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Summary

Light-by-light (LBL) scattering yy = yy of
Compton backscattered (CB) photons at high
energy collider CLIC. Probing anomalous quartic
vyyy couplings

Search for anomalous gauge couplings of yyyZ

vertex in yy - yZ collision of CB photons at
the CLIC

Study of invisible massive dark photon in ye
scattering at future lepton colliders ILC, CLIC,
and CEPC.

Conclusions
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Light-by-light scattering of
CB photons at the CLIC

9 v

& R
Anomalous diagram for process yy = yy

The goal is to examine anomalous quartic gauge
couplings (QGCs) via reaction yy - yy at the CLIC
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New physics contributions to 4y couplings

New charged particles via loops

G~ Q'm*
Example: top partner

New neutral particles at tree level :Lj; X’i:
4

G~ f?m
Example: KK gravitons, radion
(warped extra dimension)

If fKK ~ TeV and Mg ~ few TeV,
then G ~ 102-101 TeV-4
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Compact Linear Collider (CLIC)

s
4 Legend
’

=== CERN existing LHC

5
* sses CLIC1.5TeV
ssss CLIC 3 TeV

Integrated luminosity

Collision energy (unpolarized beams)
1st stage 380 GeV 1.0 ab-!
2nd stage 1500 GeV 2.5 ab-!
3rd stage 3000 GeV 5.0 ab-!
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A, is helicity of laser photon beam, and
A.is helicity of electron beam before
Compton backscattering

D, 2D 2@ A2y = (0.8,1;0.8,1) ,
O, A0 2@ Ay = (—0.8,1;-0.8,1)

CLIC energy stages and integrated luminosities
for unpolarized and polarized electron beams

L1
Stage | /s, GeV)|l A = Ae = —0.8 | A\e = 0.8
2 1500 2500 2000 500
3 3000 5000 4000 1000
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Differential cross section for LBL scattering

TImax Tmax

dO' 1 drl"l dil'g
dcosf  1287s / T f‘Y/e(Tl) / fw/e(ﬂfz)

I1 min T2 min

{ [1 +e ( £ /\(1)) ¢ (E(:z)’)\(()‘z))]

X (|Myyri* + My _]P)

X (
n [1 ( B A(l))g(Em,,\éz))]
X (Mg [P+ My )

f,/.(x) = CB photon distribution §(E,,Ag)= CB photon helicity
in energy fraction x = EV/Ee

xl,min = (pt/Ee)Z' x2,min = (pt/XIEe)Z » Xmax = 0.83
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Effective Lagrangian

Effective Lagrangian of dimension-8 operators which
contribute to anomalous quartic neutral gauge couplings

Lonce = ';—83 By BY By, B 4 —CEI'V;)”U WareW?e womw 4 - W, W bpoy7a 1o

A4 gy A4 v
Gl a yirapy . €13 ov . Cld 1170 117aoviisb 1i/7br
+ <3 Bor B Wi, W + 2By B By B + 5 W W Wy, Wive
€15
+

Al v

1/a 13/ bovig/a bu Cﬁ ovVII/a YA/ i
W W20 WHEE £ A4BPOB W, WerE

==m) Effective Lagrangian for anomalous yyyy couplings
(in terms of physical fields)

L7777 =61 (Fu P ) (Fs F7) + 62 (Fy F PR F)

QNGC

Anomalous couplings G, G, have dimension -4
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Numerical analysis

Electron beam helicities:

A. = 0.8, -0.8, and 0 (unpolarized case)

Cuts on the invariant mass and
rapidities of final photons:

m, >200 GeV, [n|<2.5

SM amplitude: (G.Gounaris et al., EPJC, 9, 673, 1999)

M,, (W-loop, dominates at Vs > 200 GeV)
+ M, (fermion-loop) contributions
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middle and right panels correspond to A= 0.8, -0.8, 0.
The solid curves (from top downwards):
(G, =1013GeV4, G, =0), (G, =0, G, =1013GeVH?), SM.
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Exclusion significance (6 = percentage systematic error)
(Y. Zhang & J. Shen, EPJC, 80, 811, 2020)

b+s+X 1 b X 1 He
Sexclzﬁ{s—bln( +2b+ j In( _28b+ j—(b+s—x)(1+—ﬂ

52 5%

s (b) = number of signal (background) events

x = /(5 +b)? — 45252 /(L + 52b)
In the limit6=0

c s<<b s _S
Sexcl = 2{8 — bl n[1+ Eﬂ > excl = E

Sy S 1.645 is the region that
can be excluded at 95% C.L.
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mw>1TeV
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(5.Inan & A.K., EPJC, 81, 664, 2021)

5 ¥10°15

1.x10°"

95% C.L. exclusion region for anomalous couplings G,, G, for
unpolarized LBL scattering at the CLIC. Systematic errors are
0%, 5%, and 10%. The collision energy is 3 TeV, the integrated

luminosity is 5 ab™l. Couplings G, G, are in GeV,
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Exclusion limits on anomalous couplings for the LBL
scattering at the CLIC with energy 3.0 TeV

Helicity 0 —0.8

Luminosity, fb=! 5000 4000

6 =0% [6.85x 10716 ) 882 x 10716
161, GeV™* ((a=0) || 6=5% |1.90x10 % | 2.48 x 10715
6§ =10% | 2.63 x 1071 | 3.37 x 1071°

6=0% ((1.43x107°)1.85 x107™
2|, GeV™* (¢1=0) || 6=5% |3.99x10° " |5.12x 1071°
6 =10% | 5.53 x 10715 | 7.10 x 1013

(5.Inan & A.K., EPJC, 81, 664, 2021)
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Bounds on anomalous couplings
for LHC and HL-LHC

LHC, L=300 fb!:
|G,| <1.5*10“ GeV*, |C,| <3.0%101% GeV*

(S.Fichet et al., JHEP 02, 165, 2015)

HL-LHC, L=3000 fb!:
|1G,| <7.0%¥101> GeV*, |C,| <1.5*1014 GeV*

(5.Fichet et al., Phys. Rev. D 89, 114004, 2014)
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vZ production in photon-photon scattering

Anomalous diagram for process yy - vZ

) £

i 4 (Z e |

Effective Lagrangian for anomalous yyyZ couplings

L1 = G (FP“FO) 0 ,F,,Zg) + 92 (FPF) (0, F, Z

Anomalous couplings g,, g, have dimension -4
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Feynman rule for anomaly vertex yyyZ

PP = PLgi[(p1 - p2)(p2 - p3)d"" 6" — (p1 - p3)Phpi g™
— (p1 - p3)PP5 9" + PhpiPips]
+@21—(p1 - p2)(p1 - p3)g"“ 9" + (p2 - p3)PIPY "
— (p2 - p3)p1Pig"" + (p2 - p3)PiP3 9" + 2(p2 - P3)PhPig™™
— (p1 - p3)PhpT " + PhpivhpT]}

P- permutations (symmetrization with respect
to photon’s momenta and indices)

M xorans (P12, P3) = Puvpa(p1, P2, p3) €5 (P1)€)2 (p2)€5 ™ (p3)ei (pa)

24 helicity amplitudes proportional to g,
24 helicity amplitudes proportional to g,
(5.Inan & A.K., JHEP, 10, 121, 2021)

SM amplitudes are taken from 6&.6ounaris et al., EPTC, 10, 499, 1999
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95% C.L. exclusion region for anomalous couplings g,, g, for
unpolarized yy - yZ scattering at the CLIC. Systematic errors
are 0%, 5%, and 10%. The collision energy is 3 TeV, the
integrated luminosity is 5 ab™l. Couplings g,, g, are in GeV-4.
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Exclusion limits on anomalous couplings at the CLIC
for energy 3.0 TeV. Polarized case
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(5.Inan & A.K., JHEP, 10, 121, 2021)
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Bounds on anomalous couplings
for the LHC and HL-LHC

SM expectation: 8(Z - yyy) = 5.41*101°
B(Z - yyy ) < 0.8*105 (LEP)
B(Z > yyy) < 2.2*10°¢ (ATLAS)

m— |f| <1.3%10°GeV* wheref =g;/8

From yy - yZ at LHC:

LHC, L=300 fb!: HL-LHC, L=3000 fb:
|f.] <1.0*1013 GeV* |f.] <7.8*101% GeV*

(C. Baldenegro et al., JHEP 06, 142, 2017)
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Invisible dark photons in ve scattering at
future lepton colliders ILC, CLIC, CEPC

We consider dark matter (DM) scenario in which
no DM are charged under SM gauge group

Lightest stable DM particles can only interact
with SM through exchange of massive vector
mediator, dark photon (DP) A’

DP kinematically mixes with SM U(1), hypercharge
gauge field (kinematic mixing portal)

July 19, 2022, BLTP, JINR
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\Ij/
Such mixing can be generated by loops of
massive particles charged under both U(1),

and secluded U(1)’ groups

AI

Gauge Lagrangian

1 |
Cosge= —5Bu B —F, ¥ -

Hv 4 v

=

Fl, Bm

QCW e

B, IE/;V are field strength tensors of U(2)y, U (D)
€ — kinetic mixing parameter

Interaction Lagrangian
(after diagonalizaion of gauge and DP fields)

Lin, = e, A* Lece] AT+ Ee’tWJZLZM + e'.];LA’“ + L,

July 19, 2022, BLTP, JINR
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Production of DP in ye™ collision
with subsequent invisible decay

")/

X — dark matter particle

We assume that B(A’ - x bar(x)) =1

July 19, 2022, BLTP, JINR
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SM background ye- - e + v + bar(v)

) ,-)x
Z e
\ o | \

e e Ve
> e e
Ve,u,r
Ve
Z _
I/eﬂl-l.!T > Ve
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International Linear Collider (ILC)

Integrated luminosity

Collision energy (unpolarized beams)
1st stage 250 GeV 2.0 ab-!
2nd stage 500 GeV 4.0 ab-!
3rd stage 1000 GeV 5.4 ab-!

(ILC Technical Design Report, arXiv:1306.6327, 1903.01629)
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Circular Electron Positron Collider (CEPC)

CEPC Site Selections

Huanghe Company particitated

. IP 2

Positron Ring | \_Electron Ring

ete” Higgs (2) factory
Ring length ~ 100 km

1) Qinhuangdao, Hebei Province (Completed in 2014)
2) Huangling, Shanxi Province (Completed in 2017)
3) Shenshan, Guangdong Province(Completed in 2016)
4) Baoding (Xiong an), Hebei Province (Started in August 2017) |
5) Huzhou, Zhejiang Province (Started in March 2018)
6) Chuangchun, Jilin Province (Started in May 2018)
IP 1 7) Changsha, Hunan Province (Started in Dec. 2018)

Integrated luminosity
Collision energy (unpolarized beams)

1st stage 90 GeV 16 ab-!
2nd stage 180 GeV 2.6 ab-!

3rd stage 240 GeV 5.6 ab-!

(CEPC Study Group, arXiv:1809.00285, 1811.10545)

July 19, 2022, BLTP, JINR
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(S.Inan & A.K., EPJC, 82, 592 2022)
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Exclusion limits on mixing parameter ¢
for massive DP going into invisible states

(A. Filippi & M. De Napoli, Rev. Phys. 5, 100042, 2020)
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Conclusions

We have studied anomalous quartic neutral
gauge couplings in unpolarized and polarized LBL
scattering of CB photons at 3 TeV CLIC

Exclusion regions for these couplings are
obtained. Our best constraints are ¢, =6.9*10-4
TeV-4and ¢,= 1.4*10-3 TeV-4, one order of
magnitude stronger than the HL-LHC bounds
derived for integrated luminosity of 3 ab-!

Sensitivity to anomalous couplings of the yyyZ
vertex is examined using CB photon scattering
YY © YZ at 3 TeV CLIC. For both couplings, g,
and g,, our best bound is 5*10-3 TeV-4, while
the HL-LHC bounds are (1-0.7)*10-! TeV-4
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For the first time, production of the massive
DP in ye scattering at future lepton colliders
ILC, CLIC and CEPC is studied

Invisible decay mode of DP is addressed. Wide
range, 1 GeV - 1 TeV, of DP mass m, is
considered. We have obtained exclusion regions
in the plane (m,,€), where € is the kinetic
mixing parameter

In low mass region, 1-10 GeV, our bounds on &
for the 90 CEPC are several times stronger
than BaBar limit (~ 10-3). The CEPC bounds for
160 and 240 GeV, as well as bounds for the
250 ILC are close to the BaBar constraints
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Thank you for
your attention
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Back-up slides
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Possible scenario of future colliders

Possible scenarios of future colliders ™ Proton collid.er mmmmm  Construction/Transformation: heights of box construction cost/ye
Electron collider . Preparation
I Electron-Proton collider
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Anomalous yyyy vertex
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The first evidence of yy = yy process was
observed by ATLAS & CMS in Pb-Pb collisions

(ATLAS Collab., Nat. Phys., 13, 852, 2017)
(CMS Collab., Phys. Rev. Lett. 123, 052001, 2019)

Pl) l"ll'.)
\i‘)—rﬂ
- |
-..' ll&

Ph Ph*!
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Inverse laser-Compton scattering process

Scheme of yy (ye) collider

£

electron 'a?b
w x
.| ‘(J‘_)/
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Helicity of CB photon

M(1=2r)1—z+1/(1 —2)]+ AerC[1 + (1 — 2)(1 — 2r)?]

A e PP [ ¢ W Y Vor S T

where ¢ = E,/E,, r = z/{(1 — z), ( = 4E.Eq/m?, m. being the electron
mass.

July 19, 2022, BLTP, JINR
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Spectrum of CB photons

1 4x 472

Fre@) = s [l= 2+ Tt — o B —ap

+ AoAerC(1 —27)(2 — JJ)] ;

where
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Differential cross sections for the process yy - yy versus
invariant mass of outgoing photons at Vs = 3 TeV. The left,
middle and right panels correspond to A= 0.8, -0.8, 0.
Solid curves (from top downwards):

(G, =103 GeVH4, G, =0), (G, =0, G, =103 GeV*), SM.
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Discovery significance (6 = percentage systematic error)

1/2
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luminosity is 2.5 ab™. Couplings G,, G, are in GeV-4.
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(5.Inan & A.K., EPJC, 81, 664, 2021)
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Bounds on anomalous couplings for LHC

(S.Fichet et al., JHEP 02, 165, 2015)
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Anomalous yyyZ vertex
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Another effective Lagrangian for
anomalous yyyZ couplings

HV oL —UVE 7 o
7/7/7/2 gl( F )(Fpaz )"‘ g2(F,qu Fpaz )
(C. Baldenegro et al., JHEP 06, 142, 2017)

=s===) Relations between two sets
of coupling constants

0:=8(0>—01), 9»=80>
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Unpolarized case

R :
D IMypoaanl® = Z[gf)(i”A +2B) — 4g192(A + B) + 493(A + B)]
At

9,9 ) 2 9 9
A=st"+t*u*+u’s*, B =stumjy
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Differential cross sections for the process yy = vZ versus
invariant mass of outgoing photons at Vs = 3 TeV. The left,
middle and right panels correspond to A= 0.8, -0.8, 0.

Solid curves (from top downwards): (g, = 1013 GeV4, g, = 0), SM.
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95% C.L. exclusion region for anomalous couplings g,, g, for
unpolarized yy - yZ scattering at the CLIC. Systematic errors
are 0%, 5%, and 10%. The collision energy is 1.5 TeV, the
integrated luminosity is 2.5 ab™. Couplings g,, g, are in GeV,

(S5.Inan & A.K., JHEP, 10, 121, 2021)
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Partial-wave expansion of helicity amplitude
(M.Jacob & 6. Wick, Ann. Phys. 7, 404, 1959; ibid 281, 774 2000)

My ('Sa 0, 99) = 16m Z(QJ F 1)\/(1 55 5)\1/\2)(1 + 6)\3)\4)
J
x A1 4 (0) T xorsna ()

d’,, = Wigner’s (small) d-function

1

1 1
id 5) = /]\f’[ s,2)di (2)dz
)\1)\2)\3)\4( ) 327r \/(1 +5)‘1)\2)(1 +5/\3)\4) ' /\1)\2A3)\4( ) A/J,( )

Partial-wave unitarity bound

|TX,1)\2/\3)\4 (S)I o |
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Invisible dark photons
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Diagonalization of gauge fields W3, B and DP field A’

W;} CW SW —SWE Zy
By | =| —swew —cwe | | Ay

/ /
AH twe 0 1 A“
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CEPC as a yy factory
(Ch. Zhang & W. Chou, Photon Beam Workshop, Padova, Italy, 2017)

RF (650 MHz, 8 sets, 0.5 GV /set)

e (80Gev
\_\\e( ev)

i\x? Fiber Laser

vy collision (0.351 pm, 5 J, 3 kKHz)
(125Gev) ,
/N e (80 GeV)

E =80 GeV

p= 6000 m

U =0.6 GeV/turn

RF
~ =48 mAx2

P(rf) = 58 MW
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FCC-ee as a yy factory
(R. Alesan et al., IPAC 2015, Richmond, VA, USA, 2015)

--------
. e
collider

collider
ring1

ring 2

~ i
- —
————————

YV Higgs factory can be realized by back-scattering two
counter-propagating electron bunches off laser pulses
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(S.Inan & A.K., EPJC, 82 592 2022)
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Excluded bounds at 95% C.L. on DP mass m, and mixing
parameter € for invisible DP production in collision of
unpolarized photon and electron whose polarization is 80%
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Existing bounds (shaded regions) for DP in visible decays

(A. Filippi & M. De Napoli, Rev. Phys. 5, 100042, 2020)

July 19, 2022, BLTP, JINR

57



137 b (standard triggers) and 96.6 fb™' (scouting triggers) (13 TeV)
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I 68%: confidence interval for expected limit
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e LHCb (90% C.L.) [arXiv-1910.06926]
s Electroweak fit constraints (95% C.L.) [JHEP 02 (2015) 157]
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CMS limit on mixing parameter for DP decaying into muon pair

(EMS Collab., Phys. Rev. Lett. 124, 131802, 2020)
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DP at future ep colliders LHeC and FCC-he

(EMS Collab., Phys. Rev. D 101, 015020, 2020)
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