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Quartic anomalous couplings in pp colliders
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We study the constraints on the vertices &+TV Zp, TV+TV pp, and ZZpp that can be obtained
from triple-gauge-boson production at the next generation of linear e e colliders operating in the
pp mode. We analyze the processes pp -+ W+W V (V = Z or p) and show that these reactions
increase the potential of e e machines to search for anomalous four-gauge-boson interactions.

PACS number(s): 13.10.+q, 12.60.—i, 14.70.—e

I. INTR.QDU CTIGN

In the next generation of e+e colliders, multiple
vector-boson production will provide a crucial test of
the gauge structure of the standard model (SM), since
it will allow the study of the triple and quartic vector-
boson couplings. These vertices are strictly constrained
by the SU(2)z, U(l)~ gauge invariance and any small
deviation from the SM predictions spoils the precise can-
cellation of the high-energy behavior between the vari-
ous diagrams, giving rise to an anomalous growth of the
cross section with energy. Therefore, the careful study of
multiple vector-boson production, and consequently of
vector-boson self-interactions, can give important clues
about the existence of new particles and/or interactions
beyond the SM.

The reaction e+e ~ W+W will be accessible at
the CERN e+e collider LEP II and some information
about the WWp and WWZ vertices will be available in
the near future [1]. Nevertheless, we will have to wait
for colliders with higher center-of-mass energies in order
to produce a G.nal state with three or more gauge bosons
and to test the quartic gauge-boson interaction. This
will be accomplished. at the Next Linear e+e Collider
(NLC) [2], which will reach an energy between 500 and
2DOO GeV with an yearly integrated luminosity of at least
1D fb . An interesting feature of these new machines is
the possibility of transforming an electron beam into a
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photon one through the laser backscattering mechanism
[3,4]. This process will allow the NLC to operate in three
different modes, e+e, ep, and pp, opening up the op-
portunity for a wider search for new physics. However, it
is important to point out that the collider can operate in
only one of its three modes at a given time; therefore, it
is essential to study comparatively the different features
of each of these setups.

The triple and quartic gauge-boson vertices, in the
framework of gauge theories, have a common origin, and
consequently, a universal. strength dictated by the gauge
symmetry of the model. Notwithstanding, in a more gen-
eral context, anomalous quartic couplings can arise as
the low-energy limit of heavy state exchange, whereas
trilinear couplings are modified by integrating out heavy
Gelds. In this sense, it is possible to conceive extensions of
the SM where the trilinear couplings remain unchanged,
while the quartic vertices receive new contributions. For
instance, the introduction of a new heavy scalar singlet
that interacts strongly with the Higgs sector of the SM
enhances the four vector-boson interaction without af-
fecting either the triple vector-boson couplings or the SM
predictions for the p parameter [5]. Therefore, the mea-
surement of the three-vector-boson production cross sec-
tion can provide further nontrivial tests of the SM that
are complementary to the analysis of the production of
vector-boson pairs.

The cross section for the production of multiple gauge
bosons, in the context of the SM, has already been eval-
uated for e+e colliders operating in the e+e [6,7], ep
[8], and pp [9] modes. There has also been some stud-
ies of anomalous quartic vertices through the reactions
e+e + VVV [10,11], ep -+ VVE [12], and pp —+ VV
[13], where V = Z, W+ or p and E = e or v . In this
work, we analyze the eÃect of some genuinely anomalous
quartic operators, i.e., operators which do not modify
the trilinear vertices and cannot be bounded by the LEP
II measurements. Furthermore, since we are interested
in probing these anomalous couplings in a pp collid. er,
we concentrate our analyses on operators that involve at
least one photon. We studied the production of three
vector bosons in pp collisions through the reactions
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(II) ~ + ~ -+ W+ + W + Z,
in order to impose bounds on the vertices pZTV+TV
gpss'+R', and ppZZ. These processes involve only in-
teractions between the gauge bosons, making more evi-
dent any deviation from the SM predictions. Moreover,
there is no tree-level contribution involving the Higgs bo-
son which evades all the uncertainties coming from the
scalar sector, such as the Higgs boson mass.

Our results show that the constraint on the anoma-
lous couplings pZW+W, coming from reaction (II), is
as restrictive as the one obtained in ep colliders [12] and
a factor of 5 better than the one coming from e+e col-
liders [10,11]. On the other hand, the bounds in the
vertices ppW+W and ppZZ, stemming &om processes
(I) and (II), are a factor from 2 to 5 better than the ones
that can be obtained in an t +e collider, however, they
are worse than the ones coming from the direct reaction
pp m W+W [13].

The next section contains the effective operators that
we analyzed and the calculational method employed in
this paper. Our results and discussions are presented in
Sec. III.

II. EFFECTIVE LAGRANGIANS AND
CALCULATIQNAL METHOD

In order to construct effective operators associated
with exclusively quartic anomalous couplings we em-
ployed the formalism of Ref. [14]. We required the exis-
tence of a custodial SU(2)c symmetry, which avoids any
contribution to the p parameter, and we also demanded
that the phenomenological Lagrangians are invariant un-
der local U(1), symmetry. The lowest-order operators
that comply with the above requirements, involving at
least one photon, are of dimension 6 [15]: There are
two independent C- and P-conserving operators involv-
ing two photons [13],

and one operator exhibiting just one photon [12],

4A2 (3)

where Wf'~ is the SU(2)c triplet and I"" is the electro-
magnetic field strength. In terms of the physical fields
W+, W, and Z, the efFective I agrangians (1) and (2)
give rise to anomalous TV+M pp and ZZpp couplings,
while (3) generates a new W+W Zp vertex. We should
notice that the ZZpp vertex is particularly interesting
since it is completely absent in the SM. Moreover, we note
that the efFective operators (1) and (3) can parametrize
the exchange of a neutral scalar particle while the opera-
tor (2) corresponds to the exchange of a charged particle.
Therefore, we expect that the characteristic scale of the
above interactions is set by the masses of the exchanged
states. In the limit of very heavy scalars, the expected
values of the coeKcients a; (i = 0, c, n) should be in the
range of 10 —10 . For the sake of definiteness, our
results are presented assuming that A = M~.

An interesting feature of the above effective La-
grangians is that they will not be directly constrained
by LEP II since they do not contribute to triple-gauge-
boson vertices. In order to obtain some bounds on these
couplings at low energies, we must rely on their contribu-
tion to one-loop processes. From the analysis of oblique
radiative corrections to the Z physics [12], we estimated
that —4.5 & ap & 0.64 and —11 & a & 5.8 at 10 level,
while the coupling a is not constrained at all.

In order to evaluate the triple-vector-boson produc-
tion at NLC, we assumed that this machine will reach a
center-of-mass energy of 500 (1000) GeV with a yearly
integrated luminosity of 10 fb . The most promising
mechanism to generate hard photon beams in an e+e
linear collider is laser backscattering. Assuming unpolar-
ized electron and laser beams, the backscattered photon
distribution function [4] is

D(() 1 —x
4x 4x

&(1 —&) &'(1 —~)' (4)

with

4 81 1 8 1
D(&) = I1 ————Il (1+&)+—+ ——

2 ( 2(1+()2 ' (5)

where Oc is the Compton cross section, ( 4Ewo jm„m and E are the electron mass and energy, respectively, and
cup is the laser-photon energy. The quantity x represents the ratio between the scattered photon and initial electron
energy and its maximum value is

&max— (6)

In what follows, we assumed that the laser frequency is such that ( = 2(l + v 2), which leads to the hardest possible
spectrum of photons with a large luminosity.

The cross section for the triple-vector-boson production via pp fusion can be obtained by folding the elementary
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cross section for the subprocesses pp ~ WWV (V = p, Z) with the photon-photon luminosity (dl~~/dz), i.e. ,

do. (e+e —+ pp m WWV)(s) =
&max

min

dI ~~ do. (pp m WWV)(s = z s),2

dz

where ~s (~s) is the e+e (pp) center-of-mass energy,
z = 7. :—s/s, and the photon-photon luminosity is

]~~.t —osM] ~~
gosM

(10)

dl ~~ =2z
dz /&max

The analytical calculation of the cross section for the
subprocess pp M W+W p (pp -+ W+W Z) is very
lengthy and tedious despite being straightforward. In
order to perform these calculations in an eFicient and re-
liable way, me evaluated numerically the helicity ampli-
tudes using the techniques outlined in Refs. [7,16]. The
phase space integrations were performed numerically us-
ing the Monte Carlo routine vEGAs [17]. As a check
of our results, we explicitly verified that the amplitudes
were Lorentz and U(l), invariant and that the kine-
matic distributions for W+ and TV coincided.

III. RESULTS AND DISCUSSION

The total cross sections for processes (I) and (II) are
quadratic functions of the anomalous couplings a;: i.e. ,

2 2 i
Ot t = osM+a 0 ~ &+a. cT (9)

where osM stands for the SM cross section [9] and o,.'„~
(o.*„)is the interference (pure anomalous) contribution.
We evaluated the cross sections involved in Eq. (9),
imposing that the polar angles of the produced vector
bosons with the beam pipe are larger than 10 and as-
suming A = M~. For process (I), we also introduced a
cut on the photon transverse momentum, p~T ) 10 (20)
GeV, not only to guarantee that our results are free of
in&ared divergences, but also to mimic the performance
of a typical electromagnetic calorimeter. In Table I, we
present our results, assuming in each case that only one
anomalous coupling is nonvanishing.

In order to quantify the efFect of the new couplings,
we defined the statistical significance S of the anomalous
signal,

which can be easily evaluated using the parametrization
(9) with the coeKcients given in Table I. We list in Table
II the values of the anomalous couplings that correspond
to a 30 efFect in the total cross section for the difFer-
ent processes, assuming an integrated luminosity l. = 10

for the correspondent e+e collider. It is interesting
to point out that the most restringent bounds come from
process (I) and that our results are quite insensitive to
difFerent choices of the angular and pT cuts, as we can
learn from Table II.

We can see from Table II that our 3o limits for the
coupling a are a factor of 3 better than the limits ob-
tained in e+e collisions [10,11], while they are of the
same order of the ones originating from an ep machine
[12]. The pp mode of the NLC is more efBcient for study-
ing this anomalous quartic coupling since it leads to cross
sections for the production of three vector bosons that is
more than one order of magnitude larger than the ones
for a conventional e+e collider with ~s ) 500 [9].

The limits on the anomalous coupling a that can
be established through the triple-gauge-boson produc-
tion are one order of magnitude better than the ones
coming from the e+e mode and are comparable to the
constraints that can be obtained in the ep mode. How-
ever, the bounds shown in Table II are a factor of 2
weaker than the ones obtained from the direct reaction
pp ~ W+W (ZZ), since the triple-gauge-boson pro-
duction is a higher-order process in 0, . Our limits on
the coupling ao are slightly better than the ones arising
from the e+e mode, while they are almost one order
of magnitude worse than the ones obtained in ep [12] or
direct pp ~ W+W (ZZ) [13] collisions.

The kinematical distributions of the final state parti-
cles can be used, at least in principle, to increase the sen-
sitivity of the pp reactions to the anomalous couplings,
improving consequently the bounds on the new interac-
tions. More than that, they could furnish further in-
formation that would allow us to distinguish among the

TABLE I. Cross sections osM, ~ „„and o'„, assuming A = M~.
WWp

~s
o.sw (x 10 fb)
cr„, (xlo fb)
o „(x10 fb)
o „, (x10 fb)o'„(x 10 fb)
o,"„, (x1O' fb)
o."„(x 10 fb)

P~~ & 10
0.5 TeV

2.55
1.53

1.44 x10
7.10 x10

1.07

GeV
1 TeV
7.83
9.81

3.25 x10
4.65

2.33 x102

P~) 20
0.5 TeV

1.45
9.50 x10

8.57
3.20 x10
6.00 x10

GeV
1 TeV
5.21
7.25

2.29 x10
2.68

1.63 xl0

0.5 TeV
1.90 x 10
2.50 x10

1.08
1.00 x10
9.00 xl0

0
1.70 x 10

1 TeV
2.38
6.13

1.02 x10
2.74

7.61 x10
0

5.51
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TABLE II. Allowed intervals of a, corresponding to an eKect smaller than 3o in the total cross section. We also exhibit the
difFerence (Acr) between the anomalous cross sections and the SM ones in fb for a 3o efFect.

a,

1 TeV

(—0.011,0.0077)
(—0.045, 0.025)

p~~ ) 10 GeV
0.5 TeV

(—0.17, 0.062)
(—0.83, 0.17)

1 TeV

(—0.011,0.0083)
(—0.046, 0.029)

12

p~~ ) 20 GeV
0.5 TeV

(—0.18, 0.072)
(—0.78, 0.24)

0.5 TeV

(—0.34, 0.11)
(—1.4, 0.32)
(—1.6, 1.6)

4.1

1 TeV

(—0.015, 0.0094)
(—0.065, 0.029)

(—0.16,0.16)
14

different anomalous interactions. In Figs. 1 —4, we ex-
hibit some representative distributions for the processes
(I) and (II), adopting the values of the anomalous cou-
pling constants that lead to a 3o deviation in the total
cross section.

We present in Fig. 1 the normalized cos 0~+ distribu-
tion for the production of W+W p, where 0~~ is polar
angle of the vector boson with respect to the beam pipe.
Prom this figure, we can see that the anomalous W dis-
tributions differ from the SM one. For instance, we can
identify the cases with negative values of ao and a„but
we cannot discriminate between the positive values of
these anomalous couplings. Moreover, it is interesting to
notice that the anomalous couplings enhance the produc-
tion of W+ in the central region of the detector, where
they can be more easily reconstructed.

Figure 2 contains the normalized distribution for the
invariant mass (M) of vector-boson pairs W+W for
process (I). Here we can observe that the presence of
the anomalous interactions increases the invariant mass
of the W+W pairs since the new couplings are pro-
portional to the photon momentum. Furthermore, this
distribution allows us to separate the negative ao and
a couplings, while the positive values of the anomalous
couplings lead to distributions similar to the SM ones.

We notice in our analyses that the distributions involv-
ing photons are less sensitive to the anomalous couplings
than the W+ ones.

Although the process pp ~ W+W Z has a lower sen-
sitivity, when compared with the W+W p production,
it exhibits some interesting features, as can be seen from
Figs. 3 and 4. We show in Fig. 3 the normalized Z trans-
verse momentum distributions for process (II) using the
ao, a„and a anomalous couplings. We can learn from
this figure that the anomalous couplings favor the Z's to
have a higher pT since the momentum dependence of the
anomalous vertices enhances their contribution at higher
energies. Once again, we can distinguish between the dif-
ferent anomalous interactions provided the couplings ao
and a are negative, since these couplings lead to larger
purely anomalous contributions. It is interesting to re-
mark that our analyses show that the pT distribution
does not allow us to separate clearly the different anoma-
lous interactions.

In Fig. 4, we show the W+ rapidity distributions for
process (II). The anomalous interactions lead to a more
copious production of W+ in the central region and it
is also possible to have an indication of which effective
interaction is responsible for the departure from the SM
predictions. We found out that, as happened in W+W

0.5 0 007

Vs = 500 GeV "

0.006

a
b

b

vs = 500 GeV —'

0.005

0.004-

0.003

1 I l I I 0.002
0

COSH'

0.5 200 300
M~ (GeV)

350 400

FIG. 1. Normalized angular distributions of the W+
bosons with the beam pipe process (I) for ~s = 500 GeV
and p~& ) 10 GeV. The dotted line is the SM result and
the dashed line stands for both a0 ——0.062 and a = 0.17,
while the solid (dot-dashed) line represents the results for
as ———0.17 (a = —0.83).

I IG. 2. Normalized invariant mass distribution for the
W+W pairs rprocess (I)j for ~s = 500 GeV and p~~ ) 10
GeV. The dotted line is the SM result, and the dashed (solid)
line represents the results for ao = —0.17 (a, = —0.83). The
results for ao ——0.062 and a, = 0.17 cannot be distinguished
from the SM one.
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FIG. 3. Normalized transverse momentum distribution of
the Z boson [process (II)] at ~s = 500 GeV. The histogram
is the SM result, the dashed line stands for ao = 0.11 and
a, = 0.32, the dotted (dot-dashed) line represents the results
for aII ———0.34 (a, = —1.4), and the solid line stands for
a = 1.55.

FIG. 4. Normalized rapidity distribution of the TV+ bosons
[process (II)] at ~s = 500 GeV. The conventions are the same
as in Fig. 3. It is useful observe that the dotted line coincides
with the dashed one.

process, it is not possible to distinguish between the
anomalous interactions through the rapidity distribution
of the neutral vector bosons.

The bottom line of this work is that the study of the
production of W+W p and W+W Z in a pp collider
will be able to increase the potential of e+e machines
to search for anomalous four-gauge-boson interactions.
Furthermore, the kinematical distributions of the final
state particle can also help to distinguish between some
of these interactions.
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APPENDIX

We collect in this appendix the expressions for anoma-
lous contributions to the the amplitudes of the processes
pp —+ W+W V, with V = Z or p. The standard model
expressions can be found in Ref. [9]. The momenta and
polarizations of the initial photons were denoted by (kq,
k2) and [e&(kq), e„(k2)), while the momenta and polar-
izations of the final state W+, W and V are given by
(p+, p, ks) and [e (p+), ep(p ), e~(ks)], respectively.
The amplitude of these processes can be written as

G e„v(k ) I~(ek )E2~ (p )E+p (p )E~ (ks) MsM + M"„" (1) (AI)

where MsM is the standard model invariant amplitude, and M „(i), i = ap, a„a„,represents the different anomalous
contributions. The factor G~ depends upon the process under consideration: G~ ——e for the production of W+ W
and G~ ——e cot 0~ for the production of W+W Z.

We can write a compact expression for the anomalous amplitudes of process (I), in the form

(M ) (ap) = [My (ap) + M2(ap) + Ms(ap) + M4(ap)]
(M~„)"" (a,) = [Mq(a ) + M2(a, ) + Ms(a, ) + M4(a, )] (A2)

while for process (II) we have

(M „) (ap) = [Ms(ap) + M4(ap) + Ms(ap)]"

(M „) (a, ) = [Ms(a ) + M4(a ) + Ms(a )]

(M~.)" "(„)=[M( „)+M( „)+M( „)]"-"
with
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Mrrr oW'( ')

M"" ()
Mpr oP"r

( )
M""-t"(i)

b,~ ~(—p, k )D~ (k —p )I (,.)" (k„—k, k —p, —p ) + [k; p, ++ rr],

A" ~(k, —p )D&„(k, —p )I'(,~) ~(k, —k, —p, k —p ) + [k, ; p 4-+ v],
4 ~~(p, k )D& (p + k )I'~,~~ "(kq, k2, 0, 0),
»i'~(k. , p )D,„( p -—k, )r() "(k„k„o,o),

,&-"(p,p )D,„(p +p )I "(,') "(k„k„o,o),
cos 0~

G sinew (
16cos 0~ A2 (

p".g~-'g-+ p2g" g" p:g"-~g"'+ p'. g"'g p~g"—g" + p', g" g"'+I ~ 2
~

. (A4)

In Eq. (A4), D&+&, V = W, Z, represents the vector-boson propagator in the unitary gauge, 6 is the usual triple-
gauge-boson vertex function,

'(qi, q2) = i (2e + q2) g ' —(2q2 + qi) g ' + (q2 —q~) g

and I'~;~ are the difI'erent four-gauge-boson couplings for the anomalous interactions:

( ) (q& q2 qs q4) t
2A g g (q& 'q2) —

q2 ql (A6)

I'(.
) (ql, q2, qs, q4) =t

2 (ql. q2) (g" g" +g' g ")+g (qyq2+q2ql)

—q~~ (g "
q2 + g q2) —

q2 (g~" q, +g~ q", ) (A7)

~.„~ (rl r2 r3 r4) = ,
"

r , , ( r' Ir ri . (r2 r3) —ri(e —r~) I16cos Ogr A

g [g ql (q2 q4) qj~('q2 q4) ]

+ g" g ~ qi (qs —q4) —(qs —q4) qi

—
q2 g q, —g q,

" +q2 g "q~ —g ~q,"

q4 (g qy g qy) +qS (g qy g qj)

—q g~q" —g "q~ +q g~q —g q~ (A8)

The amplitude M5 comes &om the new anomalous vertex ppZZ, and 2 gives rise to a five-vertex pplV+TV Z
represented by M6, which is necessary to preserve the gauge invariance of the amplitude.
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