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TlnaH pacckasa (wacte I)

JKCKMO3UBHOE poxaeHue napbl POTOHOB Ha
PAK, uHayuuposaHHOe poTOoHAMU.

Mogpenb PaHaann-CyHapyma (PC) ¢ oaHou
AONONHUTENbHOU NPOCTPAHCTBEHHOM
pasmepHOCTbHO U ee 06obuieHue.

CeuyeHus paccesHus ansa npouecca pp = pyyp =
PYYP npu 3Heprum 14 T3B 8 moaenu PC c
MGJIOU KPUBU3HOU NPOCTPAHCTBA-BpPEeMeHU.

OrpaHuyeHua Ha 5-mepHyro rpaBUTALIMOHHYHO
(PYHAAMEHTASIbHYHO KOHCTAHTY.
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Photon-induced diphoton production

at the LHC
. ——F
y
YV
y
g T o=

Schematic diagram for the reaction
PP=>pPYVYP 2P VYp

The goal is to estimate BSM effects in such a
process which proceeds via yy - yy scattering
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Light-by-light scattering (yy = yy) is a quantum mechanical
process forbidden in the classical theory of electrodynamics.

In QED this scattering proceeds via virtual one-loop diagrams
Involving fermions which is an O(a® = 3 *10-°) process, making
it challenging to test it experimentally.

Elastic light-by-light scattering remains unobserved:
even ultra-intense laser experiments are not yet
powerful enough to probe this phenomenon.

YV =2 YV process can be measured in heavy ion collision
events, with impact parameters lager than twice radius of
nuclei, in which strong interaction does not play a role.
For lead nucleus (Z=82) EM field is up to 10> V m1.
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Experimental studies of
photon-induced reactions at LHC

First observation of yy-induced diphoton
production —in high energy
ultraperipheral heavy ions collisions
(ATLAS Collaboration, Nature Phys. 13, 852 (2017)).

Pb Ph?

480 fb?!
f"j 5 TeV c.m.s. N-N energy
“ E; >3 GeV
In| < 2.4

Pb Pb®

Recently, CMS Collaboration reported the same
process (Nucl. Phys. A 982, 791 (2019)).
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Dominant backgrounds are:
- QED exclusive electron-positron production with
e+(e-) misidentified as photons;
- gluon central exclusive production (CEP) of a pair
of photons.

Pb PH® Pb PH®
\'\Q;;/ ;W
/Y ¢ e + <
Y g Y A
/7/ ——>—— O >
/od\ a:
Y
Pb Pb®™ Pb PH®
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pp > p’ vy p’

Forward detectors at the LHC can detect
intact outgoing protons in interval

Smin <6 < Smax
where £ is momentum fraction loss of the proton

Acceptance range:

ATLAS Forward Physics
Collaboration (AFP)

0.015<£< 0.15
CMS-TOTEM Precision
Proton Spectrometer
(CT-PPS)
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Extra (5-th) dimension of the space-time

Maprapura:

- ..6osee Bcero mMeHs riopaxaert, rge sce 310
rnomeuyaercs.

Koposbes:

- Camoe HecrioxHoe n3 Bcero! Tem, KTo xopowo
3HAKOM C rATEIM UIMEPEHUEM, HUYEro He CTOUT
pasasuHyTs riomMelleHne A0 XKeslaTesIbHbIX rpefesios.
Ckaxy sam bosiee, yBaxaemas rocrioxa, 4O 4Yepr
3HaeT Kakmx rnpegesios!

M.A. bynrakos. Mactep u MaprapuTa. Nnasa 22. TTpu ceevax.
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Randall-Sundrum scenario
(Randall & Sundrum, 1999)

Background metric (y is extra coordinate)

ds® =e27Wp,, dx*dx” —dy?

e

Periodicity: (x, y £ 2ntr,) = (x, y)
Z,-symmetry: (x, y) = (x, =y)

mmmm) orbifold $I/Z, O<y<nmr

C

Two fixed points: y=0 and y= rr,
mmmm) two (1+3)-dimensional branes
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5-dimensional action S =5+ 95, + 5,

Sq :Id4xjdyJ€ (2M§R(5) -A) (gravity term)
81(2) = jd 4X1’ 91(2) (Ll(Z) _Al(Z)) (brane termS)

Einstein-Hilbert’s equations:
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Generalized RS-like solution

Two equivalent solutions related to different branes

o(y)+ C a,,(y)=—zc|y—7zrc|+z<7z'rC
A

- KTTF,

Ty 27Ty

oo(y) =«lY|
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====) Generalized solution: _

with fine tuning

1-st derivative of o(y): o'(y) = g[g(y) —&(y— zrc)]

2-nd derivative of o(y): " (¥) =x5(y)—S(y — ;)]

FENZEE) (2, smmerry
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3
Hierarchy relation M3 = %exp(zc)
K

. . 1 «—
InteraFtlon L:.:\gra ngian  L(x)= —A—Zhﬁﬂl(xﬁaﬂ(x) ST
(massive gravitons only) 7 =1

Masses of KK gravitons

(x, are zeros of J,(x))

3/2
K
My = X, Mp eXp(_”Krc){M_]
5

Masses of KK gravitons m_ and coupling A _
depend on constant C via M and k

Different values of C result in

>
quite diverse physical models
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Two interesting physical scenarios

.C=0 o0(0)=0, o(xr,)=xnaf,

M3
memp  MS = —2 thatrequires Mg ~x~M,,
K

Masses of KK resonances M, = X,k eXp(—x7r )

=) RS1 model (Randall & Sundrum, 1999)

Graviton spectrum - heavy resonances,
with the lightest one above 1 TeV
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N.C=xknr, o(0)=—«n, o(zr)=0

3
—  M] = %exp(chrc)
K

K<<Ms;  xr,~95 for Mg =1TeV, x=100 MeV

Masses of KK resonances mn = XnK

' RSSC model: scenario with small curvature
of 5-dimensional space-time

For small k, graviton spectrum is (Giudice, 2005
similar to that of the ADD model Petrov &AK., 2005)
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Virtual Gravitons at the LHC

Light-by-light collision at LHC is mediated by
KK graviton exchanges in s-, t- and u-channels

Processes: pp— yy (117, 2jets) + X

Sub-processes: 7, qq, gg — h™ — yy, ff

() Ci".

s-channel: 2’ e
n>1
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Matrix element of sub-process

Tensor part of
raviton propagator
in f
where A=T}P"PT],
@momenmm tensors

(process independent)

M= AxS

Graviton widths 1, =7 mﬁ /Azﬂ, n=0.1
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Equivalent Photon Approximation (EPA)

Field of fast charged particle is treated as a
beam of quasi-real photons with a small virtuality

(Fermi, 1924; Weizsdicker, 1934; Williams, 1935)

Spectrum of photon emitted by proton
(Q? is photon virtuality, E = §E is its energy)

. 2 ;-
N __a 1\ 5y Qmn e, 5 g
dE,dQ* 7 E,Q° E Q? 2E2

(Budnev et al.,1975)

22
02 moE; - 4m3GE +Q°G} F -G
E(E-E) ©  4m’+Q?
2 2 _
c2_Gm _[,,9° Qg —071Gev?  Hp=178
E ﬂ% Qo square of proton

magnetic moment
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Effective yy-luminosity
Qmax Qmax Y max (

o= Jact [a? [avzTn QlJ f2(v. Q%)

len len ymln \ /
Q2. =2 GeV?

Cross section for the process pp = pyyp = pXp

W = 2E(§,£,)Y/2 is invariant energy of two photons
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Effective yy-luminosity (in GeV!) as a function
of invariant mass of two photons
and forward detector acceptance ¢
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E 10° I§r —— QCD contribution (KMR)
E - —————— Total QED cross-section
g 0 T
E -
1 me T
o S
o F
g10e :
2 - I
= 1L Nl e el e
~  FPMC (QED) and ExHuME (KMR) generator ™
1073 = Exclusive yy production
= p::l =10 GeV, p;z =10 GeV
1{]_4 = 1 1 1 1 1 1 1 I 1
20 30 40 50 60 7080 10° 2107
Cut on the di-photon mass [GeV]

Integrated cross sections of different exclusive
diphoton processes with intact protons at the 13 TeV
LHC as a function of minimum diphoton mass
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YV process vs. gluon induced process

Exclusive event requires no extra
gluon radiation into final state

mmmm)p Sudakov suppression in QCD cross section leads
to enhancement in yy for M,, >150-200 GeV

M’ (dLum. /dydM’)
5 s=14TeV
y=0

10° |
10° L

10 L
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From T, P invariance and Bose statistics:
M =2M, L f+ M, f M, P +2M, M, |

Sum of electroweak, KK and interference terms:

MI* = M| + M| +[Mind

M| =§{| S [F @ +0*)+|SE) F (8* +0*) +S@) [ (8* +f4)}

4|

+
| —
Pt

S*(8) S(f) +S(8) s*(H)|u* +‘s*(§) S(G) +S(8)S™(0)

+=1S*(@) S(0) + S(E)S™ () §4}

>

/oY

S,t,U are Mandelstam variables of subprocess yy — yy
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Differential and total cross sections

Cuts on transverse momenta and
rapidities of final photons:

p. >30GeV, |n|<2.5
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1E-3 g

1E-4
1E-5
< 1E-6
Q
9
= 1E-7 o
< No noticeable
S
T 1E8 ) dependence on
1E-9 M=1 TeV g parameter K
M=15Tev| k=1 GeV
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1E-11 ; T : T ¥ T : T
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Differential cross section (in fb/GeV) for the process

pp =2 pvYYpP = p Yy p’ asafunction
of transverse momenta of final photons p;
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Total cross section as a function
of minimal transverse momentum
of final photons p; i,

d
o(Py > Pe.min) = ﬁdpt

pt,min
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0.015<¢<0.15 K=1GeV

0,1 3
0,01 —E' =
g 1E3- T
© 3 P
1E-4 e
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Total cross section for the process

PP => pYY P -> p’ vy p’ as a function p; i,
for different values of M5
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95% C.L. search limit for 5-dimensional Planck scale
M; as a function of integrated LHC luminosity L
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Tlnan pacckasa (vacte IT)

PoxaeHue napbr MHOOHOB Ha NPOEKTUPYEeMOM
konnaugepe CLIC, uHAyuMpoBaHHOE (POTOHAMM.

AuppepeHumansHoe U NonHoe ceveHua Ans
npouecca e+e- -> e+yye- - e'+y'y-e’- 8 page
mopeneu ¢ AONONMHUTENbHBIMU PA3MEPHOCTAMM.

OrpaHuyeHua Ha MHOromepHbIe rpaBUTALIMOHHLIE
KOHCTAHTbLI — GHANoOru maccer TTnaHka.

O6buiee 3aknroveHue
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Compact Linear Collider (CLIC)

1-st stage
2-nd stage

3-rd stage

4 Legend

=== CERN existing LHC

Beam energy Integrated luminosity

190 GeV 1000 fb!
750 GeV 2500 bt
1.5 TeV 5000 fb!
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Photon-induced dimuon production

at the CLIC
e+
et =
y
TN
y

Schematic diagram for the reaction
e+e- > e+yye- > e+ prpe’-
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o(fb)
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Total cross section for the process e+e- - e+ yy e- »
e’+ urp e’- in the ADD model with the HLZ convention

as a function of p, ,;, for Vs = 3000 GeV and scale cutoff

M, =3.5 TeV.
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m, = mass of the lightest graviton, B = k/M,,

10- 1 M 1 M 1 M 1

o(fb)

P

0,1+ -

1 ——p=001 \s=1500 GeV
1 [ B=0.05 p>500 GeV
1 ——B=01
0,01 : : l - : : l ;
1000 2000 3000 4000 5000
m,(GeV)

Total cross section for the process e+e- - e+ yy e-
e’+ pu*u e’- in the RS model as a function of mass of the
lightest KK resonance for Vs = 1500 GeV and different
values of B.
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ﬂ"h_l

Weak dependence on parameter k
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e’+ u'u e’- in the RSSC model as a function of p; i,
for Vs = 3000 GeV and different values of M. and K.
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M (GeV)

d = number of EDs
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95% C.L. CLIC search bounds in the ADD model with the
HLZ convention for Vs = 1500 GeV and 3000 GeV,
P; > 500 GeV as a function of integrated LHC luminosity L
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m, = mass of the lightest graviton, B = k/M,,
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95% C.L. CLIC exclusion regions for the parameters m,,

in the RS model for Vs = 1500 GeV and 3000 GeV as a

function of integrated LHC luminosity L
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M, (GeV)
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95% C.L. CLIC search bounds in the RSSC model for
Vs = 1500 GeV and 3000 GeV, p; > 500 GeV
as a function of integrated LHC luminosity L
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MHoro rosoputs He 6yay, a To onars Yero-Hubyas ckaxy (28h)

3axknoueHue

o HauanbHbIe yy-cocTosHUs noanpoLueccos
ecTeCTBeHHO NPUBOAAT K IKCKNHO3UBHOMY
pPOXAEHUIO C «HenoBpeXAeHHLIMU»> NPOTOHAMU
(anektpoHamu) Ha LHC (CLIC).

o BbruucneHsr augpgpepeHumansHoe U nonHoe
ceuveHus npouecca pp = pYYpP = pPYYp npu
3Heprum 14 T3B.

a C poctoBepHOCTbO 95% OLieHeHbI 3HaYeHus

5-Tn mepHou maccer TTnaHka Mg, AOCTYnMHbIe
ana obHapyxeHusa Ha LHC 8 aaHHOm npouecce:

M; =1.37(1.74) T3B ana L=300(3000) ¢p6-!.
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3axntoveHue (npoaonxexHue)

[daHHbIe orpaHuYeHus He 3aBUCAT OT APYroro
napameTpa mogenu K, onpegensarowero KpUsusHy
NPOCTPAHCTBA-BpeMeHU, Npu ycnosum K << Ms.
N3yuyeH uHAYLUUPOBAHHBIU (POTOHAMMU nNpoLiecc
pOXAeHUa MIHOOHHOU Napbl e+e- - e+yye- ->

e +{*y-e’- Ha npoekTupyemom konnampaepe CLIC.
BrIumcneHsr ceyeHusa paccesHua ana 3Heprum
nyyka 750 B u 1500 MB u uHTerpanbHbIx

cseTumocTtel ennoTtb Ao 2500 @6-! u 5000 6-!,
COOTBETCTBEHHO.

TTonyJyeHbr orpaHUYeHUs Ha NAapameTpsl MoAeneu
C AONONHUTENbHLIMU UIMEPEHUAMU, KOTOopbIe
MOryT 6bITb AOCTUNHYTHL B YKG3GHHOM npoLecce.
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Ilnan jajpHennen padtoThl

BerunciieHue cedeHuil BUPTYaJIbHOTO
POKAEeHUA aKCHOHO-IIOO0OHBIX YACTHIL a
(ALPs) na xosunanaepe CLIC B mpoi1iecce,

MHAYIIUPOBAHHOM (POTOHAMMU

(e+e- - e+yye- - e+ a e- - e+yye-)
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Cnacun6bo 3a BHUmMaHue!

H.I1. bornanoB-beabckui

(soxAp-8oL) Bonpocsr ecrs? Bornpocos Her.
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Back-up slides
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Measured light-by-light cross section (CMS, 2019):

O.p = 122 * 46 (stat) £ 29 (syst) * 4 (theo)

SM prediction (d’Enterria & Sillveria, 2013):
Oiheo = 13814 nb
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Experimental studies of
photon-induced reactions

Tevatron, CDF Collaboration, 2009: First observation
pp — pyyp — pl*lp (I =e.p) of proton-tagging
vy collision:
LHC (7 TeV), CMS Collaboration, 2012: LHC (13 TeV), CMS-TOTEM
pp — pyyp — pl*l-p (I =e,p) Collaboration, 2018

x +] -k
LHC (7 TeV), ATLAS Collaboration, 2014: PP — EVYP — pl*lp
pp — pyyp — pl*lp (I =e,p) m(l*1)>110 GeV
12 y*p-, 8 ee-
LHC (8 TeV), ATLAS Collaboration, 2016:

pp — pyvp — pl*l°p (I =e,u) PXTP P\@%P“
T et T

P P B P
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Photon PID efficiency
= = | . .
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Phaoton reconstruction efficiency
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Photon identification (a) and
reconstruction efficiency (b)
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Sional Signal DY,
Y
Cut / Process (lfgl;l&; with (without) || Excl. [ DPE di-jet 3 'll'
1 ile u
4 £f (EFT) +opileup | TP P
[0.015 < &; 5 < 0.15, : :
7 65 18 (187 013 | 0.2 1.6 2068
Pr1,(2) > 200, (100) GeV] ’ (187)
m.., > 600 GeV 64 17 (186) 0.10 0 0.2 1023
[pr2/pT1 > . 64 17 (186) 010 [ 0 0 80.2
|AG| > 7 — 0.01]
VEi€ars = m £ 3% 61 16 (175) 0.00 0 0 ) 8
1_.;__ = ,| < .03 60 12 (169) (.09 () () 0

Number of signal events and background events
(Fichet et. al, 2015)
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Statistical significance

S =,/2|(Ng + Ng)In(l+ Ng /Ng)— Ng |

N (Ng) - number of signal
(background) events

Ng

o

S ~

Ng << Npg
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Overview of CMS EXO results

cMs 36 fb~! (13 Tev)
SEMZ(H)
SSM Z'gg)
LFVZ', BRIgy) = 10%
SSM W)
S5M Wag)
SSM W)
LRSM WaliNz), My, = 0.5M,
LRSM Wal Thiz), My, = 0 5M.,
Foigluon, Coloron, cotd =1
scalar LY [pair prod.), coupling to 1" gen. fermions, B =1 1811.01197 (2a+ 2j) C o la4
scalar LO (pair prod. ), coupling to 1" gen. fermions, B =0.5 1B11.01197 (2a+ 2j; @ + 2j + E7"™) 127
scalar LQ (pair prod.), coupling to 2 gen. fermions, § =1 1B0B.05082 (2 + 2j) | 153
sealar LO (pair prod.), coupling to 27 gen. fermions, B =05 LBOB.05082 (2p+ 2j; p+ 2j + E7™) 129
scalar LY (pair prod. ), coupling to ¥ gen. fermions, f=1 1B11.00BOG (27T + 2j) 102
scalar LQ [single prod.), coup. to 3™ gen. ferm., g =1.4=1 1B06.03472 ﬂt-llh] o074

excited light quark (gg), A=m_
excited light quark (gy), fe =F

excited bquark, fo=Ff=Ff=1,
excited electron, f=Ff=F=1,
excited muon, fe=f=Ff=1A

F=LA=m,
=mg

=m_

my

ol

quark compositeness (9g) Nes==1
quark comipositeness (M), Ques=1
quark compositeness (941 Nues= —1
quark compositeness (1), Nues= —1

ADD (i) HLZ, ne= 3

ADD (yy, M) HLE, nen =3
ADD Gee emission, n =2
ADD QBH (jj, Ne== 6
ADD QBH (sp), Nes =6

RS Giclgd. gg), kM= 0.1
RS Gucldl), kM =01

RS Gioelyy), kifE =01

RS QBH [jj), nen = 1

RS QBEH l2u), Nen =1
nor-rotating BH, Mo = 4 TeV, ne = 6
split-UED, y=4 TeV

sFFFFFFlffzzr (057 zrzrz FFRFFFF zFFFFFrec

{axiakjvector mediator (yy), ;=025 gon =L my=1 GaV  p_,
{axialjvector mediator (94), 85 =0.25, gou=1. my =1 GV n _,
scalar mediator [+, g, =190y =1.m, =1 GeV Mo
pseudoscalar mediator (+t/tt), g, =1, Gea=1Lm, =1 Ge¥  u_,
scalar mediator (fermion portal), Au=1.m, =1 GeV M,
complex sc. med. [dark OCD) ma,, =5 GeV, €T, =25mm M,

Type |l Seesaw, B, =8.= 8.
string resonance

L WAl N[\ ——

01 10 1000

mass scale [TeV]

Selection of sbserved exclusion limits at 5% C.L. (theory uncertainties are not included). January 2013
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Original Randall-Sundrum solution
(Randall & Sundrum, 1999)

mep O ps(Y)=k&(Y) 0'rs(Y)=2K5(Y)

The RS solution:

-does not explicitly reproduce the jump
on TeV brane (at y=ntr )

- is not symmetric with respect to both branes
(located at y=0 and y=ntr )

- does not include a constant term
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Explicit account of periodicity
and Z,-symmetry

Solution for the warp function in variable X=Y/I; (aAK. 2015)

e

o(y) = % [|Arccos(cosx)| —|Arccodcosx)- 7] ]+

Arccos(z) is principal value of inverse cosine

O0<Arccoyz)<w, -1<z<1

A _ X -2nm, 2nn £ X £ (2n+1)n
recos{cos x) = X + 2(n+1)w, (2n+1)m < x < 2(n+1)m

(see, for instance, Gradshteyn &Ryzhik)

In particular, o(y) =Ky for 0 <y < ntr,
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m===) Orbifold symmetries:
o(y+2zr)=o(y) (periodicity)
o(=y)=o(y) (z,symmetry)
1-st derivative of o(y): (y#anr,, n=0,+1, %2, ...)
o'(y) = resigrsin(y/g)]

o'(-y)=-o'(y)
2-nd derivative of o(y):

"'(y) =K Z[&(y + 270t )-8(y — 71, + 270w, )|
= a"'(=y)=o"(y)
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l.C=knr /2 o(0)=—0c(rzr)=xnrl/2

2M¢ .
) M§5 = —2sinh(2z«T,)
K

Masses of gravitons m, = x, xexp(—«xzr ./ 2)
Let M. =2.10GeV, x=10" GeV
=) M, =3.7X,(MeV) (AK,2015)

Almost continuous spectrum
of KK gravitons
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RSSC model vs.ADD model

RSSC model is not equivalent to the ADD model
with one flat ED of size R=(ntk)! up to k =108 eV

Hierarchy relation for small k

M .
M2 = =5 [exp(2zir,) —1]—Z5<<L sM3(2xr,)
K

But the inequality 27xr, <<1 means that
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>

Recall that |m, = z,x

= 1 1 J..4(z
ZZZ _ V+1( ) JV(Zn):O

=~ 2_z2 22 3,(2)

1 sin2A+1sInh2¢

S(S) r ———

(5) AM s cos°A+sinh®e
s ng(JsY

where = A= g—z[msj
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Margarita:

‘...most of all I'm struck that there's room for all this.’
Koroviev:

"The most uncomplicated thing of all! For someone well
acquainted with the fifth dimension, it costs nothing to
expand space to the desired proportions. I'll say more,
respected lady - to devil knows what proportions!

M. Bulgakov. The Master and Margarita. Chapter 22. By Candlelight.
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