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Abstract The anomalous quartic neutral couplings of the
yyyy vertex in a polarized light-by-light scattering of the
Compton backscattered photons at the CLIC are examined.
Both differential and total cross sections are calculated for
e*e™ collision energies 1500 GeV and 3000 GeV. The helic-
ity of the initial electron beams is taken to be +0.8. The
unpolarized and SM cross sections for the same values of
helicities are also estimated. The 95% C.L. exclusion lim-
its on two anomalous photon couplings ¢; and ¢ are cal-
culated. The best bounds on these couplings are found to
be 6.85 x 1071© GeV~* and 1.43 x 10~1% GeV~, respec-
tively. The results are compared with the exclusion bounds
obtained previously for the LHC and HL-LHC. It is shown
that the light-by-light scattering at the CLIC, especially the
polarized, has a greater potential to search for the anomalous
quartic neutral couplings of the yyyy vertex.

1 Introduction

In the Standard Model (SM), the trilinear gauge couplings
(TGCs) [1,2] and quartic gauge couplings (QGCs) [3-6] are
completely defined by the non-Abelian SU(2); x U(l)y
gauge symmetry. These couplings have been accurately
tested by experiments. A possible deviation from the elec-
troweak predictions can give us important information on
probable physics beyond the SM.

Anomalous TGCs and QGCs can be studied in a model
independent way in the framework of the effective field the-
ory (EFT) via Lagrangian [7-10]

Lot = Lsm + Lio) + Les)- M
The Lagrangian L) contains dimension-6 operators. It gen-

erates an anomalous contribution to the TGCs and QGCs. Let
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us underline that the lowest dimension operators that modify
the quartic gauge interactions without exhibiting two or three
weak gauge boson vertices are dimension-8. The Lagrangian
L(g) is a sum of dimension-8 genuine operators,

i
Loy=) 43 o, @)

where A is a mass-dimension scale associated with new
physics, and ¢; are dimensionless constants. This Lagrangian
induces anomalous deviation to the QGCs. It is assumed that
the new interaction respects the local SU (2), x U(1)y sym-
metry which is broken spontaneously by the vacuum expecta-
tion value of the Higgs field ®. CP invariance is also imposed.
It means that L) is invariant under the full gauge symmetry.
As a result, the electroweak gauge bosons can appear in the
operators 058) only from covariant derivatives of the Higgs
doublet D, ® or from the field strengths By, Wﬁv-

There are three classes of dimension-8 operators. The
first one contains just D, ®. It leads to non-standard quar-
tic couplings of massive vector bosons, WTW~-W+W—,
W*W~ZZ and ZZZZ. The second class contains two D,, ®
and two field strength tensors. The third class has four field
strength tensors only. The dimension-8 operators of the last
two classes induce the anomalous quartic neutral couplings
oftheverticesyyyy,yyvZ,yyZZ,yZZZ,andZZZ7Z. A
complete list of dimension-8 operators which lead to anoma-
lous quartic neutral gauge boson couplings is presented in
[11-13]. In particular, the effective Lagrangian of the oper-
ators (’),.(8) which contributes to the anomalous quartic cou-
plings of the vertex yyyy looks like

8 €9 b b
ﬁQNGC — FB,OUB/)UBHUBMU + FW:)IU waro W,u,uW v

€10 1a bpo yya buv €1l Yledy 1274 apv
g Wi WP Wi, WO = Byg B Wi, W

v
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+ g Whe WP Wi, WORP 4“2 B o BT W, WO,
(3)

see Eq. (5) below.

The explicit expression for dimension-8 Lagrangian in a
broken phase (in which it is expressed in terms of the physical
fields W+, Z and F,,») can be found, for instance, in [12]. We
are interested in an effective Lagrangian for the anomalous
yyyy couplings. It is given by the formula [12]

%%yc = O FwF* Fopo FP7 + 0 F FPFoe FOF,  (4)

where
o =1lcdes 4 stco + 252 (cio+c11) 1A,
0 =[cheis +sieia+cisi(cis +cie) I (5)

The QGCs are actively studied for along time. The anoma-
lous WW Z Z vertex was probed at the LEP [14—17] (see also
[18]) and Tevatron [19] colliders. The L3 Collaboration also
searched for the WW Z Z couplings [20]. There have been
investigations for the W Wy y couplings at the LHC in [21-
30]. The possibility of measuring the ZZy y couplings were
studied in [21-26], [12] and [31]. Recently, the LHC exper-
imental bounds on QGCs have been presented by the CMS
[32] and ATLAS [33] Collaborations. In a number of theoret-
ical papers, search limits for the anomalous vertex WWyy
at future electron-proton colliders have been estimated [34—
36]. The anomalous QGCs can be also probed at linear e*e™
colliders [37], in particular, in the ey mode [38,39] (WWy y,
ZZyy and WW Zy vertices) or yy mode [40] ( WWWW,
WWZZ and ZZZ Z vertices), [41] (WWyy and ZZyy ver-
tices). Finally, in [42,43] the anomalous quartic couplings
of the ZZyy vertex at the Compact Liner Collider (CLIC)
[44,45] have been examined. As one can see, in all these
papers the anomalous QGCs with the massive gauge bosons
were examined.

The great potential of the CLIC in probing new physics
is well-known [46—48]. At the CLIC, it is possible to inves-
tigate not only eTe™ scattering but also ey and yy colli-
sions with real photons. In the present paper, we will examine
the possibility of searching for anomalous yy yy couplings
in the light-by-light (LBL) scattering with ingoing Comp-
ton backscattered (CB) photons at the CLIC. Both unpolar-
ized and polarized initial photons will be considered. The
first evidence of the process yy — yy was observed by
the ATLAS and CMS Collaborations in high-energy ultra-
peripheral PbPb collisions [49-51]. The LBL collisions at
the LHC have been studied in [52,53]. Recently, the LBL
scattering at the CLIC induced by axion-like particles has
been examined [54,55].

@ Springer

2 Light-by-light scattering in effective field theory

The ete™ colliders may operate in ey and y  modes [56,57].
Hard real photon beams at the CLIC can be generated by
the laser Compton backscattering. When soft laser photons
collide with electron beams, a large flux of photons, with
a great amount of the parent electron energy, is produced.
Let Eg and Ag be the energy and helicity of the initial laser
photon beam, while E, and X, be the energy and helicity of
the electron beam before CB. In our calculations, two sets of
these helicities, with opposite sign of A., will be considered,
namely

()\((31)’ Aél); )“22)’ )L(()Z)) =(0.8,1;0.8, 1),
0,202 467 = (0.8, 1;-0.8, 1), ©

where the superscripts 1 and 2 enumerate the beams. The
helicity of the photon with energy E,, obtained by the Comp-
ton backscattering of the laser photons with helicity A off
the electron beam is given by the formula

E(Ey, Mo)
Aol =201 —x 4+ 1/(1 — )]+ Aerg[1+ (1 — x)(1 — 2r)?]
T a1/ —x) =4 — 1) — heror2r — D2 —x)
(7

where x = E,/E,,r = x/¢(1 — x), ¢ = 4E.Eo/m2, m,
being the electron mass.

The spectrum of the CB photons is defined by the helicities
A0, Ao and dimensionless variables x, r, ¢ as follows

f()1[1+1 4x+4x2
(X)) =—|1—x —
! (@) I—x ¢d-x ' 21 —x)?
+rorers (1 —2r)(2 — X)] ; (®)
where
8(&) = g1(&) + rore £2(8), )
o=(1-- S mernadedo L
a@O=\l"z7"g)"¢ 27720+ Y
(10)
()—<1+3>m(+1)—§+ Lo !
§208) = c )¢ 21 20+ )
(11)
The maximum possible value of x is equal to
E max
xmax:%:é—/(l"f‘;)- (12)

The laser beam energy is chosen to maximize the backscat-
tered photon energy E,, . This can be achieved if one puts
¢ ~ 4.8, then xpax >~ 0.83.



Eur. Phys. J. C (2021) 81:664

Page30f9 664

8 8

8 8

Fig. 1 The diphoton production in the collision of the backscattered
photons at the CLIC via anomalous quartic coupling

The LBL scattering of the CB photons happens as shown in
Fig. 1. Its differential cross section is expressed in terms of the
CB photon spectra, their helicities, and helicity amplitudes
(58]

Xmax Xmax

do 1 dxy dxy
il el U B

X1 min X2 min

JIRHCRHUES)
X (IMyy 41>+ My )
+[1-e (B ) e (BR8]

X (M My )],

13)

where x| = E)(,l) /E. and xo = E)(,z) / E. are the energy frac-
tions of the CB photon beams, x| pmjn = pi/EZ, X2 min =
pf_ / (xlEf), p. is the transverse momentum of the outgo-
ing photons. /s is the center of mass energy of the ete™
collider, while ,/sxjx; is the center of mass energy of the
backscattered photons. We will apply the cut on the rapidity
of the final state photons |1, | < 2.5.

The physical potential of linear ete™ colliders may be
enhanced if the polarized beams are used [59,60]. As will
be seen below, it is exactly so in our case. For comparison,
similar results for unpolarized electron beams (A§1’2) =0)
will be also presented. Our calculations have shown that the
total cross sections are almost indistinguishable from the SM
ones for /s = 380 GeV (the first energy stage of the CLIC).
That is why, we will focus on the energies /s = 1500 GeV
(the second energy stage of the CLIC) and /s = 3000 GeV
(the third energy stage of the CLIC). The expected integrated
luminosities for these baseline CLIC energy stages [60] are
presented in Table 1.

We have calculated the differential cross sectionsdo /dm,,
where m,,,, is the invariant mass of the outgoing photons.
Each of the amplitudes is a sum of the anomaly and SM
terms,

Table 1 The CLIC energy stages and integrated luminosities for the
unpolarized and polarized initial electron beams

L,fb~!
Stage Vs, GeV Ae =0 re = —0.8 re =0.8
2 1500 2500 2000 500
3 3000 5000 4000 1000
M = Manom + MSM~ (14)

As the SM background, we have taken into account both
W-loop and fermion-loop contributions
Msym = My + My . (15)
The explicit analytical expressions for the SM helicity ampli-
tudes in the right-hand side of Eq. (13), both for the fermion
and W-boson terms, are too long. That is why we do not
present them here. They can be found in [54].

The differential cross sections as functions of the photon
invariant mass m,,,, are shown in Figs. 2 and 3. We imposed
the cut on the rapidity of the outgoing photons, [, | < 2.5.
The left, middle and rights panels of these figures correspond
to the electron beam helicities A, = 0.8, A, = —0.8, and
Ae = 0, respectively. Note that the anomaly amplitude is
pure real, while the SM one is mainly imaginary. As a result,
the interference contribution to the differential cross section
is relatively very small for any values of m,,, in the region
my, > 200GeV.If, forinstance, /s = 1500 GeV, A, = 0.8,
¢ = 1008 Gev™ ¢ = 0, and m,, = 500 GeV, the
anomaly, SM, and interference terms of the cross section
are equal to 3.45 x 107* fb/GeV, 5.90 x 1073 fb/GeV, and
9.05 x 1073 fb/GeV, respectively. For /s = 3000 GeV, the
same values of A, {12, and my,, = 1000 GeV we find,
correspondingly, 1.05 x 1072 fb/GeV, 1.64 x 1073 fb/GeV,
and 1.80 x 10™* fb/GeV.

For both +/s, and any value of A., the anomaly differential
cross sections become to dominate the SM background at
about m,,, > 750 GeV for {| = 10713 GevV—*, ¢, = 0. For
the couplings ¢; = 0, & = 10713 GeV ™ it takes place in
the region m,,, > 960 GeV. For the same /s and ¢j », the
differential cross section with 1, = 0.8 becomes larger than
the differential cross section with the opposite beam helicity
Ae = —0.8 and unpolarized one, as m,, grows. A possible
background with fake photons from decays of 7°, 7, and »’
is negligible in the signal region.

The leading part of the anomalous cross section is propor-
tional to s2. However, it does not mean that the unitarity is
violated for the region of the anomalous QGCs considered in
our paper. As it is shown in [61], the anomalous quartic cou-
plings of the order of 10~'* GeV~* do not lead to unitarity
violation for the collision energy below 3 TeV.

@ Springer
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Fig. 2 The differential cross sections for the process yy — yy as
functions of the invariant mass of the outgoing photons for the e*e™
collider energy /s = 1500 GeV. The left, middle and right panels corre-
spond to the electron beam helicity A, = 0.8, —0.8, and 0, respectively.

102

The curves on each plot (from the top downwards) are: the differential
cross sections for the coupling sets (] = 10713 Gev 4, ¢ = 0) and
€1 =0,8 = 108 GeV_4), the anomalous contribution for the same
coupling values, the SM cross section
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Fig. 3 The same as in Fig. 2, but for the eTe™~ collider energy /s = 3000 GeV

The results of our calculations of the total cross sections
o (myy > Myy min), Where m,, min is the minimal invariant
mass of the outgoing photons, are shown in Figs. 4 and 5.
The results are presented for two values of the CLIC energy,
and two sets of the couplings {1, {». The reader can obtain
the prediction for any value of the coefficients ¢, {» by sim-

@ Springer

ply rescaling the results. For 4/s = 1500 GeV, A, = 0.8,
& = 10713 GevV—, and ¢ = 0, the total cross section
remains almost unchanged despite increasing m,, min. A
similar tendency takes place for the unpolarized cross sec-
tion. On the contrary, for 1, = —0.8, the total cross sections
decrease rapidly, as myy min grows. For /s = 3000 GeV
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Fig. 4 The total cross sections for the process yy — yy as func-
tions of the minimal invariant mass of the outgoing photons for the
eTe™ collider energy /s = 1500 GeV. The left, middle and right pan-
els correspond to the electron beam helicitiy A, = 0.8, —0.8, and 0,

respectively. The curves on each plot (from the top downwards) are: the
total cross sections for the coupling sets (7 = 10~13 GeV™ , 5 =0)
and (¢; = 0, & = 10713 GeV~*), the anomalous contribution for the
same coupling values, the SM cross section
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Fig. 5 The same as in Fig. 4, but for the eTe™ collider energy /s = 3000 GeV

the total cross section deviation from the SM gets higher, as
My min INCreases. o (M, > My y min) With A, = 0.8 and the
unpolarized cross section are almost independent of m,, min,
while o (my,, > myy min) with A, = —0.8 decreases at large
My min- The total cross section with A, = 0.8 is several
times large than the total cross section with the opposite beam

helicity. Note, however, that for 1, = 0.8 the CLIC expected
integrated luminosities are four times smaller than those for
Ao = —0.8, for both values of eTe™ collision energy, see
Table 1.

@ Springer
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Fig. 6 The 95% C.L. exclusion regions for the couplings ¢, ¢> for the
unpolarized light-by-light scattering at the CLIC with the systematic
errors 8§ = 0% (black ellipse), § = 5% (blue ellipse), and § = 10% (red
ellipse). The inner regions of the ellipses are inaccessible. The collision
energy is /s = 1500 GeV, the integrated luminosity is L = 2500 fb~!.
The cut on the outgoing photon invariant mass m,,, > 1000 GeV was
imposed

To calculate the exclusion region, we use the following
formula for the exclusion significance [62]

1.x10""

5.x1071%

2(Gev?)

-5.x1071%

-1.x10714

-5.x10~1% 0 5.x10718 1.x107"

&i(Gev?)

—1.x10"14

Fig. 7 The same as in Fig. 6, but for 4/s = 3000 GeV and L = 5000
fb71

For the polarized LBL scattering at the CLIC, the exclu-
sion bounds on the anomalous photon couplings are pre-
sented in Tables 2 and 3 using the cut m,, > 1000 GeV.
Note that the values of the expected integrated luminosities

b+s+x 1 b—s+x 1
Sexcl :\/2 |:(S—b11’l (T) —8—211’1 (T) —(b+s—x) <1+m):|, (16)

with

x = \/(s + D)2 — 4825b2 /(1 + 82b). (17)

Here s and b represent the total number of signal and back-
ground events, respectively, and § is the percentage system-
atic error. In the limit § — 0 expression (16) is simplified to
be

Sexcl = v/2[s — b In(1 + 5/b)]. (18)

We define the regions Sexc1 < 1.645 as the regions that can
be excluded at the 95% C.L.

Our 95% C.L. exclusion regions for the couplings ¢1, {2
for the unpolarized LBL scattering are shown in Figs. 6 and
7 with the cuts |n,,,,| < 2.5, my,, > 1000 GeV, for § = 0,
8 = 5%, and § = 10%. Note that for the unpolarized process
the pure anomaly cross section is proportional to the coupling
combination 48@'12 + 40018 + 11;22 [65]. As a result, the
exclusion regions are ellipses rotated counterclockwise in the
plane (¢1, &) through the angle 0.5 arctan(80/37) ~ 32.6°
about the origin.

@ Springer

depend on the energy +/s. As one can see from these tables,
for both energies the exclusion bounds on couplings ¢ and &>
weakly depend on the helicity of the initial electron beams.

Previously, the discovery potential for the LBL scattering
at the 14 TeV LHC has been estimated in [63—-65]. As was
shown in [64], the 14 TeV LHC 95% C.L. exclusion limits
on ¢1 and ¢, couplings are 1.5 x 1071* GeV~* and 3.0 x
10714 GeV~*, respectively, for L = 300 fb~! integrated
luminosity. For L = 3000 fb~! (HL-LHC), the values are
twice smaller, 7.0 x 10715 GeV~* and 1.5 x 10714 GeV—*.
The sensitivity in the (¢1, ¢2) plane is shown in Fig. 8 taken
from [65]. As one can see from Table 2, our CLIC bounds
on the couplings ¢1, ¢, for the LBL scattering with /s =
1500 GeV are comparable with the HL-LHC bounds [65].
However, for ﬁ = 3000 GeV our lower bounds on ¢1, &
are approximately one order of magnitude smaller than the
HL-LHC ones, see Table 3.

In [43] the CLIC 95% C.L. sensitivity bounds on the
coefficients f7,/ A* and fry/ A* in the EFT Lagrangian
(equivalent to the coefficients co/A* and ¢13/A* in (3)) for
Vs = 3000 GeV and L = 2000 fb~! are presented. Note
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Table 2 The 95% C.L.
exclusion limits on the couplings
1 and ¢ for the CLIC collision
energy +/s = 1500 GeV, and the
cut my, > 1000 GeV

Table 3 The same as in Table 2,
but for v/s = 3000 GeV

that these coefficients are only parts of our couplings ¢; and
&> (5). The bounds have been obtained by examining the
anomalous quartic couplings of ZZy y vertex.

3 Conclusions

In the present paper, we have examined the anomalous quar-
tic neutral couplings of the yyyy vertex in the polarized
light-by-light collisions of the Compton backscattered pho-
tons at the CLIC. Both the second and third stages of the
CLIC are considered with the collision energies /s = 1500
GeV and /s = 3000 GeV, respectively. The helicity of the
initial electron beam was taken to be A, = % 0.8. The unpo-
larized case (A, = 0) has been also considered. We used
the SU(2);, x U(l)y effective Lagrangian describing the
contribution to the anomalous quartic neutral gauge boson
couplings. Its part, relevant to the anomalous yyyy vertex
(4), expressed in terms of the physical fields, contains two
couplings ¢1, {» of dimension —4.

We have calculated both the differential and total cross
sections of the light-by-light scattering yy — yy, with the
cut imposed on the rapidity of the final photons, |, | < 2.5.
The plots for two values of the collision energy /s and three
values of the electron beam helicity A, (including the unpo-
larized case) are presented. The anomaly and SM contribu-
tions to the cross sections are presented separately. The CLIC
exclusion sensitivity bounds on the anomaly coupling con-
stants ¢; and ¢, coming from the process yy — yy, are
calculated for three values of the systematic error, § = 0%,
8 = 5%, and § = 10%. To reduce the SM background, we

Helicity 0 —-0.8 0.8
Luminosity, fb~! 2500 2000 500
121, GeV™ (& = 0) 5=0% 8.52 x 10713 7.35 x 10713 7.32 x 10715
5=5% 9.84 x 10713 1.06 x 10714 9.59 x 10~13
5 =10% 1.36 x 1014 1.42 x 1014 1.26 x 1014
|62, GeV™* (¢ = 0) 5=0% 1.71 x 10714 1.45 x 10714 1.24 x 10714
§=5% 2.06 x 1014 2.19 x 1014 2.01 x 1014
5 =10% 2.81 x 10714 295 x 10714 2.60 x 10714
Helicity 0 -0.8 0.8
Luminosity, fb~! 5000 4000 1000
121, GeV™ (& = 0) 8§ =0% 6.85 x 10716 8.82 x 10710 8.73 x 10710
5=5% 1.90 x 10715 2.48 x 10713 1.56 x 1015
8§ =10% 2.63 x 10713 3.37 x 10715 2.12 x 10715
1&2], GeV™* (¢ = 0) 8§ =0% 1.43 x 10715 1.85 x 10715 1.82 x 10715
5=5% 3.99 x 1071 5.12 x 10715 3.28 x 10713
5 =10% 5.53 x 10713 7.10 x 10715 4.46 x 10715
1.x10°12 51\ " - /iy
1.x107™
'l
> 3 4
é 0= =
o g
12107 1
1.x10'12;fl‘“u P P T | AR R R
1.x107"2 1.x107™ 0 1.x107™ 1.x107"2
-4
¢1 [GeV™']

Fig. 8 The LHC sensitivity in the (¢1, ¢2) plane. In particular, the red
region can be probed at the 95% C.L. using proton tagging at the LHC.
The white region is inaccessible. The figure is taken from Ref. [65]

imposed the cut on the invariant mass of the outgoing pho-
tons, m,,, > 1000 GeV.

For the unpolarized LBL scattering at the CLIC, the 95%
C.L. exclusion regions are shown in Figs. 6 and 7. The exclu-
sion bounds for the polarized LBL scattering are presented
in Tables 2 and 3 for three values of the systematic error.
For the ete™ collision energy /s = 3000 GeV, electron
beam helicity A = 0.8, and § = 10%, our bounds on ¢, {2
have appeared to be approximately one order of magnitude
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stronger than the corresponding HL-LHC bounds obtained
for /s = 14 TeV and integrated luminosity L = 3000 fb~!
in [65].

All said above allows us to conclude that the LBL scatter-
ing at the CLIC, especially the polarized, has a great physical
potential in searching for the anomalous quartic neutral cou-
plings of the yy y y vertex.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: No datasets were
generated or analyzed during the current study.]
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