, a large enhancement of
the cross section is observed. On the other hand, at
Tevatron and DiTevatron energies, the pT, (Z) differen-
tial cross section is smaller than predicted in the SM
for pT(Z) ( 30 GeV, if anomalous WWZ couplings are
present. Due to the relatively large PT, cut imposed, the
Z boson transverse momentum distribution at the LHC
in the Born approximation displays a pronounced shoul-
der at pT, (Z) 65 GeV [see Fig. 9(a)]. The PT cut mostly
affects the small p&(Z) region [p&(Z) ( 100 GeV] and
therefore does not significantly reduce the sensitivity to

nonstandard WWZ couplings. Once O(n, ) QCD cor-
rections are taken into account, this shoulder disappears
due to contributions from the real emission subprocesses
qg q2 m TVZg and qg g m O'Z@2 .

In contrast to the other distributions studied so far,
the shape of the SM Z boson transverse momentum spec-
trum is considerably affected by O(n, ) QCD corrections.
This is demonstrated in detail in Fig. 10, where we show
the ratio of the NLO and LO differential cross sections
of the Z boson transverse momentum. At Tevatron and
DiTevatron energies, the O(n, ) corrections are approxi-
mately 30% for the SM, and 35—40% for the anomalous
coupling cases at small p&(Z) values. In the SM case,
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FIG. 9. The inclusive dif-
ferential cross section for the
transverse momentum of the
Z boson in the reaction pp
—+ w+z+ x ~ e+~,e+e, + x
at ~s = 14 TeV (a) inthe Born
approximation and (b) includ-
ing O(n, ) QCD corrections.
The curves are for the SM (solid
lines), A = —0.25 (dashed
lines), AK = —1.0 (dot-
ted lines), and Kg~ = —0.25
(dot-dashed lines). The cuts
imposed are summarized in
Sec. III B.
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FIG. 10. Ratio of the NLO
to LO difFerential cross
sections of the Z boson trans-
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-+ w+z+ x ~ e+~,e+e,
+X and (b) pp m W+Z + X
~ e+v, e+e; + X at ~8 =14
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at the Tevatron (DiTevatron),
respectively. In part (b) the
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the ratio for the SM and A

—0.25 at the LHC. The
cuts imposed are summarized
in Sec. III B.

the size of the QCD corrections increases to 60% for
pT, (Z) = 300 GeV at the Tevatron, and to 80%%uo at the
DiTevatron. For nonstandard couplings, on the other
hand, the QCD corrections are between 20% and 40%
over the whole p&(Z) range plotted. This is exemplified
by the dashed and dot-dashed lines in Fig. 10(a), which
show the ratio of NLO to LO cross sections for A = —0.5
at the Tevatron and DiTevatron, respectively. At the
LHC [see Fig. 10(b)], the shape of the pT (Z) distribu-
tion is drastically altered by the O(n, ) QCD corrections.
At p&(Z) = 800 GeV, the QCD corrections increase the
SM cross section by about a factor 5, whereas the en-
hancement is only a factor 1.6 at pT(Z) = 100 GeV. In
the presence of anomalous couplings, the higher order
QCD corrections are much smaller than in the SM. In
regions where the anoxnalous terms dominate, the O(n, )
correctioxxs are typically between 20% and 40%. This
is illustrated by the dashed curve in Fig. 10(b), which
shows the NLO-to-LO cross section ratio for A = —0.25.
At next-to-leading-order, the sensitivity of the Z boson
transverse momentum spectrum to anomalous couplings
is thus considerably reduced. The transverse momentum
distribution of the TV boson in the SM exhibits a similar
strong sensitivity to QCD corrections. Qualitatively, the
changes of the shape of the p&(Z) distribution in WZ
production and of the photon transverse momentum dis-
tribution in Wp production at high energies [49] are very
similar.

E. Exclusive NLO cross sections

The large QCD corrections at high values of pT, (Z) are
caused by the combined eKects of destructive interference
in the Born process, a collinear enhancement factor in the
qxg ~ WZq2 partonic cross section for pz, (Z) )) M~,
and the large qg luminosity at LHC energies. In the

SM, delicate cancellations between the amplitudes of the
Born diagrams occur in the central rapidity region in WZ
production. These cancellations are responsible for the
approxixnate amplitude zero [5] and suppress the WZ
difI'erential cross section, in particular for large TV and
Z transverse momenta. In the limit p&(Z) )) Mxv, the
cross section for qqg —+ WZq2 can be obtained using
the Altarelli-Parisi approximation for collinear emission.
One finds [ll]

do(qxg ~ WZq2) = do(qxg ~ qxZ) ln (Z)i
16vr2 ( M~2

(12)

where g~ ——e/sin8w. Thus, the quark gluon fusion
process carries an enhancement factor ln [pT(Z)/M~]
at large values of the Z boson transverse momentum.
It arises &om the kinematic region where the Z boson is
produced at large pT and recoils against the quark, which
radiates a soft TV boson collinear to the quark. Since the
Feynman diagrams entering the derivation of Eq. (12) do
not involve the O'O'Z vertex, the logarithmic enhance-
ment factor only afFects the SM matrix elements. At the
LHC, the p&(Z) differential cross section obtained using
Eq. (12) agrees within 30%%uo with the exact Z boson trans-
verse momentum distribution for pT(Z) ) 200 GeV [11].
Together with the very large qg luminosity at supercol-
lider energies and the suppression of the SM R'Z rate at
large values of the Z boson transverse momentum in the
Born approximation, the logarithmic enhancement factor
is responsible for the size of the inclusive O(n, ) QCD cor-
rections to TVZ production, as well as for the change in
the shape of the pT(Z) distribution. The same enhance-
ment factor also appears in the antiquark gluon fusion
process; however, the qg luminosity is much smaller than
the qg luminosity for large values of the Z boson trans-
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pT (j) & 10 GeV

at the Tevatron and

and l~(~)l & 2 5 (»)

pT(g) ) 50 GeV and l~(~) I
& 3 (14)

at the LHC. The sum of the NLO 0-jet and the LO
1-jet exclusive cross sections is equal to the inclusive
NLO cross section. The results for the NLO exclusive
WZ + 0 jet and the LO exclusive WZ + 1 jet difFeren-
tial cross sections depend explicitly on the jet definition.
Only the inclusive NLO distributions are independent of
the jet definition. It should be noted that the jet trans-

verse momentum. Since the W boson does not couple
directly to the gluon, the process q~q2 ~ WZg is not en-
hanced at large values of the Z boson transverse momen-
tum. Arguments similar to those presented above also
apply to the W boson transverse moxnentum distribu-
tion in the limit pT(W) )) Mz, and a relation analogous
to Eq. (12) can be derived.

From the picture outlined in the previous paragraph,
one expects that, at next-to-leading order at supercol-
lider energies, WZ events with a high p& Z boson most
of the time also contain a high transverse momentum jet.
At the Tevatron, on the other hand, the &action of high
pT(Z) WZ events with a hard jet should be considerably
smaller, due to the much smaller qg luminosity at lower
energies. The decomposition of the inclusive SM NLO
pT (Z) difFerential cross section into NLO 0-jet and LO
1-jet exclusive cross sections at the Tevatron and LHC
is shown in Figs. 11(a) and 12(a), respectively. The SM
NLO 0-jet pT (Z) distributions at the two center-of-mass
energies are compared with the corresponding distribu-
tions obtained in the Born approximation in Figs. 11(b)
and 12(b). Here, a jet is defined as a quark or gluon with

verse momentum threshold cannot be lowered to arbi-
trarily small values in our calculation for theoretical rea-
sons. For transverse momenta below 5 GeV (20 GeV)
at the Tevatron (LHC), soft gluon resummation eKects
are expected to significantly change the jet p& distribu-
tion [50]. For the jet definitions listed above [Eqs. (13)
and (14)], these efFects are expected to be unimportant,
and therefore are ignored in our calculation.

With the jet definition of Eq. (13), the inclusive NLO
cross section at the Tevatron is composed predominately
of 0-jet events [see Fig. 11(a)]. Because of the logarith-
mic enhancement factor, the 1-jet cross section becomes
relatively more important at large values of the Z boson
transverse momentuin. For p&(Z) values above 200 GeV,
the 1-jet cross section is larger than the 0-jet rate at
the LHC, and dominates completely at high pT(Z) [see
Fig. 12(a)]. Figure 11(b) compares the NLO WZ+ 0 jet
cross section with the result obtained in the Born ap-
proximation at the Tevatron. For the jet definition cho-
sen [see Eq. (13)], the results are almost identical over
the entire transverse momentum range displayed. At the
LHC, the NLO WZ+ 0 jet result is at most 2070 smaller
than the cross section obtained in the Born approxima-
tion [Fig. 12(b)]. Note that the characteristic shoulder at
pz(Z) = 65 GeV in the Born pz(Z) distribution, which
results f'rom the large PT cut, is eliminated in the NLO
WZ + 0 jet difFerential cross section. The LO and NLO
WZ+ 0 jet pz, (ei 2), Pz, and y(ei 2) difFerential cross sec-
tions also agree to better than 2070 [15]. The results for
DiTevatron energies are very similar to those obtained
for the Tevatron.

If the jet-defining pT threshold is lowered to 30 GeV
and jets can be identified out to lg(j)l = 4.5 at the
LHC, the NLO WZ+ 0 jet p&(Z) differential cross sec-
tion is approximately 30% smaller than the result ob-
tained with the jet definition of Eq. (14). Present stud-
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FIG. 11. The dlfferentcal
cross section for the Z boson
transverse momentum in the
reaction pp ~ t

W+ Z + X
e,+v, e,+e; + x

= 1.8 TeV in the SM. (a) The
inclusive NLO differential cross
section (solid line) is shown,
together with the O(n, ) 0-jet
(dotted line) and the (LO) 1-jet
(dot-dashed line) exclusive dif-
ferential cross sections, using
the jet definition in Eq. (13).
(b) The NLO WZ+0 jet ex-
clusive differential cross sec-
tion (dotted line) is compared
mith the Born differential cross
section (dashed line). The
cuts imposed are summarized
in Sec. III B.
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FIG. 12. The differential
cross section for the Z bo-
son transverse momentum in
the reaction pp ~ W+Z + X

e+, »e,+e; + x
14 TeV in the SM. (a) The

inclusive NLO differential cross
section (solid line) is shown,
together with the O(n, ) 0-jet
(dotted line) and the (LO) 1-jet
(dot-dashed line) exclusive dif-
ferential cross sections, using
the jet definition in Eq. (14).
(b) The NLO WZ+ 0 jet ex-
clusive differential cross sec-
tion (dotted line) is compared
with the Born differential cross
section (dashed line). The
cuts imposed are summarized
in Sec. III B.

ies suggest [43,44,51] that jets fulfilling the criteria of
Eq. (14) can be identified at the LHC without problems,
whereas it will be dificult to reconstruct a jet with a
transverse momentum of less than 30 GeV. The pseudo-
rapidity range covered by the LHC is not expected to
extend beyond ~il~ = 4.5.

The results shown so far were obtained for Q2 = Mi22, &.
Since the 8 Z+ 1 jet and the R'Z+ 0 jet cross sections
in the Born approximation are tree level results, they
are sensitive to the choice of the factorization scale Q2.
Figure 13 displays the scale dependence of the Born, the
inclusive NLO, the O(a, ) 0-jet exclusive, and the 1-jet
exclusive cross sections for the Tevatron and LHC center-

of-mass energies. The total cross section for the reaction

pp ~ W+Z + X ~ Ez vqE& E2 + X is plotted versus the
scale Q. The factorization scale M2 and the renormal-
ization scale p2 have both been set equal to Q2.

The scale dependence of the Born cross section enters
only through the Q2 dependence of the parton distribu-
tion functions. The qualitative differences between the
results at the Tevatron and the LHC are due to the dif-
ferences between pp versus pp scattering and the ranges of
the x values probed. At the Tevatron, 0 Z production in

pp collisions is dominated by valence quark interactions.
The valence quark distributions decrease with Q2 for the
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FIG. 13. The total cross sec-
(—)tion for pp + TV+Z + X

8+viX+E + X in the SM
versus the scale Q (a) at the
Tevatron and (b) at the LHC.
The curves represent the inclu-
sive NLO (solid lines), the Born
(dot-dashed lines), the LO 1-jet
exclusive (dashed lines), and
the NLO 0-jet exclusive (dot-
ted lines) cross sections. The
cuts imposed are summarized
in Sec. III B. For the jet defi-
nitions, we have used Eqs. (13)
and (14).
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z values probed at the Tevatron (typically z ) 0.1). On
the other hand, at the LHC, sea quark interactions dom-
inate in the pp process and smaller x values are probed
(typically x 0.02). The sea quark distributions increase
with Q for the x values probed at the LHC. Thus the
Born cross section decreases with Q2 at the Tevatron but
increases with Q at the LHC.

The scale dependence of the 1-jet exclusive cross sec-
tion enters via the parton distribution functions and the
running coupling n, (Q ). Note that the 1-jet exclusive
cross section is calculated only to lowest order and thus
exhibits a strong scale dependence. The dependence on
Q here is dominated by the scale dependence of n, (Q2)
which is a decreasing function of Q2. At the NLO level,
the Q dependence enters not only via the parton distri-
bution functions and the running coupling n, (Q ), but
also through explicit factorization scale dependence in
the order n, (Q ) correction terms. The NLO 0-jet ex-
clusive cross section is almost independent of the scale
Q. It shows a non-negligible variation with the scale
only in the region Q ( 100 GeV at the Tevatron. In the
W'Z + 0 jet cross section, the scale dependence of the
parton distribution functions is compensated by that of
a, (Q ) and the explicit factorization scale dependence in
the correction terms. The Q dependence of the inclusive
NLO cross section is dominated by the 1-jet exclusive
component and is signi6cantly larger than that of the
NLO 0-jet cross section.

F. Sensitivity limits

We now study the impact that O(a, ) @CD correc-
tions to R'Z production have on the sensitivity limits for

A K, and A at the Tevatron, DiTevatron, and LHC.
For the Tevatron we consider integrated luminosities of
fddt = 1 fb, as envisioned for the main injector era,
and 10 fb i (TeV*) which could be achieved through ad-
ditional upgrades of the Tevatron accelerator complex [8].
In the case of the DiTevatron we assume an integrated
luminosity of 10 fb . For the LHC we consider inte-
grated luminosities of jddt = 10 fb and 100 fb [9].
To extract limits at the Tevatron, TeV~, and DiTevatron,
we shall sum over both R' charges. For the LHC, we only
consider W'+Z production. Interference effects between

LK, and A are fully incorporated in our analysis.
To derive 95% C.L. limits we use the pT(Z) distribu-

tion and perform a y test [52]. In the Born approxi-
mation, the Z boson transverse momentum distribution
in general yields the best sensitivity bounds. Further-
more, we use the cuts summarized in Sec. III 8, and
the jet definitions of Eqs. (13) and (14). Unless explic-
itly stated otherwise, a dipole form factor (n = 2) with
scale AFF ——1 TeU is assumed. For the Tevatron with
1 fb we split the pT, (Z) distribution into three bins,
whereas seven bins are used in all other cases. In each
bin the Poisson statistics are approximated by a Gaus-
sian distribution. In order to achieve a sizable count-

TABLE I. Sensitivities achievable at the 95'%%uo confidence level (C.L.) for the anomalous WWZ
couplings Agi, b,r, and A in pp —+ W+Z+ X ~ gi vigz+l~ + A at (a) leading-order and (b)
next-to-leading-order for the Tevatron, the TeV* (~s = 1.8 TeV in both cases), and the DiTevatron
(~s = 3.5 TeV). The limits for each coupling apply for arbitrary values of the two other couplings.
For the form factors we use Eqs. (7), (8), and (9) with n = 2 and AFF = 1 TeV. The cuts summarized
in Sec. III B are imposed.

(a) Leading-order

Coupling

Tevatron

Jddt =1 fb

TeV*

fZdt = 10 fb

DiTevatron

f l:dt = 10 fb

Ag,
+0.52
—0.29
+1.9
—1.4
+0.34
—0.37

+0.26
—0.10
+1.0
—0.7
+0.15
—0.15

+0.15
—0.05
+0.5
—0.5
+0.08
—0.07

(b) Next-to-leading-order

+0.50
—0.27
+1.8
—1.2
+0.33
—0.34

+0.25
—0.10
+1.0
—0.7
+0.15
—0.14

+0.15
—0.05
+0.6
—0.5
+0.08
—0.08
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ing rate in each bin, all events with pT(Z) ) 60 GeV
(120 GeV) at the Tevatron (TeV*) are collected in a sin-
gle bin. Similarly, all events with pz(Z) ) 180 GeV
(240 GeV [480 GeV]) at the DiTevatron (LHC with
10 fb ~ [100 fb ~]) are accumulated into one bin. This
procedure guarantees that a high statistical significance
cannot arise from a single event at large transverse mo-
mentum, where the SM predicts, say, only 0.01 events. In

order to derive realistic limits we allow for a normaliza-
tion uncertainty of 50%%uo in the SM cross section. Back-
ground contributions are expected to be small for the
cuts we impose, and are ignored in our derivation of sen-
sitivity bounds.

Our results are summarized in Figs. 14 and 15, and
Tables I and II. The cross section in each bin is a bi-
linear function of the anomalous couplings Lv, A, and

I I I I I I I I I I I I I I I 0.6 I I I I I I I

pp ~ W*Z+ X ~ l, v, lz lz+ X

0.0 0.0

—0.2—

NLO NLO

—0.4— 95% C.L. 95% C.L. pp~ W'Z+X~l', v, 1~1~+X

I I I I I I I I I

—1 0
I I I I I I —0.6—2

I I I I I I I I I I I I I I I

NLO

95% C.L.

0.0

pp ~ W Z+ X ~ l*, v, l~ 12+ X

—0 —0.6 —0.4 —0.2 0.0 0.2 0.4

0

FIG. 14. Limit contours at the 95'Fo C.L. for pp —+ W+Z + X m E~+vqE2+Es + X derived from the inclusive NLO pT, (Z)
distribution. Contours are shown in three planes: (a) the b, n, Aplane, (b) the Ee -Ag~ p-lane, and (c) the b,g~-A plane. The
solid and dashed lines give the results for the Tevatron (~s = 1.8 TeV) with jddt = 1 fb and Jddt = 10 fb, respectively.
The dotted curve shows the result obtained for the DiTevatron (+s = 3.5 TeV) with JZdt = 10 fb . The cuts imposed are
summarized in Sec. III B.
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AQUA, Studying the correlations in the L~ —A, the
—Lg&, and the Lgz —A planes is therefore suf-

hcient to fully include all interference eAects between
the various WWZ couplings. Figure 14 shows 95%
C.L. contours in the three planes for the pp collider op-
tions obtained from the inclusive NLO pT, (Z) distribu-
tion. Table I displays the 95% C.L. sensitivity limits,
including all correlations, at leading order and next-to-
leading order for the three R'WZ couplings for the pro-

cess pp m W+Z+X -+ S~ vga~ E2 +X. At Tevatron and
DiTevatron energies, the increase of the cross section at
O(n, ) and the reduced sensitivity at large values of the Z
boson transverse momentum balance each other, and the
limits obtained at LO and NLO are usually very similar.
Our limits fully reHect the strong sign dependence of the
differential cross sections observed for b,r and Aggro (see
Fig. 5).

With an integrated luminosity of 1 fb it will not

0 10 0 ~ 15

pp ~W Z+X~l1v11~1~+X
0.10—

0.05—
0.05—

0.00 0.00
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0 10—0.75 -0.50 —0.25 0.00 0.25 0,50 0.75
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pp ~W Z+X~1,u, lzlz+X vs = 14 TeV
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0

FIG. 15. Limit contours at the 95% C.L. for pp -+ W+Z+ X m Z~+vqE~+E2 + A at ~s = 14 TeV derived from the pv (Z)
distribution. Contours are shown in three planes: (a) the b.~ -A plane, (b) the AK -Ag~ plane, and (c) the b,g~-A plane. The
solid and dashed lines give the inclusive NLO and LO results, respectively, for fl:dt = 10 fb . The dotted and dot-dashed
curves show the results obtained from the exclusive NI 0 WZ+0 jet channel for integrated luminosities of 10 fb and 100 fb
respectively. The cuts imposed are summarized in Sec. III B.
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be possible to perform a very precise measurement of
the WWZ vertex in the WZ ~ Eq vqE& Ez channel at
the Tevatron. For integrated luminosities of less than
a few fb, the limits which can be achieved, however,
may be significantly improved by combining the bounds
&om WZ m EgvgE2E2 with the limits obtained &om
pp + WZ + S~vzjj and pp ~ WZ ~ jj82 Zz at large
dijet transverse momenta [53]. Currently, these chan-
nels are used by the CDF Collaboration to extract in-
formation on the structure of the WWZ vertex [7,18].
Decay modes where the R' or Z boson decays hadroni-
cally have a considerably larger branching ratio than the
WZ —+ Ezv~E2 E2 channel and thus yield higher rates.
On the other hand, they are plagued by a substantial

W/Z+2 jet @CD background, which, for large integrated
luminosities (& 10 fb i), will eventually limit the sensi-
tivity of the semihadronic WZ decay channels to anoma-
lous R'R'Z couplings.

The limits which can be achieved for Le at the TeV*
&om WZ ~ EqvqE2/2 are about a factor 1.8 better
than those at the Tevatron with 1 fb . The bounds
on Qgz and A improve by a factor of 2—2.7. Increas-
ing the energy of the Tevatron to 3.5 TeV (DiTevatron)
improves the limits again significantly, in particular, the
bound on LK . Due to the rather strong interference
effects between the SM and the anomalous terms of
the helicity amplitudes for Lgz and Le, the contours
sometimes deviate substantially &om the elliptical form

TABLE II. Sensitivities achievable at the 95%%uo confidence level (C.L.) for the anomalous WWZ
couplings Agi, Ae, and A in pp ~ W+Z+ A —+ li vig2 f2 + A at the LHC (~s = 14 TeV). The
limits for each coupling apply for arbitrary values of the two other couplings. For the form factors
we use Eqs. (7), (8), and (9) with n = 2. The cuts summarized in Sec. III B are imposed. In the
NLO 0-jet case we have used the jet definition of Eq. (14).

(a) /ddt = 10 fb, App = 1 TeV

Coupling

ag,'

Born appr.

+0.108
—0.036

incl. NLO

+0.127
—0.044

NLO 0-jet

+0.115
—0.038

+0.53
—0.46

+0.62
—0.59

+0.60
—0.49

+0.058
—0.057

+0.065
—0.073

+0.063
—0.062

(b) fl:dt = 100 fb ', App = 1 TeV

+0.082
—0.014

+0.096
—0.018

+0.085
—0.016

+0.17
—0.34

+0.24
—0.41

+0.20
—0.35

+0.038
—0.036

+0.042
—0.048

+0.036
—0.038

(c) JZCt = 100 fb, App = 3 TeV

Ag,
+0.0164
—0.0048

+0.0200
—0.0066

+0.0188
—0.0050

+0.092
—0.120

+0.128
—0.160

+0.108
—0.132

+0.0084
—0.0082

+0.0102
—0.0100

+0.0092
—0.0090
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naively expected. Furthermore, significant correlations
are observed, in particular, between AK and Agi [see
Fig. 14(b)]. The limits obtained with a 0-jet requirement
imposed are virtually identical to those resulting from
the inclusive NLO p&(Z) distribution.

The 95'%%up C.L. limit contours for the LHC are shown
in Fig. 15. Table II summarizes the LO and NLO sen-
sitivity bounds which can be achieved at the LHC. At
supercollider energies, the inclusive O(n, ) QCD correc-
tions in the SM are very large and drastically change
the shape of the SM p&(Z) distribution (see Fig. 9).
As a result, O(n, ) QCD corrections reduce the sensi-
tivity to an'omalous couplings by 20—40%. As the inte-
grated luminosity increases, larger transverse momenta
become accessible. The difference between the LO and
NLO sensitivity bounds for 100 fb therefore is some-
what larger than for 10 fb . For the parameters chosen,
the inclusive NLO bounds which can be obtained from
pp ~ W+Z y X' -+ E+, v, 8~+82 y X at ~~ = 14 TeV
with jCdt = 10 fb are quite similar to those which are
expected from the DiTevatron for W+Z production and
equal integrated luminosity.

As we have seen in Sec. III E, the size of the O(n, )
QCD corrections at the LHC can be significantly reduced
by vetoing hard jets in the central rapidity region, i.e. , by
imposing a "zero jet" requirement and considering only
the WZ+0 jet channel. A 0-jet cut for example has been
imposed in the CDF measurement of the ratio of W to
Z cross sections [54] and the W mass measurement [55].
The sensitivity limits obtained for the WZ+ 0 jet chan-
nel at NLO are 10—30% better than those obtained in
the inclusive NLO case and are quite often close to those
obtained &om the leading-order p&(Z) distribution (see
Table II and the dotted contours in Fig. 15). The NLO
WZ+ 0 jet differential cross section is also more stable
to variations of the factorization scale Q than the Born
and inclusive NLO WZ + X cross sections (see Fig. 13).
The systematic errors which originate from the choice of
Q will thus be smaller for bounds derived from the NLO
WZ+ 0 jet differential cross section than those obtained
from the inclusive NLO WZ + X or the Born cross sec-
tion. The limits extracted from the WZ+0 jet exclusive
channel depend only negligibly on the jet definition used.

The bounds which can be achieved at the LHC improve
by up to a factor 3 if an integrated luminosity of 100 fb
can be achieved (dot-dashed contours in Fig. 15). Note
that the AK, and Agz limits are strongly correlated in
this case. This effect is due to the relatively small form
factor scale chosen (App = 1 TeV), which significantly
suppresses the nonstandard terms in the helicity ampli-
tudes at high energies.

At Tevatron (DiTevatron) energies, the sensitivities
achievable are insensitive to the exact form and scale of
the form factor for App ) 400 GeV (App ) 800 GeV). At
the LHC, the situation is somewhat different and the sen-
sitivity bounds depend on the value chosen for App [3].
This is illustrated in Table II(c), where we list the bounds
which can be achieved at the LHC with jl:dt = 100 fb
and a form factor scale of AFF ——3 TeV. The limits
for the higher scale are a factor 1.8—5 better than those
found for App ——1 TeV with the same integrated lumi-

nosity. For AFF ) 3 TeV, the sensitivity bounds de-
pend only marginally on the form factor scale, due to
the very rapidly falling cross section at the LHC for par-
ton center-of-mass energies in the multi- TeV region. The
dependence of the limits on the cutoff scale AFF in the
form factor can be understood easily &om Fig. 9. The
improvement in sensitivity with increasing AFF is due to
the additional events at large p&(Z) which are suppressed
by the form factor if the scale AFF has a smaller value.

To a lesser degree, the bounds also depend on the
power n in the form factor, which we have assumed to
be n = 2. For example, the less drastic cutoff for n = 1
instead of n = 2 in the form factor allows for additional
high p&(Z) events and therefore leads to a slightly in-
creased sensitivity to the low energy values LK, Lg&,
and A . The sensitivity bounds listed in Tables I and II
can thus be taken as representative for a wide class of
form factors, including the case where constant anoma-
lous couplings are assumed for M~z ( AFF, but invari-
ant masses above AFF are ignored in deriving the sensi-
tivity bounds [26].

The bounds derived in this section are quite conser-
vative. At the LHC, the limits can easily be improved
by 10—20% if W Z+ X production is included. Further
improvements may result &om using more powerful sta-
tistical tools than the simple y2 test we performed [56].

IV. AMPLITUDE ZEROS, RAPIDITY
CORRELATIONS, AND CROSS SECTION

RATIOS

Recently, it has been shown that the SM amplitude for
qiq2 ~ W+Z at the Born level exhibits an approximate
zero at high energies, 8 )& M&, located at [5]

cos 0*:cos 00 + tan 0~ —+0.1,
3

where 0* is the scattering angle of the Z boson relative
to the quark direction in the WZ center-of-mass frame.
The approximate zero is the combined result of an exact
zero in the dominant helicity amplitudes M(+, ~), and
strong gauge cancellations in the remaining amplitudes.
At high energies, only the (+, p) and (0, 0) amplitudes
remain nonzero in the SM. The existence of the zero in
A4(+, p) at cos 8* —+O. l is a direct consequence of the
contributing u- and t-channel fermion exchange diagrams
and the left-handed coupling of the W boson to fermions.
Unlike the W+p case with its massless photon kinemat-
ics, the zero has an energy dependence which is, however,
rather weak for energies suKciently above the WZ mass
threshold.

In this section, we consider possible observable conse-
quences of the approximate zero in WZ production in
hadronic collisions and the impact of O(n, ) QCD cor-
rections on the relevant quantities. All numerical sim-
ulations are carried out using the parameters and cuts
summarized in Secs. III A and III B.For the form factor,
we again assume a dipole form factor (n = 2) with scale
App = 1 TeV [see Eqs. (7)—(9)]. Since the approximate
amplitude zero in WZ production is similar in nature to
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~&1+Pz cose &

2 (1 —Pz cos8') (16)

- 1/2

where, to lowest order, s = M~& is the squared parton
center-of-mass energy, and 8* the scattering angle of the
Z boson with respect to the beam direction in the parton
center-of-mass rest frame. For pp collisions the dip is
centered at y'(Z) = 0. In pp collisions, the location of the
minimum is determined by cos eo of Eq. (15), the average
WZ invariant mass, and the &action of events originating
&om sea quark collisions. As can be seen &om Figs. 2
and 3, most of the cross section originates &om the region
v s = 200—250 GeV. Valence quark collisions dominate at
both, Tevatron and DiTevatron energies. The minimum
of the y*(Z) distribution is therefore expected to occur
at y*(Z) = +0.06.

The ~y'(Z)
~

distribution at the Tevatron and the LHC
in Born approximation is shown in Fig. 16. The rapid-
ity distribution of the Z boson in the parton center-of-
mass kame at the DiTevatron is qualitatively very sim-
ilar to that found at Tevatron energies and is therefore
not shown. The SM ~y'(Z)~ distribution in the true WZ

the well-known radiation zero in Wp production, anal-
ogous strategies can be applied to search for observable
signals. The radiation zero in Wp production leads to a
pronounced dip in the rapidity distribution of the pho-
ton in the parton center-of-mass frame, da/dy'(p) [31].
The approximate zero in the WZ amplitude is therefore
expected to manifest itself as a dip in the corresponding
y'(Z) distribution. Here,

rest frame (double-dotted-dashed curves) displays a pro-
nounced dip at ~y'(Z)~ = 0, which originates &om the
approximate amplitude zero. At Tevatron energies, the
dip is quite significant. However, since the unobservable
longitudinal neutrino momentum can only be determined
with a twofold ambiguity and, on an event-by-event ba-
sis, one does not know which solution is the correct one,
both solutions have to be considered for each event. As-
signing half of the event weight to each solution, the dip
in the ~y'(Z)

~

distribution using the reconstructed WZ
rest frame is considerably filled in (solid lines). O(n, )
@CD corrections further diminish the significance of the
dip.

In Fig. 16 we also display the effect of nonstan-
dard WWZ couplings on the ~y*(Z)~ distribution (us-
ing the reconstructed WZ rest frame). The lower dot-
ted, dashed, and dot-dashed lines display the ~y*(Z)

~

distribution for Av = +1 (+1), Agi ——+0.5 (+0.25),
and A = +0.5 (+0.25), whereas the upper curves show
the ~y*(Z)~ spectrum for b, K = —1 (—1), Agio = —0.5
(—0.25), and A = —0.5 (—0.25) at the Tevatron (LHC).
Nonstandard WWZ couplings eliminate the approximate
amplitude zero [5] and, in general, tend to fill in the dip.
However, because of the relatively strong interference be-
tween standard and anomalous contributions to the he-
licity amplitudes for Lv and Lg& at low energies, the
dip may even become more pronounced for certain (pos-
itive) values of these two couplings at the Tevatron [see
the lower dotted line in Fig. 16(a)].

From Fig. 16 it is obvious that the dip signaling the
approximate amplitude zero in qqq2 ~ WZ will be dif-
ficult to observe in the ~y*(Z)

~

distribution. In Wp pro-
duction, correlations between the rapidities of the pho-
ton and the charged lepton originating from the W de-
cay offer better access to the SM radiation zero than
the y'(p) distribution [13]. Knowledge of the neutrino
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FIG. 16. Rapidity spectrum
of the Z boson in the WZ
rest frame in the Born approxi-
mation for (a) pp —+ W+ Z
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couplings. The double-dot ted-
dashed line shows the true SM
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I
distribution. The

cuts imposed are summarized
in Sec. III B.
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longitudinal momentum pL (v) is not required in deter-
mining these correlations, and thus event reconstruction
problems originating &om the two possible solutions for

pL (v) are automatically avoided. In 2 -+ 2 reactions ra-
pidity differences are invariant under boosts, Ay(p, W) =
y(p) —y(W) = y*(p) —y*(W). One therefore expects the
rapidity difference distribution do/dAy(p, W) to exhibit
a dip signaling the SM radiation zero. In W+p produc-
tion, the dominant W helicity in the SM is A~ = +1 [57],
implying that the charged lepton &om W ~ Ev tends to
be emitted in the direction of the parent W, and thus
reflects most of its kinematic properties. As a result, the
dip signaling the SM radiation zero manifests itself also
in the b,y(p, E) = y(p) —y(E) distribution.

The corresponding y(Z) —y(Eq) distribution for W+Z
production in the Born approximation is shown in Fig. 17
(solid line). Analogous to the situation encountered in

qqq2 ~ Wp, the approximate zero in the WZ ampli-
tude leads to a dip in the y(Z) —y(W) distribution [11],
which is located at y(Z) —y(W) +0.12 (= 0) for W+Z
production in pp (pp) collisions. However, in contrast to
Wp production, none of the W helicities dominates in
WZ production [57]. The charged lepton /q, originating
&om the W decay W ~ 8~v~, thus only partly reflects
the kinematical properties of the parent W boson. As
a result, a significant part of the correlation present in
the y(Z) —y(W) spectrum is lost, and only a slight dip
survives in the SM y(Z) —y(lq) distribution. Due to the
nonzero average rapidity difference between the lepton Ez

and the parent W boson, the location of the minimum
of the y(Z) —y(Eq) distribution in pp collisions is slightly
shifted to y(Z) —y(Eq) = 0.5. The y(Z) —y(Eq) dis-
tribution at the DiTevatron is qualitatively very similar
to that obtained for pp collisions at ~s = 1.8 TeV (see
Fig. 18).

The significance of the dip in the y(Z) —y(Eq) distri-
bution depends to some extent on the cut imposed on
pT, (Eq) and the missing transverse momentum. Increas-
ing (decreasing) the cut on pT (Eq) (P&) tends to increase
the probability that Ej is emitted in the flight direction
of the W boson, and thus enhances the signi6cance of
the dip. If the PT ) 50 GeV cut at the LHC could be re-
duced to 20 GeV, the dip signaling the approximate zero
in the WZ production amplitude would be strengthened
considerably.

Although the Z boson rapidity can readily be recon-
structed &om the four-momenta of the lepton pair Ez E2

originating from the Z decay, it would be experimentally
easier to directly study the rapidity correlations between
the charged leptons originating &om the Z ~ Ez Ez and
W —+ 8qvq decays. The dotted lines in Fig. 17 show the
SM y(E2 ) —y(E~+) distribution for W+Z production in
the Born approximation. Because none of the Z or W
helicities dominates [57] in qqq2 -+ WZ, the rapidities
of the leptons from W and Z decays are almost com-
pletely uncorrelated, and essentially no trace of the dip
signaling the approximate amplitude zero is left in the
y(82 ) —y(l~+) distribution. The y(l~+) —y(E~+) spectrum
almost coincides with the y(Ez ) —y(E& ) distribution and
is therefore not shown.

In Figs. 18 and 19 we show the influence of O(n, ) QCD
corrections and nonstandard WWZ couplings (at NLO)
on the Ay(Z, lq) = y(Z) —y(Eq) spectrum. At Tevatron
energies, the shape of the distribution is seen to be hardly
influenced by the O(ns) QCD corrections. At the DiTe-
vatron, the significance of the dip is slightly reduced. At
LHC energies, the dip is completely eliminated by the in-
clusive QCD corrections. The NLO WZ+0 jet Ay(Z, Eq)
distribution, however, is very similar to the leading-order
rapidity difference distribution [see Fig. 19(a)].

b

4

a) pp ~ W+Z+ X ~ l, v, l2 lz+ X

Vs = 1.8 TeV

ol d: ~y = y(Z) —y(l )

«ts: ~y = y(12) —y(l1)

b) pp ~ W Z+ X ~ l, u, l~ 12+ X

vs = 14- TeV

solid: hy = y(Z) —y(l', )

«ts: ~y = y(l ) —y(1') FIG. 17. SM rapidity differ-
ence distributions in the Born
approximation for (a) pp —+
W+ Z + X m X+, vgE+Z2 + X at
~s = 1.8 TeV a'nd (b) pp
-+ W+Z+X ~ S+v,e+e, +X
at +s = 14 TeV. The curves
are for y(Z) —y(E+~) (solid
lines) and y(l2 ) —y(E~ ) (dot-
ted lines). The cuts imposed
are summarized in Sec. III B.
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b) pp ~ W I+X-+I, v, leis+ X
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0—4

Vs = 1.8 TeV

dot —dash: SM LO

solid: SM NLO

hy(Z, 1+, ) = y(Z) —y(l,')

15—

10—

vs = 3.5 Tev

dashed: be = + 1.0 NLO

dots: b,x = —1.0 NLO

~y(Z. Ii) = y(Z)-y(11)

FIG. 18. The differential
cross section for the rapid-
ity difFerence Ay(Z, E&) for pp
-+ w+z+ x ~ e+~,e+e,
+X (a) at ~s = 1.8 TeV and
(b) at ~s = 3.5 TeV. The solid
and dot-dashed curves show the
inclusive NLO and the LO Sly
predictions, respectively. The
dashed and dot ted lines give
the results for Ae = +1 and

—1, respectively. The
error bars associated with the
solid curves indicate the ex-
pected statistical uncertainties
for an integrated luminosity of
10 Cb . The cuts imposed are
summarized in Sec. III B.

The efFect of anomalous R'R'Z couplings on the NLO
b,y(Z, Eq) distribution is exemplified by the dashed and
dotted lines in Fig. 18 and in Fig. 19(b). Similar to the
situation encountered in the ~y*(Z)~ distribution, the dip
in the Ay(Z, lq) distribution at Tevatron and DiTeva-
tron energies may be more pronounced than in the SM

for certain (positive) values of b, wo. The shape of the
Ay(Z, Eq) distribution is seen to be quite sensitive to the
sign of Aic (Fig. 18). The same behavior is observed for
Lgz, whereas positive and negative values of A lead to a
very similar Ay(Z, Eq) distribution. In general, nonstan-
dard R'WZ couplings tend to fill in the dip. In order not
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a) pp ~ W+Z+ X ~ l, v, ls Is+ I
v's = 14 TeV
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b) pp~W Z+0 jet
~ l, v, lola+ 0 jet

v's = 14 TeV

10— NLO incl.

NLQ
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b
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NLO 0—jet
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/
/X' = +0.25
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/
/

b, g', = +0.25

a~' = +1.O

p I I i I I I i & i I

—3 —2 —1 0 1 2 3
p—3 —2 —1 0 1 2

~y(Z li) = y(Z) —y(l1') ~y(Z ll') = y(Z) —y(l')

FIG. 19. The difFerential cross section for the rapidity difFerence Ay(Z, Ez) at v s = 14 TeV for (a) pp —+
W+Z + X ~ E~ v&Es Es + X in the SM and (b) for pp ~ W+Z+ 0 jet m E~ vql2 E2 + 0 jet at NLO. In part (a) the dot-
ted and dashed curves show the inclusive NLO and the LO SM predictions, respectively, while the solid curve gives the
prediction for the SM NLO WZ+ 0 jet case. The error bars associated with the solid curve indicate the expected statistical
uncertainties for an integrated luminosity of 100 fb . In part (b) the curves are for the SM (solid line), Ar = +1 (dotted
line), A = +0.25 (dashed curve), and Agz ——+0.25 (dot-dashed curve). The cuts imposed are summarized in Sec. III B. For
the jet definition, we have used Eq. (14).
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to overburden the figures, curves for A and Ag1 are not
shown in Fig. 18. If deviations from the SM prediction
were to be observed, it would be diKcult to determine the
sign of an anomalous coupling from the shape of the WZ
invariant mass distribution, the cluster transverse mass
spectrum, or the pT(Z) distribution. For Avo and Agio,
the pronounced difference in shape of the Ay(z, ei) dis-
tribution for positive and negative values may aid in de-
termining the sign. The inQuence of nonstandard R'TVZ
couplings on the exclusive NLO TVZ+ 0 jet distribution
is shown in Fig. 19(b). Curves are only shown for positive
values of the anomalous couplings.

The error bars associated with the solid curves in
Figs. 1S and 19(a) indicate the expected statistical un-
certainties for an integrated luminosity of 10 fb at the
Tevatron and DiTevatron, and for jddt = 100 fb at
the LHC. It appears that the approximate zero in the
R'Z amplitude will be rather difEcult to observe in the
Ay(z, ei) distribution. However, if the LHC is operated
below its design luminosity of 8 = 10 cm s, it may
be possible to reduce the PT cut. As mentioned above,
the significance of the dip in the Ay(Z, ei) distribution
increases if the missing transverse momentum cut is low-
ered. The smaller collision rate is at least partially com-
pensated by the larger total cross section for the reduced

I

P& cut. It is thus possible that the conditions to detect
the dip in the b.y(Z, ei) distribution improve if the LHC
is operated below its design luminosity. However, more
detailed simulations are required before definite conclu-
sions can be drawn.

As an alternative to rapidity correlations, cross section
ratios can be studied. Many experimental uncertainties,
for example, those associated with the lepton detection
efBciencies or the uncertainty in the integrated luminos-
ity, are expected to cancel, at least partially, in the cross
section ratios. In Ref. [14], the ratio of the Zp to Wp
cross sections, 7Z,z~y~~, was shown to reQect the radi-
ation zero present in the SM R'p helicity amplitudes.
Because of the radiation zero, the TVp cross section is
reduced in the central rapidity region. With increas-
ing photon transverse momenta, events become more and
more central in rapidity. The reduction of the Wp cross
section at small rapidities originating from the radiation
zero thus becomes more pronounced at high pT, (p). This
causes the photon transverse momentum distribution of
qiqz ~ Wp to fall significantly faster than the pT(p)
spectrum of qq —+ Zp where no radiation zero is present.
As a result, Xz~~~z increases rapidly with the minimum
transverse momentum of the photon.

In Fig. 20 we study the cross section ratio

B'(z ~ e+e-) ~(zz) B(z ~ e+e-) ~(zz)
B(Z -+ e+e )B(W—-+ ev) cr(W+Z) B(W + ev) o.(W+Z) ' (IS)

I I I I

I

i f I I

I

i I i I

I

I I t I
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I I I I
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I l I l
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0.2— 0.15

0.10

0.1— p. NLO incl. , h,e = +1

0.05—
NLO 0 jet, he = +1

p 0 I I I 1 I I I I I I I I I I I I I I I I I I I I I I I I I
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FIG. 20. The ratio VZzzgivz ——B(Z —+ e+e ) o (ZZ)/B(W m ev) cr(W+Z), e = e, y, , as a function of the minimum transverse
momentum of the Z boson, pT '", at (a) the Tevatron and (b) the LHC. The solid and dashed lines show the inclusive NLO and
the LO results for the SM, respectively. The dotted line in (b) gives the SM cross section ratio at NLO if a 0-jet requirement is
imposed. The dot-dashed line displays 7Zzzgivz for EK = +1. In part (a) this curve is calculated taking into account inclusive
O(a, ) QCD corrections, whereas in part (b) the dot-dashed curve is for the NLO 0-jet cross section ratio. The cuts imposed
are summarized in Sec. III B. Por the jet definition, we have used Eq. (14).
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as a function of the minimum transverse momentum of
the Z boson, pT '". To calculate the ZZ cross section,
we use the results of Ref. [15] and assume the SM to be
valid. The ZZ helicity amplitudes do not exhibit any
zeros, whereas the SM WZ amplitude shows an approx-
imate zero in the central rapidity region. The situation
is thus qualitatively very similar to that encountered in
the ratio of Zp to Wp cross sections, and one expects
'Rzzyivz to grow with pT '". Figure 20(a) demonstrates
that, at Tevatron energies, 'Rzzy~z indeed rises quickly
for pT

'" ) 100 GeV in the SM, indicating the presence of
the approximate zero in the WZ amplitude. For smaller
values of the minimum Z boson transverse momentum,
Xzz/wz is approximately constant- In the low pT'" re
gion, the shape of the pT, (Z) distribution is dominated by
Z mass effects which are similar in both processes. The
cross section ratio at next-to-leading-order differs only by
about 10%%uo &om the LO ratio.

At LHC energies, the situation is more complex. For
p~'" & 100 GeV, Rzz/wz drops sharply due to the large
P& cut imposed, which significantly suppresses the WZ
cross section. While the cross section ratio slowly rises
with p~'" for pg

'" ) 100 GeV at leading-order~ 'Rzzyw z
continues to decrease if inclusive O(n, ) QCD correc-
tions are taken into account [Fig. 20(b)]. The relatively
slower rise of Rzzy~z at I 0 at the LHC is due to the
larger &action of the cross sections originating &om sea
quark collisions, and the difFerent x ranges probed at the
Tevatron and LHC. For pP'"(Z) = 1 TeV, the inclusive
NLO cross section ratio is about a factor 3 smaller than
'Rzzy~z at leading-order. At large values of the Z boson
transverse momentum, the QCD corrections to WZ pro-
duction at LHC energies are substantially larger than in
the ZZ case [15],resulting in a large discrepancy between
the LO and NLO prediction for Xzzy~z. In contrast
with the situation encountered at the Tevatron, higher
order QCD corrections completely blur the signal of the
approximate amplitude zero in the WZ channel. Their
size, however, can be substantially reduced by imposing
a zero jet requirement (see Sec. III E and Ref. [15]). The
result for the ZZ + 0 jet to W+Z + 0 jet cross section
ratio at the LHC is given by the dotted line in Fig. 20(b).
With a jet veto imposed, the NLO ZZ-to-WZ cross sec-
tion ratio rises with the minimum Z boson transverse
momentum for pT

'" ) 100 GeV, and difFers by at most
I

15% &om the LO prediction. At the Tevatron, the NLO
0-jet cross section ratio virtually coincides with the ratio
obtained at LO.

The dot-dashed curve in Fig. 20, finally, shows the ZZ-
to-WZ cross section ratio for LK = +1, illustrating the
behavior of 'Rzzy~z in the presence of anomalous WWZ
couplings. At the Tevatron [Fig. 20(a)], the dot-dashed
curve has been calculated taking into account inclusive
O(n, ) QCD corrections. At LHC energies [Fig. 20(b)],
the NLO ZZ-to-WZ cross section ratio is plotted with
a jet veto included. Nonstandard couplings lead to an
enhancement of the WZ cross section, in particular at
large values of pT (Z) and, at the Tevatron, 'Rzz~ivz de-
creases with p&'". Because of the form factor param-
eters assumed (n = 2 and App ——1 TeV), the cross
section ratio at the LHC displays a broad minimum at
p&'"(Z) 300 GeV, and increases quickly at large val-
ues of pT'". For larger values of App and/or nonzero
values of Lgy or A

& Rzz/~z rises more slowly, or may
even decrease with pT'"(Z). In general, the ZZ-to-WZ
cross section ratio as a function of the minimum Z bo-
son transverse momentum differs substantially in shape
kom the SM prediction for 'Rzzy~z in the presence of
nonstandard WWZ couplings.

At the Tevatron, the limited number of ZZ and WZ
events expected in the purely leptonic channels will un-
fortunately limit the usefulness of 'Rzzy~z. Even for an
integrated luminosity of 10 fb only a handful of events
are expected for pT(Z) & 150 GeV, and it will be very
diKcult to establish the growth with pT'"(Z) predicted
by the SM. At the LHC, the statistical errors are ex-
pected to be much smaller; however, one can only hope
to observe the rise of 'Rzzlwz signaling the presence of
the approximate zero in the WZ channel if a 0-jet re-
quirement is imposed. Moreover, the rise of the cross
section ratio is very slow, and for p '" = 600 GeV only
about five (two) purely leptonic W Z (ZZ) events are
expected for JCdt = 100 fb i. Combined, these effects
will make it quite difricult to accurately determine the
slope of Rzzy~z.

A cross section ratio which suffers somewhat less from
the small number of events expected. at the Tevatron and
which is less sensitive to QCD corrections at the LHC is
the ratio of WZ to Wp cross sections,

B(Z + E+E ) B(W m I.v) o(W+Z) o(W+Z)
B(W m Ev) o.(W+p) o(W+p) '

considered as a function of the minimum transverse mo-
mentum of the Z boson and photon, pT'", respectively.
'R~zy~~ measures the relative strength of the approxi-
mate zero in qqq2 ~ WZ and the radiation zero in Wp
production. Figure 21 shows the ratio X~zy~z as a
function of pT,

'" for the Tevatron [part (a)] and LHC [part
(b)) center-of-mass energies. In obtaining R~z~iv~, we
have considered both the electron and muon decay chan-

pT (p) & 10 GeV,

pT(p) & 100 GeV,

MT(Ep;pT) & 90 GeV,

lg(p) l
& 1, (Tevatron)

l~h)I & 2 5 (LHC)
aR(q, E) & 0.7. (20)

nels of the W and Z bosons. The Wp cross section in
Fig. 21 has been calculated using the results of Ref. [49]
and the following cuts on the photon:
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FIG. 21. The ratio 'R~zg~~
a(z ~ e+e-)~(w+z)j

o (W+p), e = e, p, as a func-
tion of the minimum trans-
verse momentum of the Z bo-
son and. photon, pT'", respec-
tively, at (a) the Tevatron and
(h) the LHC. The solid and
dashed lines show the inclusive
NLO and the LO results for
the SM, respectively. The dot-
ted and dot-dashed lines dis-
play the inclusive NLO and LO
WZ-to-TVp cross section ratio
for AK~ = AK = —1. Here,

is the anomalous TVTVp

coupling defined in an analo-
gous way to Ar [see Eq. (1)].
The cuts imposed are summa-
rized in Sec. III B and Eq. (20).

At small values of p&'", the WZ-to-Wp cross sec-
tion ratio rises very rapidly, due to the finite Z mass
effects which dominate the shape of the p&(Z) spectrum
in this region for WZ production. For p&'" & 100 GeV
(200 GeV) at the Tevatron (LHC), 'R~~~~~ is almost
constant and independent of the center-of-mass energy,
indicating that the radiation zero in qqq2 —+ Wg and
the approximate amplitude zero in WZ production af-
fect the respective photon and Z boson transverse mo-
mentum distribution in a very similar way. At the Teva-
tron, O(n, ) QCD corrections reduce 7Z~zg~~ by about
10%. At LHC energies, the individual O(n, ) QCD cor-
rections are very large for both WZ and Wp produc-
tion [49], in particular at high transverse momenta (see
Figs. 9 and 12). In the cross section ratio, these large cor-
rections cancel almost completely. For p&'" & 200 GeV,
QCD corrections reduce 7Z~zy~~ by 20/0 or less. In con-
trast to the LO cross section ratio, which is completely
Bat for pT'" & 200 GeV, 'R~zy~~ at NLO slowly rises
with pT'" at the LHC.

Most theoretical models with nonstandard WWZ cou-
plings also predict anomalous WWp couplings at the
same time (see, e.g. , Ref. [21]). The effects of anoma-
lous WWZ and WWp couplings may cancel almost com-
pletely in 'R~zy~~ if the WWZ and WWp couplings are
similar in magnitude and originate from operators of the
same dimension. This is illustrated by the dot-dashed
and dotted lines in Fig. 21, which show 'R~~g~& at LO
and NLO for 4r = LK = —1. Here the anomalous
WWp coupling AK& is defined through an effective La-
grangian analogous to that of Eq. (1), and we assume
equal form factor scales and powers (AFF = 1 TeV and
n = 2) for b,r and AK~ Both coupl. ings correspond
to operators of dimension 4 in the effective Lagrangian.
Although the individual p&(p) and p&(Z) differential
cross sections are enhanced by up to one order of mag-

nitude (see, e.g. , Figs. 7 and 9), 7Z~zy~~ agrees to bet-
ter than 20%%up with the NLO SM cross section ratio for
LK0 = LK = —1.

)'

At DiTevatron energies, the results for 'Rgzy~z and
'R~zy~~ are qualitatively similar to those obtained for
Tevatron and are therefore not shown.

V. SUMMARY

WZ production in hadronic collisions provides an op-
portunity to probe the structure of the WWZ vertex in
a direct and essentially model independent way. Pre-

(—)vious studies of pp —+ W+Z [3,4] have been based
on leading-order calculations. In this paper we have

(—)presented an O(n, ) calculation of the reaction pp -+
W+Z + X m E+, +182 82 + K for general, t - and P-
conserving WWZ couplings, using a combination of an-
alytic and Monte Carlo integration techniques. The lep-
tonic decays W + Eqv1 and Z ~ Ez Ez have been in-
cluded in the narrow width approximation in our calcu-
lation. Decay spin correlations are correctly taken into
account in our approach, except in the finite virtual con-
tribution. The Rnite virtual correction term contributes
only at the few percent level to the total NLO cross sec-
tion; thus decay spin correlations can be safely ignored
here.

The pT(Z) differential cross section is very sensitive to
nonstandard WWZ couplings. We found that QCD cor-
rections significantly change the shape of this distribution
at very high energies [see Fig. 9 and 10(b)]. This shape
change is due to a combination of destructive interference
in the WZ Born subprocess and a logarithmic enhance-
ment factor in the qg and qg real emission subprocesses.
The destructive interference suppresses the size of the



51 8Z PRODUCTION AT HADRON COLLIDERS: EFFECTS OF. . . 3405

WZ Born cross section and is also responsible for the
approximate amplitude zero in qiq2 ~ WZ [5]. The log-
arithmic enhancement factor originates in the high pz. (Z)
[p&(W)] region of phase space where the Z [W] boson is
balanced by a high p& quark which radiates a soft W
[Z) boson. The logarithmic enhancement factor and the
large gluon density at high center-of-mass energies make
the O(a, ) corrections large for p&(Z) )& Mz. Since the
Feynman diagrams responsible for the enhancement at
large p&(Z) do not involve the WWZ vertex, inclusive
O(n, ) @CD corrections to W+Z production tend to re-
duce the sensitivity to nonstandard couplings. @CD cor-
rections in WZ production thus exhibit the same features
which characterize the O(n, ) corrections in Wp produc-
tion.

At the Tevatron and DiTevatron, WZ production pro-
ceeds mainly via quark-antiquark annihilation and, for
the expected integrated luminosities (& 10 fb i), large
transverse momenta are not accessible. As a result, the
sensitivity reduction in the high p& tail caused by the
@CD corrections is balanced by the larger cross section
at O(n, ), and the limits derived from the NLO and LO
p&(Z) distributions are very similar (see Table I). At
the LHC, however, where the qg luminosity is very high
and the change in slope of the SM p&(Z) distribution
from @CD corrections is very pronounced, the sensitiv-
ity bounds which can be achieved are weakened by up to
40% (see Table II).

The size of the @CD corrections at large pz, (Z) may be
reduced substantially, and a fraction of the sensitivity to
anomalous WWZ couplings which was lost at the LHC
may be regained, by imposing a jet veto, i.e., by consider-
ing the exclusive WZ+ 0 jet channel instead of inclusive
WZ+ X production. The improvement is equivalent to
roughly a factor of 1.5—2.5 increase in integrated luminos-
ity. The dependence of the NLO WZ+0 jet cross section
on the factorization scale Q is significantly reduced com-
pared to that of the inclusive NLO WZ+X cross section.
Uncertainties which originate from the variation of Q
will thus be smaller for sensitivity bounds obtained from
the WZ+ 0 jet channel than for those derived from the
inclusive NLO WZ+ X cross section. At the Tevatron
(DiTevatron), O(n, ) @CD corrections do not influence
the sensitivity limits in a significant way. Nevertheless,
it will be important to take these corrections into ac-
count when extracting information on the structure of
the WWZ vertex, in order to reduce systematic and the-
oretical errors.

At the Tevatron (DiTevatron) with fl:dt = 10 fb
taking into account all correlations between the different
WWZ couplings, b, r0 can be measured with 70—100%
(50—60%) accuracy in WZ production in the purely lep-
tonic channels, whereas the two other couplings can be
determined with an uncertainty of 0.1—0.25. At the LHC
with J Cdt = 100 fb i, b, K0 can be determined with an
uncertainty of about 10%, whereas b,gi0 and AD can be
measured to better than 0.01, with details depending on
the form factor scale assumed (see Table II).

The bounds listed in Tables I and II should be com-
pared with the limits which can be obtained in other
channels and at e+e colliders. Assuming SM WWp

couplings, Ag& and A can be measured in pp
W+W, W+Z —+ E+vjj with a precision similar to that
which can be achieved in the W+Z —+ Z~ vqE~ E2 mode,
both at the Tevatron with 1 fb and the TeV*. The
limits which can be obtained for Lv from the 8 vjj fi-
nal state are about a factor of 4 better than those from
double leptonic WZ decays [53]. The bounds which can
be achieved for LK, Lg~, and A in e+e —+ W+W
at LEP II depend quite sensitively on the center-of-mass
energy. For ~s = 176 GeV and JLdt = 500 pb i, the
WWZ couplings can be measured with a precision of
about +0.5, if correlations between the three couplings
are taken into account [53,58]. At a linear e+e col-
lider with a center-of-mass energy of 500 GeV or higher,
they can be determined with an accuracy of better than
0.01 [53,59].

We also studied possible experimental signals of the
approximate zero in the SM WZ amplitude. Unlike the
situation encountered in Wp production where the radia-
tion zero leads to a pronounced minimum in the photon-
lepton rapidity difference distribution, the approximate
amplitude zero in WZ production causes a slight dip only
in the corresponding Ay(Z, li) = y(Z) —y(Ei) distribu-
tion. In W+p production, the dominant W helicity is
A~ ——kl, implying that the charged lepton from the de-
caying W boson tends to be emitted in the direction of
the parent W boson, and thus refIects most of its kine-
matic properties. In contrast, none of the W helicities
dominates in WZ production. The charged lepton orig-
inating from the W boson decay W —+ Ezvq thus only
partly refIects the kinematic properties of the parent W
boson, which reduces the significance of the dip. At Teva-
tron and DiTevatron energies, higher order @CD correc-
tions only negligibly influence the shape of the b,y(Z, Ei)
distribution. At the LHC, however, O(n, ) @CD effects
completely obscure the dip, unless a 0-jet requirement is
imposed.

Alternatively, cross section ratios can be used to search
for experimental indications of the approximate ampli-
tude zero. We found that the ratio of ZZ to WZ cross
sections as a function of the minimum Z boson transverse
momentum p&'" increases with p&'" for values larger than
100 GeV. The increase of the ratio of ZZ to WZ cross
sections is a direct consequence of the approximate zero.
The ratio of WZ to Wp cross sections, on the other hand,
is almost independent of the minimum p& of the Z boson
and photon for sufEciently large values of p&'", indicat-
ing that the approximate zero in WZ production and
the radiation zero in Wp production affect the Z boson
and photon transverse momentum distributions in a very
similar way. @CD corrections have a significant impact
on the ZZ-to-WZ cross section ratio at the LHC unless
a jet veto is imposed, whereas they largely cancel in the
WZ-to-Wp cross section ratio.

Together with the Ay(Z, Ei) distribution, the ZZ-to-
W+Z and WZ-to-Wp cross section ratios are useful tools
in searching for the approximate amplitude zero in WZ
production. However, for the integrated luminosities en-
visioned, it will not be easy to conclusively establish the
approximate amplitude zero in WZ production at the
Tevatron or the LHC.
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