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TTnaH aoxknaana

Konnauaep CLIC. PeanbHbie (POTOHbI,
creHepupoBaHHbIE NyTem obpaTHOro
KOMMNTOHOBCKOrO paccesHus fasepHbIX (POTOHOB
Ha NONAPU3OBAHHLIX MYYKAX 3S1EKTPOHOB.

dpPeKTuBHLIU JlarpaHxmaH U aHomanbHbIe
KanMbpoBoOYHbIe KOHCTAHTLI ANA BEpLUUHBL YYYY.

OuppepeHumanbHeIe U NOMHbIe ceyYeHus Ans
npouecca yy->Yy € nonapusosaHHLIMU
HaYanbHLIMU (POTOHAMMU.

O6nactu 3Ha4YeHUU QHOMANbHBLIX KOHCTAHT,
KOTOpbIe MOryT 6bITb UcknroveHsr Ha CLIC.

CpasHeHue C aHANOTrUYHLIMU pe3ysibTaTamMu,
nonyveHHsimu ana LHC v HL-LHC.
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Light-by-Light (LBL) scattering
at the CLIC

9 4

) v

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 ‘:}' ¥ {C:
qi ~ §2 m-2 _/
f 1

Example: KK gravitons, radion
(warped extra dimension)

If f ~ TeV and my ~ few TeV, then ¢ ~1014-1013
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Compact LInear Collider (CLIC)

o e GOOgle

Beam energy Integrated luminosity
(unpolarized beams)

1st stage 190 GeV 1000 fb-!
2nd stage 750 GeV 2500 fb-1
3rd stage 1500 GeV 5000 fb-!

Cemunap OT®, IIporBuHoO, 27 uroas 2021 r.



A, is helicity of laser photon beam, and
A.is helicity of electron beam before
Compton backscattering (CB)

D, A 2@ A2) = (0.8,1;0.8,1) ,
D, A 2@ A2y — (—0.8,1; -0.8,1)

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

I, fh?
Stage | /s, GeV || A\ = e =—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

Imax Tmax

dO' 1 dTl dil‘g
dcosf  1287s / x f7/e(11) / fv/e(x2)

I1 min T2 min

y { [1 4 (E“) AgU) ¢ (E@, Ag“’))]

X (|Myyi |+ Moy ]P)

x
4 [1 (E“), Ag“) ¢ (E<2>, A(g?))]
X (|My—|* + | M,y )}

(x)= distribution of CB photon
in energy fraction x=E /E,

v/e

§(E,,Ao)= photon helicity
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M(1=2r)1—2+1/(1 —2)] + AerC[1 + (1 — z)(1 — 2r)?]

$(Eyy Ao) = 1 —@'1f(1 —2) — 4r(l.—7) —AN7((2r — 1Y 2 —2=)

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

f ( ) 1 [1 5 1 Adx 1 Ax?
el )i — —— — = - -
L (<) 1—z ((1-2) (1 —2)

+ AoAerC(1 — 2r)(2 — 1‘)] ;

where

9(¢) = g1(C) + AoAe 92(C)

2 D 1 1
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Effective Lagrangian

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

C8 o v €9 11ra apoyx7b 1aisbuv C10 117a 1x7bpotira Txrbuy
Laonce = FBPUBP B, B" +FW s W W FLVPGW W WY

C11 a yrrapy . €13 ov . €14 1170 yr7a0v :
+ B, BeWe, W + 3B, BB, Bre + S Wer W, W

C15y17a VT a C16 oVIAsQ aj
g W W W, W & 28 By B W, Wk

== Effective Lagrangian for anomalous yyyy couplings

L7777 = gl(F,u vFﬂV)(Fpo- Fpo-) + gZ(F,u vvaFpG Fo;u)

QNGC

Anomalous couplings G,, G, have dimension -4
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Differential and total cross sections

Electron beam helicities:

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

Cuts on the invariant mass and
rapidities of final photons:

m, >200GeV, |, |<2.5

SM amplitude:

M,, (W-loop, dominates at Vs > 200 GeV)
+ M (fermion-loop) contributions
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do/dm,, (fb/GeV)

/
¥a=1500 GeV, 7,08, =1 \&=1500 G/, )=~ 08, J=1

Vs=1500 GeV, Unpdarized

Taa: £,=1x10"" Gav ™, £,0 Tots: £ =1x107" GeV ~ g =0 -4 Totad; & =1x10"" GV, 4.0
Tl & =0, E~1xH)™ Gev Tod; £=0, 110" GeV * [ Tota: =0, £~1x10~™ Gev ™
= T T T Anomay, E=1x10 Y G 450 ==t Anamay; E-1x00 7V GeV Y2 -0 ™ = T T Anamaly, E-1x10 T GeV 4 £ 0

= 7 T Anomaly, 50,5 ~1x10" Gev 4 = = = T Anomay; £.=0, £=1x107V GeV* = = = “Anamay, £=0, &=1x10"" GeV
— w e — w e w

107" I : I b 1 1 I ke 1 ; I 2 I I 2 I > I X 1
300 600 900 1200 300 600 900 1200 300 600 900 1200
m,, (GeV) m_ (GeV) m,, (GeV)

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

full, pure anomaly, SM cross sections.
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dofdm,_ (b/GeV )

107"

V5=3000 GaV, A =08, i~1

V=300 GaV, 3= -08, &=

V==3000 GeV, Urpoleriznd

Totd; § =107 GaV ~ £ =0

Totd: §,=0, £,=1x10"" GaV <
=TT T Anomay: £=1x107" GeV £ -0
= = = " Anamaly; &0, Eslx107 Gav

- SM

Tord; & =1x107"7 GaV =,k =0

Tots; £,=0, E=1x107" GeV *
=T T Anomaly L-1x10 " GeV4 2 -0
= = = " Anomaly; £=0,5=1x10" Gev *

— A

Totd: &=1x10 " GaV . £<0
Tas; &,=0, E~1x10" GaV

=T T " Anamaly E=1x10 " G LESD
= = = T Anamay, §-0, 4 ~Ix10" GV ¢

M

L) ' Ll ]" L) l Ll 'l
500 1000 1500 2000
m, (GeV)

I, R e
500 1000 1500 2000
m_(GeV)

| P, A G
500 1000 1500 2000
m,_(GeV)

The same as in the previous figure,
but for collision energy 3.0 TeV.
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10°

102

10!

o (fb)

10"

Ve=1500 GV, 3,=08, A=) Ve=1500 GeV, A= -08, A=l . Y&=1500 GeV, Unpaleriznd

102 Totsk §=1x107" G *,E,=0 Totat 21210 " GaV 4,270 Totst, E=1x107" GeV ™, E,=0
- Totat 6,0, %,=1x10°" G/ ~ Totak £=0, &,=1x10"" GaV ™ ‘ Totsk &0, L,=1x107" GaV

== = “Anomay. £=1x107 GeV ™ £=0 = = = " Anamaly, £ =1x1077 GV~ E.-0 = = = “Anamdy. £=1x107 GeV ™ £=0
103 = = = ~Anomaly, 40, £=1x10"" GeV = = = ~Anamaly, £,=0, &=1x10"" GeV

— —

104 1 o I 5 1 k. I I b 1 4 1 - 1 1 bd I - 1 4 I
300 600 900 1200 300 600 900 1200 300 600 900 1200
m'{y, min (GeV) mr/. min (Gev) m'{y, min (Gev)

Total cross sections for the process yy = yy as functions
of minimal invariant mass of outgoing photons at vs = 1.5
TeV. The left, middle and right panels correspond to A =
0.8, -0.8, 0. The curves are (from top downwards): full,
pure anomaly, SM cross sections.
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10°
10?
~ 10'
£
—
©
10°
V523000 GeV, A<08, hg=l V£=3000 G/, 7.=-08, i~] V£=3000 G/, Uripoierized
1 1 Totd: £ =1x10 “ GeV , £,-0 Totad; & =1x10 " GaV 4, &,-0 Totst, Z=1x10 " GeV 2 -0
0 Totd; £,=0, E=1x10" GeaV * Tord; & =0, £ =1x10" GeV Torat, &0, £m1x10" GaV
===t Anamay; §-1x10 7 GeV 4 20 = T 7 " Anamaly, £=1x10 " GeV <, =0 = = = “Anandy. £=1x10 " GeV 4 50
102 T T T T Amomay: 50, E=Lx107 GeV == = " Anamaly, §+0, §=1x10" GeV T T T TAnandy, £<0, &=1x10" GeV
—_— — o —
-3
10 Al l L) ' L ' L) I Al ' L) l Ll ' Ll l L ' L) l L l L) l
500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000
m,, na(GeV) M. n(GeV) m,, ne(GeV)

The same as in the previous figure,
but for the collision energy 3.0 TeV.
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Exclusion significance (6 = percentage systematic error)

1/2
b+s+X 1 b—s+Xx 1
S =+/2|S—=DblIn I —(b+s—Xx)1+—
excl ‘/_{ ( b j n( b J (b+s X)( + ﬂ

52 52h

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

Inthelimité=0

. s<<b s _.S
SEE 2{8 — bln(l-l- Bﬂ . excl = E

Sy S 1.645 is the region that
can be excluded at 95% C.L.
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6.x10 14}

4.x107'4}

2.x10714}

&(GevY)

-2.x107 14}

—4.x107 11}

-6.x10714F . - . - . £
-6.x10"" -4.x10°"* -2.x10"4 0 2.x107"%  4.x10"% 6.x10

&i(Gev)

95% C.L. exclusion region for anomalous couplings C,, G,
for unpolarized LBL scattering at the CLIC. Systematic
errors are 0%, 5%, and 10%. The collision energy is 1.5

TeV, the integrated luminosity is 2500 fb1.
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1 *10-14 — 1.x107'}
5.x10-'5}F 0 = 0%
o
-5.%x107'5} /
0 =10%
-1.x107"4}
-1.x‘10'“ -5.x‘10'15 8 5.:‘;0’"' 1.:%-“
Zi(Gev-1)

5 %1015

The same as in the previous figure, but for the collision
energy 3.0 TeV and integrated luminosity 5000 fb.

Cemunap OT®, IIporBuHoO, 27 uroas 2021 r.

17



Exclusion limits on anomalous couplings for the LBL scattering
at the CLIC for energy 3.0 TeV, and cut m,, > 1000 GeV

Helicity 0 —0.8 0.8
Luminosity, fb=! 5000 4000 1000
6=0% |6.85x107"16[882x 101|873 x 10716
1C1],GeV™ ((=0) || 6=5% | 1.90x 10715 | 2.48 x 10715 | 1.56 x 10715
6=10% | 2.63 x 1071° | 3.37 x 1071° | 2.12 x 107%°
6=0% |143x107"° [ 1.85x 107" | 1.82 x 10~
16, GeV™ ((1=0) || §=5% |3.99x 10715 | 5.12 x 1015 | 3.28 x 10~15
6§ =10% | 5.53 x 10715 | 7.10 x 10715 | 4.46 x 10715
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Bounds on anomalous couplings
for the LHC and HL-LHC

-

v':. E

g =
o o;’_’- ..........

[— t

o™ £

LV H

é

1.% 10-4-1 ,_

El

g Bt 1
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LHC, L=300 fb1:
|G,| <1.5*10*GeV*, |C,| <3.0%101% GeV*

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

HL-LHC, L=3000 fb!:
1C, | < 7.0%10°%5 GeV*, |G, | < 1.5%10°%4 GeV-4

(Fichet et al., Phys. Rev. D 89, 114004, 2014)
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3axknoueHue

N3syueHb aHOManbHbIE KOHCTAHTHLI AN BeplUUHLL
YYYY B paccesHuu peasnbHLIX (POTOHOB,
NonyveHHbIX B 06paTHOM KOMNTOHOBCKOM
paccesHUU nasepHLIX (POTOHOB HA

NONAPU3OBAHHLIX 3MEKTPOHHLIX ny4ykax Ha CLIC.

BrruucneHsr augpgepeHumanbHbie U NOJHbIE
ceyeHua Ana npouecca Yy->yy.

TTonyyeHsr 06nacTu 3sHa4YeHUU AQHOMASIbHBIX
KOHCTAHT, KOTOpbIE MOryT 6bITb UCKNHOYEHLI B
(POTOH-(POTOHHOM paccesHuu Ha CLIC.

OrpaHuyeHusa ansa sHeprum Vs = 3 TeV - Ha
nopsaok 6onee xectkue, Yem aHANOrUYHbIE
orpaHudeHus, nonydveHHsole ana HL-LHC.
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Cnacunb6bo 3a BHUmMaHue!
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Bonpocbl ecTb?
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[Topa 3a paboTty!
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Back-up slides
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Discovery significance (6 = percentage systematic error)

1/2
Sdis_\/§|:(S+b)|n((s+b)(1+52b)]—iln[l+ 528 J:l

b+8%b(s+b) | &2 1+ 5%b

Inthelimité=0

s<<b S
Sdisz\/Z{(s+b)ln(l+%]—s} L Swm

Sg4is 2 5 as discovery region
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2013 - 2019 2020 - 2025 2026 - 2034
Development Phase

Development of a project plan for a
stagad CLIC implementation in line
with LHC results; technical
developments with industry,
performance studies for accelerator
parts and systems, detector

technology demonstrators
2020 2026 2035
Update of the European Ready for construction First collisions
Strategy for Particle Physics
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A pao, moeapuniu, napywiums ceou evicmynjieHuem
nampuapxaivHyto 1emuiow muwiuny Hauwezo Omoena.

Hayka — s3mo kn1aoouuge cunomes.
Aunpu Ilyankape
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