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TTnaH poknana

HapyweHue CP-uHsapuaHTHOCTU U KX akcUoH.
AKCUOHO-NoaobHbIe yacTuusr (ALPs).

Bknaa akcuoHo-noaobHbIX YacTuL B poxaeHue
napsl POTOHOB HaA NEeNTOHHOM Kosnauaepe
CLIC B e*e- mogpe.

ALPs u obpasosaHue napbr pOTOHOB B
CTONKHOBEHUU peasibHbIX KOMMTOHOBCKUX
¢poToHoe (yy moaa CLIC).

TTpouecc yy — yy € nonapusoBaHHbIMMU
HAYaNbHLIMU (POTOHAMU, UHAYLMPOBAHHLIU ALP.

3aKknroueHue
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Strong CP problem and QCD axion

U(1) problem
- axial anomaly - 0-vacuum
- strong CP problem - QCD axion

QCD Lagrangian: global symmetry
U(3),® U(3), =SU(2),e SU(2),® U(1),® U(1),

Quark condensates - spontaneously broken U(1),
- NG massless boson should appear

Absence of NG boson is known as
U(1) problem
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One possible solution — ABJ chiral anomaly

G5 — 9> Ny

~ LV
u = oz CamCia

This term is a total divergency
Ga,l,,,ij” gt K,

Chiral anomaly introduces a pure
surface integral to QCD action

2
g“Ny .
ASqcp = = / dsy K
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Gluon field is a pure gauge at spatial infinity
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Winding number

gQ
n = 3973 ./dsu[\“

SU(2): map of 3-dimensional sphere S3
on sphere S3 of SU(2) group

True or 6-vacuum
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As a result, QCD action acquires 6-term
2
g LV
Set = Sqcp 10 390 / dx Gop Gy’

After diagonalization of mass matrix : |6 —> thys =60 +argdetM q

Exp. limit on neutron electric dipole moments,

d, < 0.021 - 10~2e cm, requires 6, (< 107

Smallness of 8, . is known
as strong CP problem

Elegant solution: Peccei-Quinn mechanism with a new,

spontaneously broken, global U(1),, symmetry
(Peccei & Quinn, 1977)

<@p>= T exp(ia/f,)
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It results in light neutral pseudoscalar particle, axion,

which is a NG boson of broken U(1),, symmetry
(Weinberg, Wilczek, 1978)

U(1),q invariant total Lagrangian acquires the term

2

g a ~ LV
‘ca — Ga .qu
5327r2 ;T st

Lagrangian written in terms of a , . =a + <a>, where
<a>=—f.0,, /¢ nolonger has CP violating term

Axion mass and its coupling are related, m,=m_f_/f,

New symmetry effectively replaces static CP-violating
angle 6 with dynamically CP-conserving field, the axion
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Axion is a leading DM candidates

Axion phenomenology:
stellar evolution, axion mediated forces, DM detection, axion decays,
axion-photon conversion, “light shining through the wall”, solar axions, etc.

Light shining through the wall

XENONLI1T excess
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Axion-like particles (ALPs):
no coupling to gluons, but nonzero coupling to photons
- may be detected at colliders in light-by-light scattering

ALP mass can

be treated L
independently z
of its coupling 4
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e*e- Compact Linear Collider (CLIC)

4 Legend

=== CERN existing LHC

Beam energy

1-st stage 190 GeV
2-nd stage 750 GeV
3-rd stage 1.5 TeV
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Integrated luminosity

1000 fb!
2500 bt

5000 fb!
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PART I
(unpolarized scattering)
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Photon-induced diphoton production
at the CLIC (e*e- mode)

Diagrams for reaction e*e > e*yye > e yy e’
mediated by axion-like particle a
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The goal is to estimate a contribution
of ALP to LBL process at the CLIC

Pseudoscalar ALP Lagrangian

1 , | - a
Ey= 38”(1 ota — 5772.;:(12 + 7

Differential cross section for subprocess

vy—Vy (after P invariance, T invariance

and Bose symmetry taken into account)

=

do 1

70 - 1982 (IMyprs P+ My P+ | My P+ My )
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Each of helicity amplitudes is a sum of ALP and SM ones
M = M, + Mg,

In its turn, SM (electroweak) amplitude is a sum
of fermion and W boson one-loop amplitudes

A’[ ew — A[ f _'_ A [ W

Total ALP width
_ T(a—=7)
- Br(a — vy)
ALP decay width into two photons

o i
m,

47 f?

I

I'(a — vy) =
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o(fb)

——BR=1 |

—— BR=1

m "
——— BR=0.1 ] ——— BR=0.1/
105 l Vs=3000Gev | '°1 Vs=3000GeV
] =10 TeV =100 TeV
1 l p>500 GeV f 1 p>500 GeV '
0.1 4 I 3
T P ;
0,01 1 ||" --‘——-_____ {
0,001 4 3
1E-4 . - - T v y v 164 - . - . v
1000 2000 3000 4000 1000 2000 3000 4000

m,(GeV) m,(GeV)

Total cross sections for the process
efe > e*yye 2> etae > etyye
as functions of ALP mass for two values
of ALP coupling f and Br(a->vyy)

A. KucesneB Cemunap OT®, 13 oxkTadps 2020 r. 16



Total cross section dependence seen
in mass region m, = 1000-2500 GeV

1

(T ~~ F BI'(':K"]# — E’L)

Expectation from simple
dimensional arguments

o 1
GNF
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Integrated luminosity L = 2500 fb-1, and different Br(a—>yy)
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Photon-induced diphoton production
at the CLIC (yy mode)

Diagrams for collision of Compton
backscattered (CB) photons, yy = vy,
mediated by ALP a
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The same as in a previous figure,
but for Vs = 3000 GeV and L = 5000 fb-1
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JHEP 06, 13(2018)
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PART II
(polarized scattering)
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Compton backscattered photons

CLIC: not only e*e” scattering, but also
ve and yy collisions with real photons

Photon beams are given by Compton backscattering
of laser photons off linear electron beams

SM backgrounds may be reduced by a factor of 2-3,
if electron beams has a polarization of 80%

A, — helicity of laser photon beam
A, — helicity of initial electron beam
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Helicities of photon and electron beams

O, AW AP A@) = (1, -0.8;1, —0.8)
(267, A5 287, A2)) = (1,+0.8;1,+0.8)

CLIC energy stages and integrated luminosities

Unpolarized | A = —0.8 | A, = +0.8
Stage | v/s, GeV £ b L b+ L ib
1 380 1000 500 500
2 1500 2500 2000 500
3 3000 5000 4000 1000
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Differential cross section of diphoton
production with initial polarized CB photons
(summation over helicities of final photons)

0.83 0.83

do 1 dxy B dxo ’
dcos®  1287s Q/‘wae(‘]’l) / 5 Fyye(@2)

T1 min T2 min

X { [1 3 = (Egl),)\(()l)) ¢ (E§2)’A82))] |A’"f++|2
£ 5 [1 —§ (Egl)’/\(()l)) ¢ (Egg),)\gQ))] |A""I+—|2}

& — helicities of CB photons

Moy | = My P+ | Moy
My = My P+ My, ]
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3axknioueHue

PaccmoTpeHO POTOH-(POTOHHOE paccesHUue Ha
nentoHHom konnauvaepe CLIC, uHayuuposaHHOe
AQKCUOHO- NoA06HBIMU yacTuuamu (ALPs).

UsyueHO HenonapusosaHHOe paccesHue B mope
e‘e- U Yy-moAe C KOMNTOHOBCKUMU (POTOHAMU.

PaccmoTtpeH cnyyait HAYASNbHLIX MONAPU3IOBAHHBIX
peanbHLIX (POTOHOB (B YY-moge).

BrruucneHsr nonHeie ceyeHus 8 3aBUCUMOCTU OT
3Heprum CTONKHOBEHUA U MNOoMnepeYyHoOro UMnNysbca
KOHeuYHbIX (POTOHOB, A Takxe OT maccel ALP u ee
KOHCTAHTBLI CBA3U C (POTOHAMM.
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3axntoveHue (npoaonxexHue)

C noctoBepHOCTbIO 95% HaupaeHbI orpaHUveHUs
Ha napameTtpor ALP. Pe3synbrathl npeacrasneHsr B
BUAe KpuBbIX Ha nnockoctu (f,m,).

TTokasaHo, 4TO B CnNy4yae NONApU3IOBAHHOIO
paccesHus orpaHuveHus okasbiearotca B 1.5 pasa
CunbHee, YeM ANa HeNONApPU3OBAHHOIrO Ciyyas, B
obnactu m, = 1-2 TeV.

TTpy aTomM oHU HamHoro 6onee cunbHbre (Ha 1-2
nopaaKa), Hexenu orpaHUYeHUs, KoTopbie MOryT
6bITb AOCTUIHYTBL B (POTOH-(POTOHHOM paccesHUmn

Ha LHC.
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ITPE/IMET JTAJIBHEUIIIEN PABOTBHI

H3yueHue poKAeHUA aKCHOHO-ITOJ00HbIX
yactull Ha kosutanaepe CLIC
B Y-€ MOJi€ B IIpolieccey + e — e + a
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...axions. (I named them after a laundry detergent,

since they clean up a problem with an axial current.)
F. Wilczek. Nobel lecture: Asymptotic freedom: from paradox to

paradigm. Proceedings of the National Academy of Sciences of the
United States of America. v. 102, pp. 8403-8413, 2005.
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Cnacun6bo 3a BHUmMaHue!

JI.I'. KpuBnukuii «IlepBblii padgax»
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Ecmb mpu cnocoba omeevyams Ha 80MpPOCLI: CKA3amb Heobxodumoe,
omeeyams C NPUEeMmMaAUBOCMbIO U HA2080pUMb AUWHe20
(ITAovTOapy0S )
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Back-up slides
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U(1),q symmetry is broken due to axion’s
anomalous triangle coupling to gluons

0y <\ "
L = (—:f‘ = ) 8_S G[u/ale
A T

where @, is the axion field and f, the axion decay constant.

Non-perturbative fluctuations of the gluon fields
induce a potential for ¢, whose minimum is ¢p, = 6 f,,
thereby cancelling the 0 term in the QCD Lagrangian
and thus restoring CP symmetry.
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PQ mechanism
ia(x)

Ua(1) 295 1 Tpq = Ea The

OuJpq = f Ga LG (colour anomaly)

o= 5 2oga Ganw g

fo 81
£ oy a Aapv a Avapl
LD Lsm+ = (dﬁa) - }T—aG G+ +9—G’ LG
o Ja a Aauv
<{1-> _?9 [(G,uuG > # O}

@ 1s cancelled out in the vacuum!



String theory: spin-zero particle must couple to photon field.
It implies an existence of P-odd term in Lagrangian

1 — , —_ —
R ga'y'ya-FLz.l/F Y = ga.'y'ya'E B
4

where a denotes axion or ALP

Pyl 1 @ v
(8,a)(8"a) — =mla® + — F, F*™ +

1
£a =§ 2 f(g ) fa+)

v
R
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m, [GeV]
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HayuoHanbHOU HaOYKU HeEM, KaK Hem HAyuoHaabHolu mabauybi
YMHOMCEeHUSA; YmO Xce HAUYUOHAIbHO, MO yXe He HaYKAa.
A.lN. Yexos., 3anuncHaa KHuKKa IV, ctpaHuuya 1, 17
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