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ABSTRACT: In this paper, we examine the potentials of the processes vy — WTW~Z and
ete” — ety*y*e™ — e"WTW ™ Ze™ at the CLIC with /s = 0.5, 1.5 and 3 TeV to investi-
gate anomalous quartic WW Z~ couplings by two different CP-violating and CP-conserving
effective Lagrangians. We find 95% confidence level sensitivities on the anomalous coupling
parameters at the three CLIC energies and various integrated luminosities. The best sen-
sitivities obtained from the process vy — WTW ~Z on the anomalous %V, %/ and %l
couplings defined by CP-conserving effective Lagrangians are [—1.73; 1.73] x 1077 GeV~2,
[—2.44; 2.44] x 1077 and [—1.89; 1.89] x 1077 GeV 2, while $3 coupling determined by CP-
violating effective Lagrangians is obtained as [—1.74; 1.74] x 10~7 GeV~2. In addition, the
best sensitivities derived on Ij%vz, % and ’%L and §% from the process ete™ = ety *y e —
e"WTW=Ze~ are obtained as [—1.09; 1.09] x 1076 GeV~2, [~1.54; 1.54] x 107% GeV~2,
[—1.18; 1.18] x 1075 and [~1.04; 1.04] x 1075 GeV~2, respectively.
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1 Introduction

Gauge boson self-couplings are completely defined by the non-abelian SU(2) x U(1) gauge
symmetry of the Standard Model (SM), thus direct search for these couplings are extremely
significant in understanding the gauge structure of the SM. However, the possible deviation
from the SM predictions of gauge boson self-couplings would be a sign for the presence of
new physics beyond the SM. Probe of the new physics in a model independent way by
means of the effective Lagrangian approach is often a common way. In this approach,
anomalous quartic gauge boson couplings are described by means of high-dimensional ef-
fective operators and they do not cause anomalous trilinear gauge boson couplings. There-
fore, anomalous quartic gauge boson couplings can be independently investigated from any
trilinear gauge boson couplings.

In the literature, the anomalous quartic WW Z~ couplings are usually investigated by
two different dimension 6 effective Lagrangians that keep custodial SU(2), symmetry and
local U(1)qep symmetry. The first is CP-violating effective Lagrangian. It is defined by [1]

%iqeY

Ly = Waneijkw,@wy)w(k)aw” (1.1)

where F* is the tensor for electromagnetic field strength, a = % is the fine structure

constant, a,, is the dimensionless anomalous quartic coupling constant and A is represented
the energy scale of new physics. The anomalous WW Z~ vertex function obtained from
effective Lagrangian in eq. (1.1) is given in appendix.

Secondly, we apply the formalism of ref. [2] to examine CP-conserving effective La-
grangian. As can be seen from eq. (5) in ref. [2], there are fourteen effective photonic
operators related to the anomalous quartic gauge couplings. These operators are identified
by fourteen independent couplings ké‘j ’Cb’m, k‘i”;% and k:ll’g. However, the effective inter-
actions in these operators can be expressed in terms of independent Lorentz structures.



For example, the WW~~ and ZZ~~ interactions can be parameterized in terms of four
independent Lorentz structures,

Wy = —¢9" pyy oy —
b=y Ew WO (1.2)
W= ZCL e 4w
e=—71 fw (WHWe +W"W7), (1.3)
7 = iF JFM 707, (1.4)
07 4cos2 Oy M ’
—e2g? o

Also, among them two are related to ZZZ~ operators:

7Z = 71? VI Z° 7, 1.6
0 2cos2 Oy M (1.6)
. _e2g?

Z5 = 717 zrezvz., . 1.7
¢ 2cos? Oy M “ (1.7)

The remaining WW Z~ interactions are given as follows

Wi = —e*¢*F,, Z"WTow,,, (1.8)
e2g?

WZ = — 5 ST P, Zr(WHW + W) (1.9)
A egzg 1% + «@ + 7«

Wi = > —F (W Wy 25+ W, Wy Z ) (1.10)
Z egzg Qv + —« — +a

Wy = —7F (WWW Zy + W W Zy,) (1.11)
A 6929 Qv + « + 7o

Wy = ———F (W W, 2%+ W, W, Z ) (1.12)

with g = e/sw, g. = e/swew and V,, = 9,V, — 0, V), where sy = sinfy, cw = cos by
and V = W%, Z. The anomalous vertex functions obtained through the CP-conserving
anomalous WW Z~ interactions in egs. (1.8)—(1.12) are given in appendix.

Therefore, the fourteen effective photonic operators related to the anomalous quartic
gauge couplings can be appropriately rewritten in terms of the above independent Lorentz

structures
k:g k) ka
= —(ZO) + Wy) + a4+ WY)+pZy
k23 ko A c A
A2Z7+ A2Z +pZC + E A2 i (1.13)



where the coefficients that parametrise the strength of the anomalous quartic gauge cou-
plings are expressed as

Kl = kY + K+ k" (j=0,c,1) (1.14)

ks = kY + kS 4+ ki + kY + K (1.15)
w cw

K2 = Wk 4 kY + k) — V(0 4 kD) + con (K + K+ K (1.17)
Sw cw

KW o= W _ Wb 4o kM (1.18)
SW cw

KV = e~ g kT (1.19)
Sw cw

kY =k + SF (1=1,2,3), (1.20)

where ¢,y = (¢ — s5,)/ (2ewsw).
For this study, we take care of the five coefficients k}V (i = 0,¢,1,2,3) defined in
egs. (1.18)—(1.20) corresponding to the WW Z~ vertex. However, these parameters are cor-
related with those coupling constants that describe WW~~y, ZZ~~ and ZZ Z~ couplings [2].
Thus, the anomalous WW Zv coupling should be dissociated from the other anomalous
quartic couplings to obtain the only non-vanishing WW Z~ vertex. For the non-vanishing
of the only WW Z~ vertex, we can apply additional restrictions on k:f parameters. One
of the possible restrictions, proposed in [3], to verify this is to set k3" = —k%* and other
parameters (k:gf’cb’m, ks 5, k" and K} ) to zero. As a result of this choice, eq. (1.13) reduces
to only non-vanishing WW Z~ couplings as follows
Ky

Leff = 2A2

(W§ —Ww#). (1.21)

The current experimental sensitivities on a,/A? parameter derived from CP-violating
effective Lagrangian through the process ete™ — WTW v at the LEP are obtained by
L3, OPAL and DELPHI collaborations. These are

L3: —0.14GeV %< % < 0.13GeV 2, (1.22)
OPAL: —0.16GeV 2 < % < 0.15GeV~2, (1.23)
DELPHI: —0.18GeV %< % <0.14GeV 2 (1.24)

at 95% confidence level [4-6].

Besides, the CERN LHC provides current experimental sensitivities on only %V and
%/ couplings given in egs. (1.18)—(1.19) which are related to the anomalous quartic WW Z~
couplings within CP-conserving effective Lagrangians [7]. The results obtained for these
couplings at 95% C.L. through the process q¢’ — W(— fv)Z(— jj)v at /s = 8 TeV with
an integrated luminosity of 19.3fb~! are given as follows

w

—1.2x107°GeV 2 < % <1x107°GeV ™2 (1.25)



and
w

k
—1.8x107°GeV 2 < Az < L7 1075 GeV 2. (1.26)

There have been many studies for anomalous quartic WW Z~ couplings at linear and

hadron colliders. The linear eTe™ colliders and their operating modes of ey and vy have
been investigated through the processes ete™ — WTW~Z WTW v [3, 8-12], ete™ —
etye™ = e W~ Zv, [13], ey = WHW e, v, W~ Z [1, 14] and vy — WTW~Z [15, 16].
In addition, a detailed analysis of anomalous WW Z~ couplings at the LHC have been
studied via the processes pp — W Z~v [2, 17] and pp — py*p — pW Z¢X [18]. The photonic
quartic WW~~ and ZZ~v couplings are examined in photon-photon reactions, i.e. pp —
pY* v p — pWHTW p [19-21] for WW~~ couplings and pp — py*y*p — pZZp (20, 22].

The LHC is anticipated to answer some of the unsolved questions of particle physics.
However, it may not provide high precision measurements due to the remnants remaining
after the collision of the proton beams. A linear ee™ collider with high luminosity and
energy is the best option to complement and to extend the LHC physics program. The
CLIC is one of the most popular linear colliders, planned to carry out eTe™ collisions at
energies from 0.5 TeV to 3TeV [23]. To have its high luminosity and energy is quite im-
portant with regards to new physics research beyond the SM. Since the anomalous quartic
WW Z~ couplings described through CP-violating and CP-conserving effective Lagrangians
have dimension-6, they have very strong energy dependences. Thus, the anomalous cross
section containing the WW Z~ vertex has a higher energy than the SM cross section. In
addition, the future linear collider will possibly generate a final state with three or more
massive gauge bosons. Hence, it will have a great potential to examine anomalous quartic
gauge boson couplings.

Another possibility expected for the linear colliders is to operate this machine as ~y~
and e colliders. This can be performed by converting the incoming leptons into intense

*

beams of high-energy photons [24, 25]. On the other hand, y*4* and v*e processes at the
linear colliders arise from quasi-real photon emitted from the incoming e* or e~ beams.
Hence, v*~* and v*e processes are more realistic than vy and e processes. The photons in
these processes are defined by the Equivalent Photon Approximation (EPA) [26-30]. In the
EPA. the quasi-real photons are scattered at very small angles from the beam pipe, so they
have low virtuality. For this reason, they are supposed to be almost real. Moreover, the
EPA has a lot of advantages: first, it provides the skill to reach crude numerical predictions
via simple formulae. In addition, it may principally ease the experimental analysis because
it enables one to achieve directly a rough cross section for v*4* — X process via the
examination of the main process et e™ — et Xe~. Here, X represents objects produced in
the final state. The production of high mass objects is specially interesting at the linear
colliders. Furthermore, the production rate of massive objects is limited by the photon
luminosity at high invariant mass.

In conclusion, these processes have a very clean experimental environment, since they
have no interference with weak and strong interactions. Up to now, the photon-induced
processes for the new physics searches were investigated through the EPA at the LEP,
Tevatron, LHC and CLIC in literature [31-63].
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Figure 1. Schematic diagram for the process eTe™ — et y*v*e™ — eTWTW ~Ze™ at the CLIC.

2 Cross sections and numerical analysis

All numerical calculations in this study were evaluated using the computer package
CalcHEP [64] by embedding the anomalous WW Z~ interaction vertices defined through
CP-violating (eq. (1.1)) and CP-conserving (eqgs. (1.8)—(1.12)) effective operators. The total
cross sections for two processes vy — WTW~=Z and ete™ — ety*y*e™ — e WHTW ™ Ze™
in terms of k¥ (i = 0, ¢) couplings can be given by
w WiWw

Ttot = OSM + Z %Uiim + Z klAlz] el (2.1)

i ij

ano *
In addition, the total cross sections containing k3" couplings are obtained as follows

Lm fem 2
Otot = OSM + A72201nt + (izaano. (2.2)

Finally, the total cross sections including a,, couplings can be written by

2
a
Otot = OSM + rzaano (23)

where ogqy is the SM cross section, iy is the interference terms between SM and the
anomalous contribution, and g, is the pure anomalous contribution. The interference
terms in total cross sections given in eqgs. (2.1)-(2.2) related to CP-conserving effective
Lagrangians are negligibly small compared to pure anomalous terms. Nevertheless, we took
into account the effect of all interference term in the numerical calculations. However, the
total cross section depends only on the quadratic function of a,, anomalous coupling defined
by CP-violating effective Lagrangians, since anomalous coupling a,, does not interfere with
the SM amplitude.

The quasi-real photons emitted from both lepton beams collide with each other, and
the process y*v* — WTW ™ Z is generated. The process v*~v* — WTW ~Z participates as a
subprocess in the main process eTe™ — eTy*y*e™ — eTWTW ™ Ze™. A schematic diagram
representing the main process is given in figure 1. When calculating the total cross sections
for this process, we used the equivalent photon spectrum described by the EPA which is

*

embedded in CalcHEP. The total cross se‘(/:vtions of the process ete™ — eTry*y*e™ —
w m
eTWTW ™ Ze™ as functions of anomalous ]j\%, %, % at /s = 0.5, 1.5 and 3TeV are

shown in figures 24, respectively. Dependence of the ete™ — eTy*y*e™ — eTWTW ™~ Ze™
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Figure 2. The total cross sections as function of anomalous %7 13\—2 and ’/% couplings for the
process ete™ — et y*y*e™ — e WTW = Ze™ at the CLIC with /s = 0.5 TeV.
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Figure 3. The same as figure 2 but for /s = 1.5 TeV.

cross section on the anomalous 4% couplings at the same three center-of-mass energies are
given in figure 5. Here, we assume that only one of the anomalous couplings deviate
from the SM at any given time. We can see from figures 2—4 that the deviation from SM
. . . EY . . BV
of the anomalous cross sections including > is larger than those of containing &% and
m w

%. Hence, sensitivities on the coupling ]j\% are expected to be more restrictive than the
sensitivities on & and 3.

The total cross section for the vy — WTW ™ Z process has been calculated by using real
photon spectrum produced by Compton backscattering of laser beam off the high energy
electron beam. In figures 6-8, we plot the total cross section of the process vy — W W~Z
as a function of anomalous couplings for /s = 0.5, 1.5 and 3 TeV energies. The total cross
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Figure 5. The total cross sections as function of anomalous %% coupling for the process ete” —

ety*y*e™ — eTWTW = Ze™ at the CLIC with /s = 0.5, 1.5 and 3 TeV.

section depending on the anomalous §% of the process vy — WTW = Z for the three center
of mass energies are plotted in figure 9.

The kinematical distributions of final state particles can give further information about
how we can separate among the different anomalous interactions. In this context, some
distributions of the final state W and Z bosons are plotted for illustrative purposes using
close to sensitivity of the anomalous couplings Ijé/, Ij\g , Ij\z and §% in figures 10-21. We

W w
show the transverse momentum dlstrlbutlons of Z boson in the final states using A2 , ]j\2

anomalous couplings in figure 10 and using A2 and {3 anomalous couplings in figure 11
for the processes ete™ — eTy*vy*e™ — e™WTW~Ze™ at /s = 3TeV. Similarly, the
transverse momentum distributions for the Z boson in the final states of the process vy —
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Figure 6. The total cross sections as function of anomalous %, % and ’jfz couplings for the
process vy — WTW=Z at the CLIC with /s = 0.5 TeV.
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Figure 7. The same as figure 6 but for /s = 1.5 TeV.

WYW=Z are given in figures 12-13. From this figures, we can separately observe the
deviation of new physics induced by nonzero anomalous quartic CP-conserving and CP-
violating couplings apart from SM background which is apparent at high pr region of the
Z bosons in the final states. The momentum dependence of the anomalous cross sections
including the WW Z~ vertices is higher than that of SM background cross section which
causes the apparent deviation at high pp region.

We plot the rapidity distributions of the W boson for two processes using the anoma-
lous couplings %, %, ];’%TZ and {5 for /s = 3TeV in figures 14-17. Figures 14-17 show
that the rapidity distributions of the final state W boson from the new physics signals
and SM background are located generally in the range of [n"V'| < 2.5. Furthermore, we
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Figure 9. The total cross sections as function of anomalous §% coupling for the process vy —

W*TW=Z at the CLIC with /s = 0.5, 1.5 and 3 TeV.

can easily discern the difference between positive and negative values of the coupling %
Especially, as can be seen from figure 15, the anomalous interactions for §% coupling cause
the production of more W bosons in the central region.

In order to distinguish the different anomalous couplings with the SM, we illustrate the
cosf"W distributions of W for two processes where " is polar angle of W+ with respect

to the beam pipe. We show the cos#" distributions with the anomalous couplings %,
w m
kj\CQ and SM background in figure 18, using % and {5 couplings in figure 19 for ete” —

ety y*e™ — et WHTW~Ze™ process at /s = 3TeV. Similarly, the cosd" distributions
for the vy — WTW™Z process are given in figures 20-21. We can observe from these




1.2.10™ : : ‘
kVA2=k M/a2=2x10°® Gev2

kaN/A2=-2x1 08 GeV?2 e
kV/A2=-2x10 GeV2
SM ——

10104 b [t
8.0 10°

6.0-10°

do/dpZ(pb/GeV)

4.0-10°

2.0-10°

L L

0 100 200 300 400 500 600 700 800
pf(GeV)

0.0 -10°
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w w
% and ]Xz couplings for the processes eTe™ — eTy*y*e™ — eTWTW ™ Ze™ at /s = 3TeV.
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Figure 11. The transverse momentum distributions of Z boson in the final states using anomalous

’ff: and §& couplings for the processes ete™ — ety*y*e™ = et WHTW ™~ Ze™ at /s = 3TeV.

distributions that the contributions of negative and positive values of %L can easily be

distinguished in figures 19 and 21.
In order to probe the sensitivity to the anomalous quartic WW Z~ couplings, we use

one and two-dimensional y? analysis:

2
k(‘)/vc k3 a
osm — AN (5, 7 2%)
2 A2 A2 A
OSMOstat

,10,
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Figure 12. The transverse momentum distributions of Z boson in the final states using anomalous
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Figure 13. The transverse momentum distributions of Z boson in the final states using anomalous
% and g3 couplings for the processes vy — WTW=Z at /s = 3TeV.

where o is the cross section including new physics effects, dgtat = \/% and NV is the num-
ber of SM events. The number of events for the processes vy — WHTW~Z and eTe™ —
ety v e™ — etWHW = Ze™ are obtained by N = Ly xosm xBR(Z — £0)xBR2(W — 7))
where Liy is the integrated luminosity. In addition, we assume that the the leptonic decay
channel of Z boson with branching ratio is BR(Z — /) = 0.067 and the hadronic decay
channel of W boson with the branching ratio is BR(W — ¢¢’) = 0.676. In our calculations,

one of the anomalous quartic couplings is assumed to deviate from their SM values (the oth-

— 11 —
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Figure 15. The rapidity distributions of W™ boson in the final states using anomalous % and
%4 couplings for the processes ete™ — eTy*y*e™ — e WTW ™~ Ze™ at /s = 3TeV.

ers fixed to zero) at the one-dimensional y? analysis, while two anomalous quartic couplings

k. . . . . .
( X’;) are assumed to deviate from their SM values at the two-dimensional x? analysis. In

this case, we take into account y? value corresponding to the number of observable.

In tables 1-4, we show 95% C.L. sensitivities on the anomalous quartic couplings pa-
w w m
rameters —kj\% , —IXQ , and %, %% for both two processes at Vs = 0.5, 1.5 and 3 TeV energies.

w
As can be seen in table 1, the process vy — WTW™Z improves the sensitivities of %

— 12 —
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Figure 17. The rapidity distributions of W boson in the final states using anomalous ’jfz and
%5 couplings for the processes vy — WHW=Z at \/s = 3TeV.

and %V by up to a factor of 10?> compared to the LHC [7]. The expected best sensitiv-
ities on % in table 2 are far beyond the sensitivities of the existing LEP. However, we
compare our results with the sensitivities of ref. [13], in which the best sensitivities on
]j%v;/, IKV;, ]X;L and % couplings by examining the two processes ete™ — W-Wty and
ete” = ety*e — e+W Zv, at the 3 TeV CLIC are obtained. We observed that the sen-
sitivities obtained on A2 and & A2 are at the same order with those reported in the ref. [13]

,13,
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Figure 19. The angular distributions of W boson in the final states using anomalous % and %
couplings for the processes ete™ — ety *v*e™ — e "WHTW ™ Ze™ at /s = 3TeV.

while sensitivities on /\22 and a2 are 2 and 5 times better than the sensitivities calculated

in ref. [13], respectively. Our sensitivities on 12—2 can set more stringent sensitive by two
orders of magnitude with respect to the best sensitivity derived from W Z~ production at
the LHC with /s = 14 TeV and the integrated luminosity of L = 200fb~* [17].

The v*v* collision of CLIC with /s = 3TeV and Ly = 590 fb~! investigates the
CP-conserving and CP-violating anomalous WW Z~ coupling with a far better than
the experiments sensitivities. One can see from table 3 that the sensitivities on the

— 14 —
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Figure 20. The angular distributions of W boson in the final states using anomalous ~z and

’XV: couplings for the processes vy — WTW ™ Z at /s = 3 TeV.
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Figure 21. The angular distributions of W boson in the final states using anomalous % and 3%

couplings for the processes vy — WTW ™ Z at /s = 3 TeV.

anomalous couplings IXL‘Z and % are calculated as [—1.09; 1.09] x 107%GeV~2 and

[—1.54; 1.54] x 1079 GeV~2 which are an order of magnitude better than both % and

%/ couplings. As shown in table 4, the best sensitivities on % coupling through the
process ete™ — ety y*e™ — et WHW = Ze™ are obtained as [—1.04; 1.04] x 1075 GeV~
which are more strmgent sen51t1v1ty by five orders of magnitude with respect to LEP

results.  Anomalous /{)2 and ]22 couplings calculated with the help of the process
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V5 (TeV) Ly (fb°1) k. (Gev-2) ke (Gev—2)

0.5 10 —9.39:8.91] x 107°  [~1.36; 1.34] x 1074
0.5 50 —6.36; 5.88] x 107°  [-9.14; 8.93] x 107
0.5 100 —5.39; 4.91] x 107> [—7.69; 7.49] x 10~°
0.5 230 —4.42; 3.94] x 107°  [~6.27; 6.06] x 107°
1.5 10 —3.50; 3.50] x 1076 [—4.92; 4.92] x 10~°
1.5 50

[ [

[ ] [ ]

[ ] [ ]

[ ] [ ]

[ ] [ ]

[2.34; 2.34] x 1076 [-3.29; 3.29] x 10~°
1.5 100 [-1.97; 1.97] x 10°¢  [-2.77; 2.77] x 10~¢

[ ] [ ]

[ ] [ ]

[ ] [ ]

[ ] [ ]

[ ] [ ]

1.5 320 —1.47; 1.47) x 1076 [-2.07; 2.07] x 1076
3 10 —4.80; 4.80] x 1077 [—6.77; 6.77] x 10~
3 100 —2.69; 2.69] x 1077 [—3.81; 3.81] x 10~7
3 300 —2.05; 2.05] x 1077 [—2.89; 2.89] x 10~
3 590 —1.73; 1.73] x 1077 [—2.44; 2.44] x 1077

Table 1. The sensitivities of the anomalous ]j%v: and ’j\cvz couplings through the process vy —
W+TW=Z at the CLIC with \/s = 0.5, 1.5 and 3 TeV for various integrated luminosities.

V5 (TeV)  Lig, (fb=1) b (Gev2) 4y (GeV™2)
0.5 10 —2.17;2.09] x 107*  [-3.59; 3.59] x 1074
0.5 50 —1.47; 1.39] x 107%  [-2.40; 2.40] x 1074
0.5 100 —1.24; 1.16] x 107%  [-2.02; 2.02] x 1074
0.5 230 —1.01; 0.94] x 107°  [—1.64; 1.64] x 1074
1.5 10 —5.22; 5.21] x 107¢  [-6.04; 6.04] x 1076
1.5 50 —3.49; 3.49] x 107¢  [-4.04; 4.04] x 106

1.5 320 —2.19; 2.19] x 1076 [—2.54; 2.54] x 1076

[

[ ]
[ ]
[ ]
[ ]
[ ]

15 100 [~2.93; 2.93] x 10-6  [~3.39; 339] x 10~6

[ ]
[ ]
[ ]
[ ]
[ ]

[ ]
3 10 —5.23; 5.23] x 1077 [=4.70; 4.70] x 107
3 100 —2.94; 2.94] x 1077 [-2.64; 2.64] x 1077
3 300 —2.23; 2.23] x 1077 [-2.01; 2.01] x 1077
3 590 —1.89; 1.89] x 1077 [—1.74; 1.74] x 1077

an

Table 2. The sensitivities of the anomalous ’% and {3 couplings through the process vy —
WHW~=Z at the CLIC with /s = 0.5, 1.5 and 3 TeV for various integrated luminosities.

Tem — ety*y*e” —> et WTW=Ze™ are less sensitive than the results of ref. [13]. On
the other hand, our A2 and % couplings obtained from this process have similar sensitiv-

(&

ities as ref. [13].

w
In figures 22-24, we present 95% C.L. contours for anomalous lj\% and ]jg couplings

for the process ete™ — ety*y*e™ — e™WTW~Ze~ at the CLIC for various integrated
luminosities and center-of-mass energies. As we can see from figure 24, the best sensitivities
on ]j%v;/ and %/ through this process are [~1.38 x 107, 1.38 x 107%] and [~1.96 x 107,
1.96 x 107°], respectively for Ly, = 590fb~1 at the CLIC. Also, the same contours for
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W w
Table 3. The sensitivities of the anomalous % and Ij@ couplings through the process eTe

ety vy e — etWTW ™ Ze™

ties.

Table 4. The sensitivities of the anomalous ’RQ and {5 couplings through the process ete”

Lint (fbil)

k. (Gev-2)

b (Gev2)

10
o0
100
230

372 3.71] x 1074
2.49; 2.48] x 10~*
2.09; 2.08] x 1074
1.70; 1.69] x 10~4

—5.48; 5.41] x 10~*
—3.68; 3.61] x 10~*
—3.10; 3.02] x 1074
—2.52; 2.45] x 104

10
20
100
320

1.83; 1.83] x 107°
1.23; 1.23] x 107°

7.71; 7.71] x 1076

—2.58; 2.58] x 107°

1.72; 1.72] x 1075

—1.08; 1.08] x 1075

w W w w

10
100
300
590

[-
-
-
-
-
-
-
-
-
-
-
-

3.03; 3.03] x 106
1.70; 1.70] x 106
1.29: 1.29] x 106

]
]
]
]
]
1.03; 1.03] x 107°
]
]
]
]
1.09; 1.09] x 10~°

[
[ ]

[ ]

[ |

[ |

- ]
[~1.45; 1.45] x 1077
[ ]

[ ]

[ |

[ ]

[ ]

—4.27; 4.27) x 1076
—2.40; 2.40] x 1076
—1.82; 1.82] x 106
—1.54; 1.54] x 106

M (Gev2)

Sa (GeV~2)

100
230

8.46; 8.20] x 1074
5.70; 5.44] x 10~*
4.81; 4.55] x 1074
3.93; 3.67] x 1074

—1.35; 1.35] x 10~4
—9.02; 9.02] x 107
—7.56; 7.56] x 107°
—6.15; 6.15] x 107

10
50
100
320

2.72: 2.72] x 107°
1.82; 1.82] x 107°

1.14; 1.14] x 10~°

—3.10; 3.10] x 10~°
—2.07; 2.07] x 105

—1.30; 1.30] x 10=°

w W W w

10
100
300
590

-
-
-
=
-
-
-
=
-
-
-
=

3.28: 3.28] x 10~
1.84; 1.84] x 1076
1.40; 1.40] x 1076

]
]
]
]
]
1.53; 1.53] x 1075
]
]
]
]
1.18; 1.18] x 10~¢

[
[
[
[
[
[
[_
[
[
[
[
[

—2.89; 2.89] x 1076
—1.62; 1.62] x 1076
—1.24; 1.24] x 106
—1.04; 1.04] x 1076

]
]
]
]
]
1.74; 1.74] x 107°
]
]
]
]
]

ety vy e™ = et WHTW = Ze™

ties.

T =
at the CLIC with /s = 1.5 and 3 TeV for various integrated luminosi-

_>

at the CLIC with /s = 1.5 and 3 TeV for various integrated luminosi-

the process vy — WTW™Z are given in figures 25-27. From two-parameter contours in
W

figure 27, the sensitivities for 112 and A2 are obtained as [~2.15 x 107%, 2.15 x 107%] and

[—3.03 x 1076, 3.03 x 1079].

We can compare the obtained sensitivities on anomalous couplings by using statistical

significance

SS =

\Utot - USM|L
OSM

int

,17,
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Figure 22. 95% C.L. contours for anomalous % and % couplings for the process ete™ —
ety y*e™ — eTWTW ™ Ze™ at the CLIC with /s = 0.5 TeV.
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Figure 23. The same as figure 22 but for /s = 1.5 TeV.
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Figure 27. The same as figure 25 but for /s = 3 TeV.
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by assuming /s = 3 TeV with the integrated luminosity of 590 fb~!. Once again, we take
into account leptonic decay channel of the final state Z boson and hadronic decay channel
of W boson for two processes. We obtain 3 (5) o observation sensitivities on the anomalous
couplings from the ete™ — ety*y*e™ — e WTW ™ Ze™ process;

kW
—1.35(—1.74) x 107% < ﬁ < 1.35(1.74) x 107°
kW
—1.90(—2.45) x 1076 < Az < 1:90(245) x 107¢
m

k
—1.46(—1.89) x 1075 < /T22 < 1.46(1.89) x 107°

_ (7% _
—1.29(—1.66) x 107% < 1z < 1:29(1.66) x 10 6

and from the vy — WTW ™~ Z process;

ko'
A2

kY _
—3.02(=3.90) x 1077 < Az < 3.02(3.90) x 10 7

_ k3 _
—2.33(—3.01) x 1077 < /T22 < 2.33(3.01) x 1077

_ anp _
—2.09(—2.71) x 107" < 1z < 209(271) x 10 .

—2.14(—2.76) x 1077 < “%_ < 2.14(2.76) x 107"

The obtained sensitivities using signal significance at 5o are approximately 1.5 times better
than the best sensitivities obtained from y? analysis at 95% C.L.

3 Conclusions

The linear e~ e colliders will provide an important opportunity to probe ey and v~ colli-
sions at high energies. In ey and v+ collisions, high energy real photons can be obtained by
converting the incoming lepton beams into photon beams via the Compton backscattering
mechanism. In addition, high-energy accelerated e~ and e* beams at the linear colliders
radiate quasi-real photons, and thus ey* and y*y* collisions are produced from the e~ e*
process itself. Therefore, ey* and v*~v* collisions at these colliders can occur spontaneously
apart from ey and 7y collisions. In the literature, refs. [14, 17] only examined the sen-
sitivities on {3 couplings through the process vy — WHW=Z at future linear colliders.
As stated in ref. [15], the v collisions can examine the sensitivities on %% with a higher
precision with respect to the ey and e~e™ collisions. For this reason, we compare our sensi-
tivities with the results of ref. [13]. For §% couplings, v collisions at the 3 TeV CLIC with
an integrated luminosity of 590 fb~! enable us to improve the sensitivities by almost a factor
of five with respect to sensitivities coming from e~ e™ collisions. Also, our sensitivities show

that v+ collisions provide anomalous % couplings with a better than the e~e™ collisions.
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w w
On the other hand, we can see that the sensitivities on % and % expected to be obtained
for the future v~ colliders with /s = 3 TeV are roughly 2 times Worse than the sensitivities

in ref. [13]. We find that the sensitivities obtained for four different * A2 , 112 IX;

couplings from the process vy — WHW ~Z are approximately an order of magnitude more

and and

restrictive with respect to the main process ete™ — ety*y*e™ — etWTW ™ Ze~ which
is obtained by integrating the cross section for the subprocess v*~v* — WTW ™~ Z over the
effective photon luminosity. The process yy(v*y*) — WTW ™~ Z includes only interactions
between the gauge bosons, causing more apparent possible deviations from the expected
value of SM [15]. Therefore, in this paper, we analyze the CP-conserving parameters %/,
Ij\‘z and ATZ and CP-violating parameter §4 on the anomalous quartic WW Zv gauge cou-
plings through the processes vy — W+W Z obtained by laser-backscattering distributions
and eTe” — ety*y*e™ — eTWTW ™= Ze™ derived by EPA distributions at the CLIC. The
~ collisions seem to be the best place to test %l and {3 which are the anomalous quartic
couplings involving photons. Therefore, the CLIC as photon-photon collider provides an
ideal platform to examine anomalous quartic WW Z~ gauge couplings at high energies.

A The anomalous vertex functions derived from CP-violating and CP-
conserving effective Lagrangians

The anomalous W (p®)W = (p3)Z(k%)y(k!) vertex function obtained from CP-violating

effective L,, Lagrangian is given below

iﬁg;//\?a" |:gocl/ (980 k1. (k2 — p1) — k1g.(k2 — p1),]
— 98v|gap k1.(k2 — p2) — k1a.(k2 — p2),]
+ gas [guuk1-(p1 — p2) — k1v-(p1 — p2) 4]
- kQa(gﬁuklu guuklﬁ) + k?QB (gauklu - Quukla)
— p2v(9a pkip — gﬁukla) + plu(gﬁukla — Gapkip)
(

+ P1p gyukla gayklu) +p2a(guuk16 - gﬁukll/)] . (Al)

The anomalous W (p?)W*(p'g )Z (k5)~y(K)') vertex functions obtained from CP-conserving
effective W&, W2, W2, W5 and WZ can be written as follows, respectively

2i* 9% gag (g (k1-k2) — k1oka,] | (A.2)
,6292
g 2 [(g,uaguﬁ + gl/ag,uﬁ)(kl-kQ) + guu(k26k1a + lekQa)

- k2ukla9uﬂ - kQBklz/gua - k2akll/gpﬂ - kQuklﬂgua] ) (A?’)
2.692'92((g,uozk’l-pl - plukla)guﬁ + (%,874?1-]92 - p2pk1,8)gua) (A4)
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eg.g*

i ((k1.p1 + k1.p2) 9w 9as — (K1ap1 + k18P2q) Guv

2
- (plu +p2p)k1ugaﬁ =+ (pl,Bgua + p2agu6)klz/) ) (A5)
2
.€9:29
i ; (k1-p19p89va + k102900908 + (P1v — P2v) k18900

- (plzz - pQV)klaguB - plpklﬁgua - pQIuklaguﬁ) . (AG)
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