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Limits on the quartic couplings Zyyy and ZZyy from e*e~ colliders
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We obtain limits on the quartic neutral gauge bosons couplings Zyyy and ZZyy using LEP 2 data
published by the L3 Collaboration on the reactions ete™ — yyy, Zyy. We also obtain 95% C.L. limits on
these couplings at the future linear colliders’ energies. The LEP 2 data induce limits of order 10~ GeV~*
for the Zyyy couplings and of order 10~ GeV~2 for the ZZyy couplings, which are still above the
respective standard model predictions. Future et e~ linear colliders may improve these limits by one or two

orders of magnitude.
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I. INTRODUCTION

Neutral gauge bosons self-couplings provide a window
to study physics beyond the standard model (SM) [1-3].
While trilinear neutral gauge boson couplings (TNGC)
ViViVi, with V; = Z, y, test the gauge structure of the SM
[3], it has been argued that quartic neutral gauge boson
couplings (QNGC) V;V;V, V, may provide a connection to
the mechanism of electroweak symmetry breaking [1].
Since the longitudinal components of the Z gauge boson
are Goldstone bosons associated to the electroweak sym-
metry breaking mechanism, these QNGC could represent
then a connection with the scalar sector of the gauge theory
that has become popular after the recent evidence of a new
boson with a mass around 125 GeV [4]. However, it has
been found recently in a detailed calculation of the one-
loop induced decay mode Z — yyy, in both the SM and the
331 model, that the respective scalar contributions are
suppressed with respect to the dominant virtual fermionic
contributions [5]. This is also the case in the one-loop
contributions to TNGC [3,6]. The QNGC are induced by
effective operators of dimension greater or equal to six and,
in the SM, the QNGC are highly suppressed, with the only
exception of the ZZZZ vertex, because they arise at the
one-loop level [6,7]. Any deviation from the SM predic-
tions for the QNGC will be associated to a signal of new
physics effects [1].

While considerable effort has been devoted to the study
of the TNGC, the QNGC are only starting to receive some
attention. TNGC have been measured with an accuracy of
the few percent level at LEP 2 [8] and the Tevatron [9],
while QNGC are only loosely constrained at LEP 2 [8]. In
fact, the Zyyy couplings have not been bounded yet by
direct measurements [8]. In the present paper, we are
interested in obtaining limits on the quartic vertices Zyyy
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and ZZyy coming from the LEP 2 data on the reactions
ete™ — yyy, Zyy that were used to get limits on the
anomalous HZy coupling but not on the QNGC [10,11].
We will obtain also 95% C.L. limits on these quartic
couplings at the future International Linear Collider (ILC)
and the Compact Linear Collider (CLIC) [12,13]. Since
there is not a published account, as far as we know, of the
calculation of the Zyyy vertices in the SM, we present a
brief analysis on the connection of the Zyyy form factors to
the analytical results obtained in Ref. [5] for the branching
ratio of the decay mode Zyyy in both the SM and the 331
model. However, a similar calculation for the ZZyy form
factors in the SM is not available in the published literature.
Constraints on the anomalous quartic gauge couplings
ZZyy have been studied in yy and Zy fusion processes at
the LHC [14], in ZZy, Zyy production processes at future
et e linear colliders [6] and from the nonobservation of the
rare decay Z — vuvyy at LEP 1 [7]. However, constraints
on the anomalous Zyyy vertex are more difficult to get. In
the present paper we find that the negative search for
the reactions ete™ — yyy, Zyy at LEP 2 by the L3
Collaboration may be translated into limits of order
107 GeV™ on the Zyyy couplings and of order
1072 GeV~? on the ZZyy couplings. We also find that
sensitivity studies on these couplings at future e™ e~ colliders
may improve these limits by one or two orders of magnitude.
The paper is organized as follows. In Sec. II we present
the calculation of the respective cross sections for the
processes e e — yyy, Zyy and in Sec. I1I we include our
results and conclusions. In particular, we present the
connection among our quartic couplings G;, and the
results obtained in Ref. [5] for the branching ratio of
the decay mode Z — yyy in the SM and the 331 model.

II. CROSS SECTIONS

We will use the following parametrizations for the
QNGC [2,15],
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where F,, =0,A,—0,A, and Z,, =0,Z,—0,Z, are
the respective gauge tensor fields for the photon and
the Z boson. A represents the energy scale at which
new physics interactions may appear. The respective
Feynman rules for these effective vertices are thus
given by

(P1* P3)P1wPyuIep — (P1* P3)P1uP209pu + P1uP1pP2uP3al

+ F [_(pl : pZ)(pl : p3>g(1ﬂgpl/ + <p2 ' p3)p1ap1ygp/4 - (p2 ' p3)p1yp1pga/4

+ (P2 P3)P1P2a9put2(P2  P3)P1pP2uIer — (P1* P3)P1aP2p G — p]apwpzppw]}, 3)

and

;52

e
S22 {4a0g®[(p1 - p2)g™ — PiP5] + acl(piph + PipD e + (p1 - p2) (g’ + ¢°g")
w

— PY(phg" + pig?) — Ph(Plg + pig?)]}. (4)

where the four momenta p; ;3 correspond to the emitted
photons and P, denotes possible permutations
(P1, 1)< (P2, V)< (P3. p)-

All the couplings G, and a . are CP conserving and
within the SM all of them vanish at tree level. As far as we
know, the a, . have not been computed explicitly in the SM,
whereas the couplings G, can be extracted directly from
the recent calculation performed in the SM and the 331
model [16] for the branching ratio of the rare decay mode
Z — yyy [5]. Since these authors did not use explicitly the
parametrization given in Egs. (1) and (2), we include the
connection of the G| , couplings to the results obtained for
the Z — yyy decay in Ref. [5]. These form factors are
dominated by the fermionic virtual contributions and they
are essentially the same in both the SM and the 331 model,
but unfortunately with rather low values, 1.63 x 107! and
1.33 x 10719, respectively.

In Figs. 1 and 2 we present the contributions of the
effective interactions given in Eqs. (3) and (4) to the

FIG. 1. Feynman diagram for the process e™ e~ — yyy induced
by the effective vertex Zyyy.

processes eTe” — yyy and e"e” — Zyy. The SM contri-
butions to these processes occur via t-channel diagrams
involving initial-state radiation [2,6]. The SM cross section
for the process e* e~ — Zyy has been computed by Stirling
and Werthenbach [6] for energies greater than 200 GeV. In
Fig. 3 we present the SM results for the cross sections of
both processes, they are of order of few femtobarns as it
was obtained in Ref. [6] for the Zyy case. According to this
reference, in order to reduce the contributions due to initial-
state radiation in these reactions, the L3 Collaboration
introduced cuts on the photon energies and their polar
angles, E, > 5 GeV and | cos 6, < 0.97 [10]. Events from
ete™ — yyy, Zyy processes were selected by requiring the
photon candidates to lay in the central region of the detector
with | cos 6,| < 0.8 and a total CM electromagnetic energy
large than /s/2. In this case, the L3 Collaboration was
interested in getting limits on the anomalous Higgs
couplings HZy and Hyy. However, using their data we
are able to get also limits on the G, and q, couplings:

z

¥

FIG. 2. Feynman diagrams for the process ete™ — Zyy
induced by the effective vertices ZZyy and Zyyy.
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FIG. 3. Cross sections for the processes eTe™ — yyy, Zyy

as functions of the CM energy in the SM. We have used cuts
on the photon energies and their polar angles, E, > 20 GeV
and |cos 6, < 0.8.

G /A*<12x107°GeV™, G,/A*<9.4x107°GeV~*,
ay/A><5.9x1072GeV~2 and a,/A*> <1.6x1072GeV 2.
The latter limits are close to the bounds obtained by
the L3 Collaboration from a direct search of Zyy
events at LEP 2 energies: [—0.008,0.021]GeV~2 and
[—0.029,0.039] GeV~2, respectively [8].

The expressions for the respective cross sections induced
by the effective vertices given in Egs. (3) and (4) are
given by

10 2
N aM; 1 —d4xy + 8xyy
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In Eq. (6), the first term comes from the Feynman
diagrams shown in Fig. 2 for the exchanged photon, and the
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second one comes from the exchanged Z boson. We did not
include the contribution coming from the interference of
the two diagrams because we will get limits on the form
factors one at a time.

III. RESULTS AND CONCLUSIONS

In order to getlimits on the G ; quartic couplings, we shall
use the bound obtained by the L3 Collaboration on the cross
sectiono(eTe™ — Z — yyy) at LEP 2 energies [10] and our
expression for this cross section in terms of the quartic
couplings givenin Eq. (5). Similarly, we have used the bounds
on the cross section o(e"e™ — Zyy) obtained by the L3
Collaboration in order to get limits on the a, . couplings
specified in Eq. (6). Since this expression does not improve
thelimits on the quartic couplings G ,, inthis case we have set
them to zero in order to obtain the limits on the a, . couplings.
We obtain in this approach G;/A* < 1.2 x 107 GeV™,
G,/A* <9.4x107% GeV™, qp/A? <59 x 1073 GeV~2,
and a./A’> <1.6x 1072 GeV~2. The respective 95%
sensitivity limits for the a, . couplings will be obtained for
CM energies of 500 and 1000 GeV and the luminosity
expected at the ILC/CLIC accelerators: 500 fb~.

In both cases we shall rely on the respective SM
predictions for their cross sections. In Fig. 3 we depict
the dependence of these cross sections with respect to the
CM energy. We have used cuts on the photon energies and
their polar angles: E, > 20 GeV and | cos 6,| < 0.8. In the
case of the production of the three photons, our result
agrees with that obtained by Stirling and Werthenbach [6].
On the other hand, the Feynman diagrams shown in Figs. 1
and 2 for the effective vertices contributions generate an
increase for the cross sections with respect to the CM
energy that may dominate the SM contributions. We will
use this tendency in order to get 95% C.L. limits on these
effective vertices for future e e~ colliders.

Using the numerical values sin® @y, = x, = 0.2314,
M, =91.18 GeV, and I'; =2.49 GeV [17], we obtain
the cross sections for the processes ete™ — yyy, Zyy as
functions of the CM energy and the G, ,, ag. couplings.
We have also implemented in our calculation the cut used
by the L3 Collaboration on the photons energy and their
polar angle in order to suppress the SM contributions
associated to initial-state radiation. In Fig. 4 we depict the
sensitivity limits at 95% C.L. for the G, ; couplings for CM
energies of 500 GeV and 1000 GeV and we have taken the
Gy, couplings one at the time. The respective combined
limits contours are shown in Fig. 5. On the other hand, in
order to get sensitivity limits and the respective limits
contours for the a,, couplings we have set to zero the
contribution associated to the G ; couplings in Eq. (6). The
respective limits are given in Figs. 6 and 7 also for two
different values of the energy of the ILC and CLIC
accelerators.

034003-3



A. GUTIERREZ-RODRIGUEZ
14x10°°F ,

12x10°°
1.x1070
8.x1077 F

6.x1077 |

Gi/N GeV ™Y

4.x107 |

2.x1077 |

12x107°F B

500 GeV
1000GeV ————_.

1.x10°°F

8.x1077

6.x1077 |

Go/AGeV ™Y

4.x1077

2.x1077

FIG. 4. Sensitivity limits at 95% C.L. for the couplings
G,/A*[GeV™] as functions of the integrated luminosity for
two ILC/CLIC CM energies. We have taken the G, , couplings
one at the time.

In Figs. 4 and 6 we have used the statistical significance
expression given in terms of the expected number of signal
and background events in the reactions eTe™ — yyy, Zyy
[18]. We have assumed that the background events arise

T
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FIG.5. Contour limits at 95% C. L. in the G;—G, plane for the

process e*e™ — yyy for /s = 500, 1000 GeV and £ = 500 fb~!.
We have taken the G, couplings simultaneously.
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FIG. 6. Sensitivity limits at 95% C.L. for the couplings
ao./A*[GeV~?] as function of the integrated luminosity for
two ILC/CLIC CM energies. We have taken the a, . couplings
one at the time.

from the SM contributions while the signal events come
from the effective vertices contributions shown in Figs. 1
and 2. In order to obtain sensible limits on the effective
vertices, we also assume that the SM contribution is smaller
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FIG. 7. Contour limits at 95% C. L. in the ay-a. plane for the
process e*e” — Zyy for /s = 500, 1000 GeVand £ = 500 fb~'.
We have taken the a; . couplings simultaneously.
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TABLE 1. Values of G,,/A* [GeV™] as function of BR
according to Eq. (16) of Refs. [15,19]. We include the PDG
2012 limit for BR(Z — yyy) [17].

BR |G1/A*[GeV™]| |G,/ A*GeV~]]|
107> (PDG) 2.22 % 1078 1.81 x 1078
5.41 x 10719 (SM) 1.63 x 10710 1.33 x 10710
5.26 x 10719 (331) 1.61 x 10710 1.31 x 10710

than the new physics contributions. The number of
expected events then are given by the integrated luminosity
and the respective cross section. In Figs. 5 and 7 we used
two CM energies planned for the ILC/CLIC accelerators in
order to get 95% C.L. contour limits for the Zyyy and ZZyy
effective couplings and the planned luminosity of 500 fb~!.
We can appreciate that these limits are about two orders of
magnitude lower with respect to those obtained from the
data obtained by the L3 Collaboration.

In order to compare our results for the quartic couplings
with the SM predictions, we use the results obtained in
Ref. [5] for the branching ratio of the decay Z — yyy. A
complete one-loop calculation of the Feynman diagrams for
this decay mode was presented for the SM and the 331
model [16]. The relation of our quartic couplings G , to the
F form factors used in this reference is given by

Gi» 2 —n 8052(Mz) 2
A4 o SwCw
1 1 1 2
X/ / |FZZG,7+FIZG12+F%G,2|dydx’
0 J1—x . ’ '

)
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where x and y are kinematical variables associated to the
Z — yyy decay mode [5] and g = ¢/sy = V4ra/sy. Each
F. form factor identifies the fermionic, vectorial, and
scalar contributions to the one-loop diagrams. It was found
that the dominant contribution comes from the fermionic
amplitudes. In Table 1 we include the predictions expected
for the G|, quartic couplings for the SM, 331 model, and
from the PDG limits for the respective branching ratio
using the expression for the decay width

M)  (2G?+3G3—-3G,G,)
N(Z=111) = $550600 A8 - ®

In conclusion, we have obtained limits on the quartic
couplings Zyyy and ZZyy at LEP 2 energies by using
published L3 data for the reactions e™e™ — yyy, Zyy. Our
limits obtained from the LEP 2 data on the reaction
ete” = Zyy are close to the best limits obtained in the
LEP collider [8]. In this case, SM predictions for the a .
couplings are not available in the literature. Our 95%
sensitivity limits expected for these couplings at ILC/CLIC
energies are of order 107* GeV~2 for a luminosity of
500 fb~!. These limits are close to those obtained by
Stirling and Werthenbach for a 300 fb~! luminosity [6].
Similar limits have been obtained from the process eTe™ —
voyy [20] and through effects induced by the polarization of
the Z gauge boson and initial state radiation in the process
ete” — Z}’)/ [21].
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