
PHYSICAL REVIEW D VOLUME 37, NUMBER 7

Probing the three-vector-boson vertex at hadron colliders

1 APRIL 1988

Dieter Zeppenfeld and Scott Willenbrock
Physics Department, University of Wisconsin, Madison, Wisconsin 53706

(Received 8 September 1987; revised manuscript received 5 February 1988)

Deviations of the Z8'8' vertex from the gauge theory prediction lead to an enhanced production
of 8Z boson pairs at large invariant masses at the CERN Large Hadron Collider (LHC) and the

Superconducting Super Collider (SSC). The most general deviations observable in qq annihilation
are parametrized in terms of seven form factors, whose high-energy behavior is severely restricted

by unitarity. Even when taking these unitarity constraints into account, 8'—Z production at the
LHC and SSC is up to 10 times more sensitive to anomalous ZS'W couplings than 8'+ 8' produc-
tion in e+e annihilation at the CERN e+e collider LEP II.

I. INTRODUCTION

Despite the success of the standard electroweak theory,
there is to date no direct experimental evidence for the
vector-boson self-interactions which are predicted by this
model. These interactions are a manifestation of the
non-Abelian gauge symmetry upon which the theory is
based. The observation of these self-interactions is a
stringent test of the theory.

In this paper we will study the ability of future high-
energy hadron colliders to probe the three-vector-boson
self-interactions. In particular, we will concentrate on
probing the ZWW vertex via WZ-boson production from
quark-antiquark annihilation. ' The Feynrnan dia-
grams for this process are shown in Fig. 1. The ZWW
vertex that we are interested in enters via the third dia-
gram: s-channel exchange of a virtual W.

Most of the work which has been done on the topic of
probing the vector-boson self-interactions has concentrat-
ed on the CERN LEP II electron-positron collider, which
will be capable of pair-producing W bosons. Our goal
is to compare the sensitivity to anomalous ZWW interac-
tions of proposed pp colliders such as the CERN Large
Hadron Collider (LHC) (v's =17 TeV) and the Super-
conducting Super Collider (SSC) (v s =40 TeV) with the
LEP II e+e collider.

The main advantage of future hadron colliders over
LEP II is the much higher machine energy. LEP II will
produce W-boson pairs just above threshold
(&s =180—200 GeV), whereas the LHC and the SSC will
be capable of producing vector-boson pairs of much
higher invariant masses. Anomalous vector-boson self-
interactions leads to amplitudes which grow with energy,
so deviations from the standard model are more apparent
at higher vector-boson-pair invariant masses. It is for
this reason that future hadron colliders may be more sen-
sitive probes of the vector-boson self-interactions than
LEP II.

Hadron colliders are capable of producing vector-
boson pairs in both charged and neutral channels,
whereas electron-positron colliders are restricted to the
latter. We believe that the best channel for studying the
ZWW interaction at hadron colliders is 8'Z boson pro-

duction (Fig. 1), rather than W-boson pair production. '
There are several reasons for this, which we list below.

(i) The WZ-boson final state is easier to observe than
that of W-boson pairs. Leptonic decays of the vector bo-
sons result in the loss of only one neutrino for WZ bo-
sons, while two neutrinos are lost for W-boson pairs. The
momentum of a single missing neutrino may be recon-
structed (up to a twofold ambiguity) froin the ineasure-
ment of the missing transverse momentum. If two neutri-
nos are lost, however, it is impossible to reconstruct their
moments at hadron colliders; too much information is
lost. One may consider hadronic decays of the W bosons
or mixed hadronic-leptonic modes, but these are plagued
by large QCD backgrounds. " The production of WZ bo-
sons followed by leptonic decays of the vector bosons is
essentially background-free.

(ii) The WZ-boson channel is much less likely to re-
ceive contributions from new physics other than anoma-
lous vector-boson self-interactions than the W-boson-pair
channel. The latter may receive contributions from the
Higgs boson (via WW scattering or gluon fusion), a new
Z' boson, or new, heavy fermions which are pair pro-
duced and decay to real W bosons. The most likely new
particle to contribute to the WZ-boson channel is a new
W' boson. However, there are many models, including
the currently popular E6 models motivated by super-
strings, which have a new Z' boson but no new W' boson
at low energies. It is also possible that a charged Higgs

q'~~W

FIG. 1. Feynman graphs contributing to WZ production in
hadron-hadron collisions.
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boson could contribute to the WZ-boson channel. How-
ever, in models containing only Higgs doublets, this pos-
sibility is excluded because there is no tree-level WZH
coupling. '

(iii) The WZ-boson channel allows one to study the
ZWW vertex alone, while W-boson pair production is
influenced by both the Z WW and y WW vertices. While
W-boson pair production probes a larger set of vector-
boson self-interactions, it is difficult to disentangle the
photon and Z-boson contributions to the W-pair cross
section.

(iv) The WZ-boson channel is more sensitive to certain
three-vector-boson self-interactions than the W-boson-
pair channel, and conversely, less sensitive to others. In
this sense it provides information on the ZWW vertex
which is complementary to that of W-boson pairs. (This
point will be discussed in detail in Sec. IV.)

One may be concerned that in the presence of anoma-
lous vector-boson self-interactions, the dominant source
of WZ bosons may be WZ scattering rather than quark-
antiquark annihilation. Although WZ scattering is
higher order in the (weak) coupling of the vector bosons
to fermions, it seems possible that the non-standard four-
vector-boson self-interaction could be much stronger
than the three-vector-boson self-interaction. For exam-
ple, if the Higgs-boson mass is about 1 TeV, then the WZ
scattering cross section is comparable to the cross section
for WZ-boson production from quark-antiquark annihila-
tion, in the standard model. ' This represents a scenario
in which the three-vector-boson interaction is given by
the standard model but the four-vector-boson vertex
function is almost maximal, since the J=0 partial-wave
amplitude for 8'Z scattering saturates the unitarity
bound. This scenario is unlikely in more general models
of anomalous vector-boson self-interactions. As we shall
see, anomalous three-vector-boson self-interactions result
in a large increase of the cross section (as compared to
the standard-inodel prediction) for WZ-boson production
from quark-antiquark annihilation. Therefore, in gen-
eral, WZ scattering will not be a large background to the
observation of anomalous three-vector-boson self-

I

interactions.
Another source of vector bosons which could poten-

tially provide a large background to WZ-boson pair pro-
duction is vector-boson bremsstrahlung off light quarks. '

However, it is easy to eliminate this background by im-

posing rapidity cuts on the vector bosons or their decay
products, which we will do in the subsequent calcula-
tions.

We shall assume throughout that the vector-boson in-
teractions with fermions are just those prescribed by the
standard model. We certainly know experimentally that
this is true with good accuracy at low energies, so any
nonstandard interactions are necessarily small, and we
shall neglect them.

The remainder of this paper is organized as follows. In
Sec. II we write down the most general ZWW vertex and
use it to derive the seven nontrivial helicity amplitudes
for the process qq ~WZ in the high-energy limit. In Sec.
III we discuss the unitarity bounds on the form-factors
associated with the ZWW vertex. Section IV is devoted
to presenting and discussing our numerical results for
WZ-boson production at the LHC and the SSC. Finally,
in Sec. V we compare the ability of the LHC and the SSC
with that of LEP II to probe the ZWW vertex. Analytic
formulas for the complete production and decay process
qq ~ WZ ~4 fermions are given in an Appendix.

II. THE ZS'%VERTEX

The production of WZ-bosons from quark-antiquark
annihilation involves the ZWW vertex via the s-channel
exchange of a Wboson, as shown in Fig. 1. In order to
study deviations form the standard model, we must em-
ploy a general ZWW vertex. The most general ZWW
coupling consistent with Lorentz invariance may be
parametrized in terms of seven form factors, if we ex-
clude terms proportional to B„W" and B„Z". These
terms vanish if the vector bosons are coupled to massless
fermions, which, to a good approximation, is the case in
the process we are considering. Following Ref. 7 we
write the effective Lagrangian

—Xa „z/e cot8ii, =ig, ( W„„W"Z"—W„Z, W"') +i~ W„WZ"' + Wi„W"Q""—g4W„W, (B"Z"+8"Z")
W

+g5e" P (W„B W, }Z +iRW„"W„Z""+ Wz„W"g" (2.1)

where Z" and W" are the Z and W fields, respectively, W&„——B„W„—B„W„,Z„,=B„Z„—BQ„, Z„„=,'e„, ZP, —

and ( A d„B )= A (B„B)—(B„A )B. There are five dimension-four operators, and two of dimension six. We have scaled
the latter with respect to M~, following the convention used in Refs. 6 and 7.

The couplings g&, K, and A, respect the discrete symmetries C and P. In the standard model, at the tree level, g ~

——1,
K= 1, and X=O. The coupling g4 respects P but is odd under C. The couplings g5, K, and k are P odd, and the former is
also C odd, while the latter two are C even. In the standard model, the couplings which violate C or P are of order n or
higher.

From the Lagrangian (2.1}we may derive a momentum-space vertex as shown in Fig. 2. Again following Ref. 7 we
write

f' ~"(9 e p)=f Q"g ~ , Q"p p'+f (—p g"' p'g" )+if (p—g"'+p'g" )+if e""Q,

f eP~iiPP Q Pe~OP P Q6 p g 7 (2.2)
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= -i e cote+1 +(q, q, P)

FIG. 2. Feynman rule for the general ZWW vertex. The ver-
tex function I' is given in Eq. (2.2).
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We have calculated the cross section for WZ-boson
production followed by leptonic decay using the forrnal-
ism developed in Refs. 7 and 15. This method is exact (at
the tree level), including spin correlations and finite-
width effects of the vector bosons. The details of the cal-
culation are described in the Appendix.

For a qualitative discussion of the effects of anomalous
contributions to the ZWW vertex, it is convenient to
study the high-energy behavior of the helicity amplitudes
A(o, o2, l, , iL2) for the parton subprocess q(o, )+q(o2)
~Z(A, l )+ W +—

(A2). Here cr; and A.; denote the helicities
of the incoming quarks and the produced vector bosons,
respectively. Separating some overall factors we write

cosw s
A, (o,o 2; A, , A2) =+e P

sin gw s —Mw

(2.4)

Here 8 is the center-of-mass scattering angle of the Z
with respect to the quark direction, P=

I q I
/(&s /2) in

terms of the vector-boson three-momentum q, and

where Q =q —q and P =q+q. The seven form factors f;
are dimensionless functions of q, q, and P =s. For the
production of W*Z, with on-shell vector bosons, i.e.,
q =mz, q =mii„we denote the form factors by f;*.
They are related to the coupling constants in the effective
Lagrangian (2.1) by

1 $f i
= + gl +K+ A, klg4

2 Mw

Jo=max(1,
I

A, , —ki I
) is the minimum angular momen-

tum of the WZ system. The dominant angular depen-
dence has been separated in terms of the conventional d
functions however, the u- and t-channel poles of the
first two graphs in Fig. 1 still imply a strong angular vari-
ation of the reduced amplitudes A & z .

1 2

Within the standard model, at fixed scattering angle 8,
gauge theory cancellations between the u-, t-, and s-
channel exchange graphs of Fig. 1 render the reduced
amplitudes bounded from above as the center-of-mass en-

ergy increases. This ceases to be true if any of the cou-
pling constants in the effective Lagrangian (2.1) differ
froin their standard-model values. At high energies the
anomalous contributions completely dominate the cross
section and for a qualitative discussion it suSces to con-
sider the high-energy limit of the deviations hA& z from

1 2

the standard-model prediction, that are due to anomalies
in the Z WW vertex. Furthermore, the W-Z mass
difference is unimportant in this limit, i.e., hA & & can be

1 2

written in terms of y =&s /2Mli = &s /2Mz.
This high-energy behavior is summarized in Table I for

both W+Z and W Z production. Also included are the
d functions that multiply the reduced amplitudes A in
Eq. (2.4). These results can be easily obtained from Eqs.
(2.3) and the matrix elements for W+W production in
e+e annihilation, as given in Ref. 7. Table I will be ex-
tensively used in the following.

III. FORM FACTORS AND UNITARITY

The anomalous couplings, which were introduced in
the previous section via the effective Lagrangian (2.1),
lead to deviations from the standard-model prediction for
the amplitudes for WZ production. These deviations
grow with energy, so the J =1 partial-wave amplitude of
the process qq~ WZ, which is the only partial wave to
which the Z WW vertex contributes, will eventually
violate unitarity if constant anomalous couplings are as-
sumed. This means that any anomalous coupling has to
be introduced as a form factor which decreases at high
invariant masses. Since multi-TeV hadron colliders cover
a wide range of Z W invariant masses, this form-factor be-
havior should not be neglected in a realistic study.

Stringent unitarity bounds on the form factors corre-
sponding to the various couplings in Eq. (2.1) can be ob-
tained from the inelastic contributions to FZ and WW
scattering. For O'Z scattering, for example, consider the
contribution from WZ +f,f2, where (f—l,f2) generically
denotes the two members of a fermionic SU(2)L doublet.
Denoting the J=1 inelastic partial-wave amplitude of
W Z~l*v by V' and the corresponding elastic ampli-
tude for 8'*Z~ 8'*Z by T', unitarity of the S matrix
implies

1m&'=
I

&'
I
'+(3+1)N

I
~

I

'+ 2 I

~'"
I

' .

(3.1)

Here (3+1)N counts the leptons and 3 colors of quarks
in N =3 generations of light fermions, and Y""denotes
any additional inelastic contributions. Equation (3.1) is
consistent only if
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TABLE I. Deviations of the reduced amplitudes Az z from their standard-model value due toz lY

anomalies in the ZR'8'vertex. Only leading terms in y=&s /2M~=as /2Mz are given. The abbre-
viations hg& ——g, —1 and h,~=~—1 have been used. Also given are the d function that multiply the
various Aq q in Eq. (2.4).z $v

(~z~~+) d(8)

(+0)
(0—)

(0+ )

( —0)

(00)

y(hg&+h~+A. + ig4 —iR+g& —iA, )

y(2' & +A+2g5+ iA, )

y(2hg& +A, T 2g5 —iA, )

g1+~K+ A, T ig4+ iR+g5 + E A,

2y (A, —iA, )

2y (A, +iA, )

2r'(ag i + ]g4)

—,'(1—cose)
—'(1—cos8)
-'(1+ cos8)
—,'(1+ cos8)

1 sin8

1 sin8

1—sin8
&2

4N
f
'Pi'&-,' (3.2)

which is the desired unitarity bound. A more complete
description will be given elsewhere. '

The results for O'Z scattering at energies much larger
than M~ and Mz, assuming real form factors, can be
summarized in terms of the inequality

6sin 8~
a cos8 g v'4Q

(3.3)

) ~~ —I~ &58,

y il,
i

&29,

r'lg
I
&29,

(3.4b)

(3.4c)

(3.4d)

(3.4e)

) /rc/ &58,

r'I~/ &29,

(3.4f)

(3.4g)

where y =s/4M~=s/4Mz.
The above derivation of the bounds (3.4) assumes that

the coupling of the W and Z bosons to the known quarks

for the reduced matrix element of Table I. The numerical
value is obtained using sin Hs =0.23, a=a(Ma )

=1/128, and N =3 generations of fermions with univer-
sal couplings to 8' and Z bosons. The unitarity bound
effectively limits the deviations AA from the standard
model (SM) only, because the SM contribution to the
J =1 partial-wave amplitude is much smaller than the
unitarity bound at all energies and may safely be neglect-
ed.

Using the expressions for the AA& & in terms of the
1 2

anomalous ZS'8'couplings given in Table I, one obtains
the maximal deviations of the ZS'8' vertex compatible
with unitarity for any given WZ invariant mass +s.
Assuming that only one anomalous coupling deviates
from its standard-model value, the bounds derived from
Eq. (3.3) are

(3.4a)

and leptons is given by the standard-model value at all
momentum transfers. We will always make this assump-
tion in this paper; i.e., we only consider deviations from
%he SM which occur in the weak-boson sector. One may
argue that stronger bounds can be derived from
8'Z~ WZ elastic unitarity, because no weak fermion-
boson-vertex enters in this case. However, elastic unitari-
ty for O'Z scattering will only limit combinations of
three- and four-vector boson vertices and the bounds are
hence not immediately useful for WZ production in
fermion-antifermion annihilation.

The bounds of Eq. (3.4) imply that any anomalous
three-boson couplings must be form factors which vanish
at high energies. For A, =0.2, for example, a value which
will produce barely observable deviations from SM expec-
tations at LEP II (Refs. 7 and 8) form factor effects must
set in below +s =2 TeV in order to avoid a violation of
unitarity. Since invariant masses of this size are easily
produced at both the LHC and the SSC, the measure-
ment of the ZR'8' vertex at multi-TeV hadron colliders
cannot adequately be discussed without taking the form-
factor behavior of anomalous couplings into account.

Throughout this paper we parametrize the form factor
corresponding to some anomalous coupling c by

Co
c =c(s)= (3.5)

(1+~/A )"

usually choosing the minimal value for n compatible with
unitarity. The actual functional form of c(s ) is of no par-
ticular importance, as long as a function monotonically
decreasing with s is chosen. The scale A in Eq. (3.5) cor-
responds to the energy where novel strong interactions in
the weak-boson sector become important. At this scale
one might also expect new resonances in WZ or WW
scattering as well as in vector-boson pair production from
ferrnion-antifermion annihilation.

We shall not discuss the observability of any resonance
structure at M =A in this paper. However, we shall al-
ways choose parameters for the form factors (3.5) such as
to allow for an additional increase in the total cross sec-
tion, due to resonances in the vicinity of +2 =A,
without confiicting with unitarity. We thus investigate
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tT(ud ~W+Z;s; J = 1)&—
3$

(3.6)

assuming that only left-handed quarks couple to the W'

boson, as in the standard model. The cross section bound
(3.6) is slightly stronger than the corresponding bound
implied by Eq. (3.3). Unitarity allows additional vector-
boson resonances on top of the dotted line, as long as the
resonance curve stays below the unitarity bound every-
where.

Assuming almost-constant form factors at low energy,
as in Eq. (3.5), a more stringent bound on an anomalous
value of a is actually implied by unitarity in 8'8'scatter-
ing. In terms of the momenta as defined for the vertex
function I ~"(q,q, P) in Fig. 2, W+ W production

pp-W Z

t0 —
t ~s= 40 TeV

to

10

S.M.

~ ~ ~ ~ eo ~ ~ i ~ ooosoo g AOt l

A=2 TeV---- unitarity
bound

the sensitivity of the LHC and the SSC to new physics in
the weak-boson sector which manifests itself in almost-
constant anomalous couplings at low energies plus reso-
nances at the scale A, but without taking into account the
improvement in sensitivity due to the latter. The bounds
that we obtain will thus be conservative.

The room for additional resonance structure is demon-
strated in Fig. 3, where do (pp ~W+Z+X, W+
~e+/p+v, Z —+e+e /p+p )/dM (M =)/s is the WZ
invariant mass) is plotted for three difFerent cases: (i) the
standard-model expectation (solid line), (ii)
A, =A, (s ) =0.1/[1+s/(2 TeV) ], with no other anomalous
couplings (dotted line), and (iii) the unitarity bound for
the cotnplete J= 1 partial wave (all helicity combinations
of Wand Z) in ud -+ W+Z (dashed line). This bound, de-
rived from inelastic unitarity in ud scattering, is given by

probes the form factor

c(s)=c(q =s, q =Ms„P =M~)

while ZR + production probes

c(s)=c(q =Mz, q =M~, P =s) .

(3.7a)

(3.7b)

At low-momentum transfer, s &&A, the two should coin-
cide, however, and hence one has to satisfy the unitarity
bound from 8'-boson pair production'

4M
~
a(q =s, q =Ma P =M~) 1~ —530, (3.8)

which implies that ~ falls at least as 1/s asymptotically.
For a fixed value of A this leads to a much more stringent
bound on ao, the low-energy value of a, than Eq. (3.4b).
In the following, this more stringent bound on a will al-
ways be used.

Finally, let us remark on contributions to the anoma-
lous couplings from radiative corrections within the stan-
dard model. The low-energy values of a —1 and A, in the
8'8'y vertex, for example, have been calculated by
several authors, ' and values of the order of 0.01 are
found. When comparing these values with the sensitivity
of hadron colliders, to be discussed below, one must al-
ways keep in mind the momentum scale at which the
couplings are measured. Deviations from ~=1 or A. =O
of only a few percent are measurable at the LHC or the
SSC provided they remain almost constant up to energies
where they cause the O'Z cross sections to approach the
unitarity bound, which should be expected if new strong
interactions become operative in the weak-boson sector.
In the standard model, however, the form factors vary on
the scale given by the masses of particles in the loop dia-
grams, e.g. , the weak-boson masses or heavy fermion
masses, and the assumption of constant form factors will
in general not hold. Within the standard model, with a
reasonably low value of the Higgs-boson mass, we expect
cross sections to stay close to the tree-level value at all
energies, and hence we do not expect that FZ-boson pro-
duction at the LHC or the SSC can serve to check radia-
tive corrections within the standard model.

)0
b

CG
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10

~~ ~~
~ ~ ~ ~~ ~

~~

10 2000
I

4000 6000
M (GeV)

~ g

~0

8000 10000

FIG. 3. Comparison of the standard model (solid line) and an
anomalous coupling A(g) =0.1/[1+2/(2 TeV)2) (dotted line) to
the maximal cross section allowed by unitarity in the J=1
channel for the process pp ~8'+Z, W+ ~e+ /p+ v,
Z~e+e /p+p . The quark distribution functions of Duke
and Owens (set I) (Ref. 21) are used in this and all subsequent
graphs. No rapidity cut is imposed on the decay leptons.

IV. SIGNALS FOR ANOMALOUS COUPLINGS

WZ-boson pairs will be copiously produced at the
LHC and the SSC. The standard model predicts a total
cross section of tr„,(pp~ W*Z+X)=95 pb at Ws =40
TeV. Of course only a small fraction of these events will
be useful experimentally. Because it is uncertain whether
weak-boson pairs can be identified when one of them de-
cays hadronically, "we require both the 8'and the Z bo-
sons to decay leptonically, more precisely into electrons
or muons. For all three charged leptons we will impose a
rapidity cut ~y ~

&2.5. These requirements reduce the
signal to a few tenths of a pb, which still corresponds to
several thousand events per year at a luminosity of 10
cm sec '. The standard-model values of cross sections,
with and without cuts, are summarized in Table II.

The signal that we investigate thus consists of three
isolated, energetic electrons or muons, with low hadronic



1780 DIETER ZEPPENFELD AND SCO'I l WILLENBROCK 37

TABLE II. Standard-model values of WZ cross sections in pb. The combined branching fraction for
both the W and the Z decaying into electrons and muons is B=1.2%. The rapidity cut applies to all

charged leptons.

pp —+WZ, &s =17 TeV
W+Z W Z

pp~WZ, &s =40 TeV
w+z Z

7tot

B~tot
Bo( ~y ~

&2.5)

18
0.23
0.103

13.5
0.17
0.076

54
0.66
0.21

40
0.50
0.17

activity. The momenta of two opposite sign, same flavor
leptons must reconstruct the Z-boson mass. This require-
ment should effectively eliminate any background from
leptonic decays of heavy fermions. Events arising from

WZ scattering or W and Z brernsstrahlung are not a seri-
ous background either, as discussed in the Introduction.

A few thousand clean leptonic decays of vector-boson
pairs per year produced in proton-proton annihilation is
almost identical to the rate expected at LEP II for the
semileptonic decays of 8'+ W pairs. ' As far as statis-
tics is concerned, a 200-GeV e+e machine and a multi-
TeV hadronic collider are thus comparable. Because of
the higher WZ-boson invariant mass that can be pro-
duced at hadron colliders, these machines are consider-
ably more sensitive to anomalies in the ZWW vertex,
however. This fact is demonstrated in Figs. 4 and 5,
where the 8'+Z invariant-mass distribution for k=0. 1,
g&

——1.1, @=0.5, and g&
——0.4, at &s =17 TeV and 40

TeV are compared to the standard-model expectation.
Form factors as in Eq. (3.5) were chosen with A=2 TeV,
n = l for hg& and k; A=2 TeV, n = —, for g&', and

A=1.25 TeV, n =1 for A~. Except for h~, which is con-
siderably larger, the couplings were chosen at or slightly
-below the observability limits at LEP II. At the SSC and,
to a lesser extent, the LHC, they would produce clearly
observable enhancements in the counting rate at high
WZ invariant masses.

The one exception to the above conclusion is ~, for
which the sensitivity in 8'Z-boson production is rather
poor. This fact can be understood from Table I. The am-
plitudes for qq ~ WZ grow at most as yh~ while a devia-
tion of g& from its standard-model value of unity pro-
duces an increase in Aoo proportional to y hg, . The role
of Ag& and b~ is interchanged in W+8' production,
which means that W+ W production at high invariant
masses is more sensitive to 6~&0 while WZ-boson pro-
duction should be studied to search for anomalous contri-
butions to g, .

The invariant mass of the WZ-boson system is not
directly observable experimentally, because of the
momentum carried away by the neutrino arising from W
decay. However, the complete neutrino momentum can
be reconstructed, albeit with a twofold ambiguity. The
transverse momentum of the neutrino is identified with
the missing transverse momentum (p'T ) of the event. Us-
ing the kinematical constraint that the neutrino and the
third charged lepton should have an invariant mass close
to M~, one can then reconstruct the missing longitudinal
neutrino momentum and hence the 8'Z-boson invariant

mass I, with a twofold ambiguity. " Fortunately the
two solutions for M are usually not too different, and a
fairly reliable reconstruction of do /dM is thus possible.
The curves shown in Figs. 4 and 5 were obtained using
this reconstruction procedure. Every event produces two
entries in the do'/dM distribution. Also included in Figs.
4 and 5 is the "true" invariant-mass distribution do /dM
for the standard model (dashed-double-dotted line). For
all the anomalous couplings shown in these two figures
(except a.=0.5) the "true" and the reconstructed mass
distributions are practically indistinguishable. The SM
curve suffers most from the ambiguity problem because it
is the steepest. This means that for very small deviations
from the SM reconstruction errors in do /dM have to be
taken into account.

A very interesting distribution which is unaffected by
the mass reconstruction is the transverse-rnomenturn
spectrum of the Z boson, do. /dpTz. In the standard
model most of the WZ-boson events cluster in the for-
ward and backward region (in the WZ-boson rest frame)
due to the t- and u-channel quark-exchange graphs of
Fig. 1, and hence tend to produce Z bosons at low pT.
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FIG. 4. Reconstructed WZ invariant-mass distribution in

pp~ W+Z, W+~l+v, Z~l'+l' (l, l'=e, p) at the LHC for
the standard model (solid line), g&

——1.1 (short-dashed line),
X=0.1 (dotted line), g5 ——0.4 (dashed-dotted line), and sr=0. 5

(long-dashed line). The true invariant-mass distribution (no
twofold reconstruction ambiguity) is given for the standard
model in addition (dashed-double-dotted line).
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However, the anomalous effects that we consider contrib-
ute to the J=1 partial wave only and thus lead to devia-
tions from the standard-model angular distributian which
are considerably more isotropic in the WZ-boson rest
frame. As a result ZWW anamalous couplings favor the
production of vector bosons at high pr.

The eS'ects of the ZWW couplings chosen in Figs. 4
and 5 on do(pp ~W+Z)/dprz are shown in Figs. 6 and
7: all except anomalous values af ir lead to a large in-
crease in event rate at high pTz. The pz spectrum of the
Z boson is at least as good an indicator of anomalous
couplings as the invariant-mass distribution. Perhaps as
importantly, the pT of the Z may serve as a convenient
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FIG. 6. Transverse-momentum spectrum of the Z boson in
pp~8'+Z at the LHC. Distributions are given for the same
couplings as in Fig. 4. As before both the vector bosons are re-
quired to decay into electrons or muons with rapidity

M (GeV)

FIG. 5. Same as Fig. 4 but for the SSC. The scale on the
right gives the number of events per TeV expected after one
year of running.

p (GeV)

FIG. 7. Same as Fig. 6 but for the SSC (&s =40 TeV).

cut to enhance the effects of new physics, e.g., when the
decay distributions of the 8'and the Z boson are investi-
gated.

The pTz and invariant-mass distributions may now be
used to determine the sensitivity of the LHC and the SSC
to anomalous contributions to the ZR'8' vertex. For this
purpose we have chosen n =2 in the form factors of Eq.
(3.5) for all anomalous couplings in order to avoid an ex-
cess of events with M &&A, the scale of new interactions.
As a criterion for observability we choose an excess of 50
W+Z events (both vector bosons decaying into electron
or muons) beyond the standard-model expectation in the
regions prz & 250 (220) GeV or M & 800 (600) GeV for an
integrated luminosity of 10 cm at the SCC (LHC).
The standard-model numbers are 40 (30) events and 70
(70) events in these twa regions. In view of the fact that

Z events will enhance the statistics by a factor of 1.8
and a further increase is possible by the observation of v.

decays of the 8'and Z bosons, our criterion is rather con-
servative.

The results of this sensitivity scan are given in Tables
III and IV. Because of the form factors the sensitivity to
the low-energy value of anomalous couplings increases
with the scale of new physics A: a larger A implies a wid-
er interval in M~ in which the cross section can be
larger than in the standard model. Increasing A further,
the unitarity bounds of Eqs. (3.4) and (3.8) finally get too
stringent: unitarity forces the low-energy values of the
form factor to be so small that no deviation from the
standard model will be observable at the LHC nor at the
SSC. This maximal observable scale is given by
A=11—15 TeV for the I.HC and A=16-20 TeV for the
SSC. [Anomalous values of gs and R formally allow one
to probe scales up to A=100 TeV, without violating the
unitarity bounds (3.4). To have these two couplings
which violate CP and/or I', close to their unitarity bound
would leave a more restricted set of dynamical models,
however. ] Even though these values are somewhat un-

certain (different assumptions on the form factors could
lower them by as much as a factar 2), they considerably
exceed the largest vector-boson-pair invariant masses
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TABLE III. Minimal anomalous coupling co observable at the LHC (&s =17 TeV) for various
form-factor scales A. A form factor c(s ) =co/(1+s /A')' is assumed in all cases. The observability cri-
terion is described in the text.

A (TeV)

g4
gs
rc'

+0.15
—0.07
+0.9
—0.5
+0.07
+0.11
+0.35
+0.75
+0.07

+0.07
—0.03
+0.5
—0.3
+0.04
+0.06
+0.20
+0.45
+0.035

+0.05
—0.03
+0.4
—0.3
+0.03
+0.05
+0.15
%0.35
+0.025

+0.04
—0.025

+0.025
+0.04
+0.14
+0.3
+0.02

+0.04
—0.02

+0.02
+0.03
+0.12
+0.3
+0.018

that can be produced at these two hadron colliders. This
opens the interesting possibility that both the LHC and
the SSC may discover new physics in the weak-boson sec-
tor by finding small deviations from the gauge theory
value of the ZWW vertex at energies considerably below
the scale of new dynamics. Conversely, if no deviation in
the pr spectrum or in do /dM is found and in particular
if no resonances are seen in the latter, these machines can
confirm the gauge theory values of g„A,, g5, and X at the
1 —2 Fo level, an order of magnitude better than what can
be achieved at LEP II.

The pzz and invariant-mass distributions will reveal
the existence of anomalous couplings, if they are
sufficiently large. However, in order to identify devia-
tions in these spectra as anomalous ZWW couplings, one
needs to study the angular distribution of the W or Z bo-
son and of their decay products. The point is that these
angular distributions allow, at least in principle, a deter-
rnination of the W- and Z-boson helicities and thus an
identification of anomalies as occurring in specific helici-
ty components of the J=1 partial wave.

The angular distributions of the WZ bosons and of
their decay products are simplest in the center-of-mass
frame and in the rest frames of the individual vector bo-
sons in the case of decays. Since the WZ-boson invariant
mass can be reconstructed experimentally, albeit with a
twofold ambiguity, the angular distributions can approxi-
mately be reconstructed in their respective rest frames.

Figure 8 shows der/d cos8 at LHC energy, where
cose is the scattering angle of the Z with respect to one
of the proton beams in the reconstructed WZ rest frame.

Each event produces two entries in this figure, corre-
sponding to the twofold ambiguity in the mass recon-
struction. An M ~ 600 GeV cut was imposed in order to
enhance the effect of anomalous couplings. Curves are
shown for the standard model (solid line), g& ——1. 1 (short
dashed line) and A, =0. 1 (dotted line), both with A=2
TeV, n =1 in the form factor (3.5), a =0.5 (long dashed
line) at A=1.25 TeV and n =1, and for g5=0.4
(dashed-dotted line) at A=2 TeV and n = —,'. The corre-
sponding curves for the SSC are almost identical in
shape. While the standard model curve is strongly
peaked in the forward and backward directions, varia-
tions in g, and A. produce a sin28 distribution of the Z
boson, as can be read off Table I: g &

and A, produce the
largest deviation in the reduced matrix elements Aoo and

3++, respectively. ~ and g5, on the other hand, have
their largest effect on the amplitudes A & & with

Z W

~

b, A,
~

=
i kz —A, ~ ~

=1 and therefore produce a
1+ cos 8 distribution of the Z. Qualitatively, these
different distributions are easily recognizable in Fig. 8.

Further information on the helicity combinations in-
volved can be gained from the angular distributions of
the decay products of the W and Z bosons. In Figs. 9
and 10 the cos6 and cosO distributions are shown for the
same anomalous couplings and cuts as above. Here 8 is
the polar angle of the p or e arising from Z decay
with respect to the Z direction, and t9 is the polar angle of
the e+ or p+ from W+ decay, again with respect to the
Z direction. Both angles are determined in the rest frame
of the respective vector boson. A reconstruction arnbi-

A (TeV)

TABLE IV. Same as Table III, but for pp ~ WZ at &s =40 TeV (SSC).

g0

g4
gs
rc'

+0.14
—0.05
+0.7
—0.5
+0.06
+0.08
+0.3
+0.6
+0.06

+0.05
—0.03
+0.4
—0.3
+0.02
+0.04
+0.17
+0.3
+0.02

+0.04
—0.015
+0.3
—0.2
+0.016
+0.03
+0.10
20.25
+0.015

+0.03
—0.014

+0.013
+0.018
+0.09
+0.2
+0.010

+0.02
—0.010

+9x10 '
+0.015
+0.09
+0.19

+9X10-'
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FIG. 8. Angular distribution of the Z boson in pp ~W+Z at
v s =17 TeV with respect to the beam axis. The scattering an-

gle e is measured in the 8'Z rest frame. A cut M&z & 600 GeV
is imposed on the 8'Z invariant mass. Anomalous couplings
and form factors are chosen as in Fig. 4.

FIG. 9. Angular distribution of the negatively charged lepton
in pp ~ZW+, Z~l+l at &s =17 TeV. The lepton angle 8 is
measured in its parent's rest frame with respect to the Z
momentum. Cuts and couplings are chosen as in Fig. 8.

guity arises only for the cos8 distribution.
Since the Z boson coupling to charged leptons is aloo

most purely axial vector, both transverse polarizations
Az ——+1 produce a —,'(1+ cos 8) distribution for the e

or p, while the angular distribution for longitudinal Z s
is sin 8. The corresponding distributions for the charged
lepton arising from W+ decay is —,'(1 W cose) for
A, a, =+1 and sin 8 for A, a

——0, the former being a direct
consequence of the pure V —A structure of the ffW cou-
plings.

Keeping these distributions in mind one immediately
recognizes from Figs. 9 and 10 that anomalous values of
g& produce predominantly longitudinal Z's and 8"s,
while A,&0 results in a strong enhancement of transverse
W's and Z's. More precisely, for A.&0 the cos8 distribu-
tion is nearly symmetric, implying the production of
equal numbers of 8"s with positive and negative helicity.
Hence the decay-product polar-angle distributions
resolve the ambiguity between A, and g& that remained
from the study of the cose distribution of the Z alone.
The above observations beautifully match with the ex-
pected behavior as implied by the A & & in Table I.

1 2

Once a deviation from the standard-model expectation
is discovered in the pT distribution of the Z or in
do. /dM~z, one may thus uniquely identify the source of
the deviations, provided they arise from CP«nonviolating
contributions to the ZFF vertex. CP-violating contribu-
tions (g~, Ir, and X) may be studied by comparing the
8'+Z and O' Z cross sections or by measuring azimu-
thal angle distributions and correlations of the decay
products of the 8' and the Z. In order to perform an
analysis of the angular distributions of the vector bosons
and their decay products, a sufficiently large sample of
excess 8'Z events is required, of course.

&. CONCLUSIONS
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FIGo 10. Same as Fig. 9 but for the charged lepton in 8'+ de-

cay.

In this paper we have investigated the ability of the
LHC and the SSC to measure the ZFF three-vector-
boson vertex in FZ-boson production from qq annihila-
tion. For the annihilation of light quarks any deviation
from the standard model can be parametrized by seven
anomalous couplings, three of which violate CP. As de-
scribed in Sec. III, unitarity implies that all anomalous
couplings must actually be form factors which vanish at
asymptotic H~Z invariant masses.
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At LEP II the low-energy values of these form factors
will be determined with a typical accuracy of 0.1 —0.3 (de-
pending on which coupling is assumed to deviate from
the standard model) ' mainly by measuring the W angu-
lar distribution in the process e +e ~W+ W, for
which a clean event sample of a few thousand sernilepton-
ic decays is expected. A sample of roughly the same size
(assuming a luminosity X=10 cm sec ') is expected
at LHC/SSC for pp~ WZ with both vector bosons de-
caying into electrons and muons. Hence a statistical er-
ror comparable to the one at LEP is to be expected at
LHC/SSC for the determination of the seven form fac-
tors at low invariant masses.

Since these two hadron colliders cannot be expected to
do better than LEP in the determination of the form fac-
tors at low energies, we have concentrated on the mea-
surement of the ZWW vertex at large WZ invariant
masses M. Both the LHC and the SSC can produce WZ
boson pairs with M in the TeV range. At masses of this
order the rise of the parton cross section with increasing
+s =M, which is the result of deviations of the ZWW
vertex from its standard-model form, starts to have
dramatic effects even for very small values of the anoma-
1ous couplings. Assuming essentially constant form fac-
tors in the mass range 600 GeV & ~f & 10 TeV, we find
that values as small as 0.01-0.02 for anomalous cou-
plings A. , Ag„g4, or k will be clearly observable at
LHC/SSC, the SSC usually being superior by a factor 2.
Experiments at both hadron colliders would thus be one
order of magnitude more sensitive to the ZWS' vertex
than experiments at LEP II.

A very strong constraint on deviations of the ZWW
vertex from the gauge theory value is implied by the uni-
tarity bounds discussed in Sec. III. If LEP II finds anom-
alous couplings

l bg& l, l
bx l, or

l
A,

l
=0.2, these uni-

tarity bounds imply that the dynamics producing the
anomalous behavior of the ZWW vertex must occur at a
scale A & 2 —3 TeV. If the scale is this low, LHC and SSC
should be able to produce new resonances associated with
the new interactions and do a detailed measurement of
the various form factors in the ZWW vertex, as described
in Sec. IV. If the scale A is larger than a few TeV, LEP
II will certainly not see a deviation from the standard
model while the SSC may observe first hints for new in-
teractions in the weak-boson sector even if A is as large
as 20 TeV. We thus find that the LHC and the SSC will
be able to improve the measurement of the ZWW vertex,
and thereby our knowledge of the weak boson sector,
significantly beyond what is achievable at LEP II.

Note added in proof. The unitarity bounds of Eqs. (3.4)
and (3.8) have been improved by up to a factor 1.6 in Ref.
17. Because of the margin allowed for additional reso-
nance structure, the parameters used in the figures are
still compatible with the more stringent unitarity require-
ments. Using the techniques described in Ref. 17 the
cross-section bound of Eq. (3.6) can be improved by a fac-
tor of 4.
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APPENDIX

In Sec. II only the high-energy behavior of the WZ
production amplitudes was considered. This high-energy
behavior is sufficient to discuss the dominant effects of
anomalous ZWW couplings in pp~WZ. When these
anomalous couplings are small, interference effects with
the remaining standard-model amplitudes are important
and a complete calculation of the differential cross sec-
tion do (pp —+ WZ) is needed. In Sec. IV we have shown
that the angular distributions of the W and the Z decay
products are effective spin analyzers for the vector bosons
and are of crucial importance when one tries to disentan-
gle various sources for deviations in der(pp ~WZ) from
the SM expectation, in particular when trying to distin-
guish the various anomalous couplings in the effective
Lagrangian (2.1) or, equivalently, the three-boson vertex
(2.2).

What is needed, hence, are expressions for the com-
plete differential cross section d o (pp ~WZ ~4 fer-
mions), or equivalently the corresponding partonic pro-
cess, which includes all spin correlations between the vec-
tor bosons and their decay products. These expressions
can be easily derived, and turned into a Monte Carlo pro-
grarn for event generation, by using amplitude calcula-
tion techniques. Here we use the helicity-amplitude for-
malism developed in Ref. 15 and our discussion closely
parallels the one given in Ref. 7 for W+ W or ZZ pro-
duction in e+e annihilation.

In order to render this paper self-contained we fir
give a brief review of the helicity-amplitude calculus that
we employ. We use the chiral representation of Dirac
matrices for fermions and go to two-component notation.
Spinors P [=u(p, A. ) or v(p, A, )] are given by

(Al)

with

u (p, &)+——~+q(p)X;(p),

v (p, A, )+ ——+k~+q(p)X q(p) .
(A2)

—5'x +V'v
x {p)=[2lpl(lpl+p. )] '"

Ipl+p, (A3b)

and

co+(p)=(E+
l p l

)'

Given the explicit form of y matrices

Here A, denotes the helicity of the on-shell fermion with
four-momentum p"=(E,p p,p, ), g&(p) is a normalized
helicity eigenspinor, explicitly given by

I I I +P,
I+(p)=[2

l p l
(

l p l +p, )] ' '
+, , (A»)
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IIi
—a yP—

P 0
(A5)

the Z and W propagator factors Dz(q ) and Dw(q )

have the conventional Breit-Wigner form

with

a'+ a'
- 2+ (a '~ia 2)

+(a' —ia )

a'+a'

Dv(q )= 1

g —my+Lmvl y

and the ZWW coupling is given by

gzww = —«ot8w .

(A14)

(A15)

u, (k, o )+d (k, o }~Z(q,I(,)+ W+(q, i, ),
Z« ~) f1(P1 o1)f2(P2 o2)

f3(P3 o3)f4(P4 &4»

(A8)

will now be written in terms of the string of Pauli ma-
trices S and the decay currents JIv and Jg for W+ and Z
decay, to be given below. In Eq. (A8) i and j denote the
colors of the u and d quarks with helicities o and cr.
and A, stand for the vector-boson helicities (A, , A, =+1,0),
o.

&, . . . , o 4 are the helicities of the final-state leptons, and
k, k, q, q,p„.. . ,p4 denote the four-momenta of the indi-
vidual particles.

The complete amplitude for the process (A8) contains
three terms corresponding to the t-, u-, and s-channel ex-
change graphs of Fig. 1:

an arbitrary product of y matrices with spinors at both
ends can be expressed by the basic quantity

S(p;,a1, . . . , a„,pj )2.
J

=13 (p;)(/1) (/2), (/3) . . (4„),Xz (p, ) (A7)

for a=+ [here e=( —1)" ']. Arbitrary polarization am-
plitudes are then expressed in terms of the basic quantity
S, which is easily evaluated by 2X2 matrix multiplica-
tion.

The matrix elements for the process

The fermion couplings to the 8'and the Z are defined by
the interaction Lagrangian

~f)f2-
&vf, f,= eg —g2.

g-zu„ 1 ——, tan8w,2

2 sin8w cos8w
(A17)

zdd + —, tan8w,1

2 sin8w cos8w

Wf, f2
+2 slnOw

where we neglect Cabibbo mixing for the quarks. The
amplitudes for ZW production are obtained by inter-
changing u and d quarks in Eqs. (A8)-(A12). For the de-
cays Z ~f,f2, W +~f3f4 (into —massless fermions) the
decay currents Jz and Jw are given by

Jz.(o, , o2)

where e denotes the positron charge and P3 ———,'(1+Ay&)
is the chiral projection matrix. The couplings we need
are

g+ ——tan8w,Zee

z„ 1 + tan8w
2 sln8w cos8w

At(cr, cr;o1,cr2, cr3, c'r4);J ——5;J.(A, +JR„+A, )

with

(A9}

and

= —eg
' '5 2+p1P2 S(p„n,p2) ' (A18)

Zuu Wud

WI =e
2

5 —5- 2+k k Dz(q )Dw(q )
(k —q)

XS(k,J„,k —q, Jz, k )

Zdd Wud

JN„=e , 5 t'3 2+k k Dz(q2)Dw(q 2)
k —q' ' +

XS(k,Jz, k —q, Jw, k )

and

(A 10)

(A 1 1)

Jwgo3 o4)

= —eg '
t3 5 +2+p3P4 S(p3, n~,p4)

(A19)

Here n is the unit vector in the p direction; i.e., in the
defining equation (A7) for the quantity S the Pauli matrix
(o„)+enters instead of ($1)+. Equations (A18) and (A19)
are valid for massless fermions. The generalization for
massive fermions and decay matrix elements for V~qq
gluon can be found in Ref. 7. The differential cross sec-
tion for the complete process (A8) is now given by

Wud

A, =e 5 5- 2+k k Dz(q )D ( )
s —Mw2

do= —g ~Af~ dP
2$

(A20)

XS(k,I,k) (A12) where dp4 is the invariant four-body phase-space

The four vector I " is obtained from the vertex function
I » of Eq. (2.2) by contraction with the decay currents

4 4 d
dg =(2n. ) 5 k+k —g p, g . (A21)

1 (21r) 2E;

r~=r»(q, q, P)Jz~w~, (A13) The color- and spin-averaged matrix element is
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o, cr =4 ~~&2~3~4= +
(A22)

Here we have used the fact that Af, „., are proportional to 5 5, that the decay current J~ contains the factor
5 5 +, and that Jz is proportional to5,when massless fermions are used in the calculation.
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