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TTnaH aoxnaaa

DKCKNHO3UBHOE poXaeHue B CTONKHOBEHUMU
(POTOHOB U ero 3KCMepuMeHTasnbHoe usydyeHue.

Mogpenb PaHaann-CyHapyma (PC) ¢ oaHou
AONONHUTENbHOU PA3MepHOCTbIO U ee
obobuieHue.

TTpouecc Ha BAK, uHAYUUPOBAHHLEIU (POTOHAMM.
TTpubnuxeHue 3KBUBANEHTHLIX (POTOHOB.

AuppepeHumanbHoe U NOMHOe ceYeHus Ans
npouecca pp — pYyp — PH'Hp npu 3Heprum 14
T3B 8 PC mogenu ¢ manou kpususHou
NPOCTPAHCTBA-BpEeMeEHU.

3aknrovyeHue.
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Photon-induced exclusive production

Schematic diagram for the reaction pp = pyyp = pXp
(X =p*w, e*e’, yy, WW, ZZ, H, etc.)
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Forward detectors at the LHC can detect
intact outgoing protons in interval:

omin <6 < Smax

where ¢ is momentum
fraction loss of the proton

Acceptance ranges:

ATLAS Forward Physics 0.0015<¢£ < 0.15

Collaboration (AFP) 0.015< £ < 0.15

CMS-TOTEM Precision 0.0015<£< 0.5

Proton Spectrometer 01<&< 05
(CT-PPS) 1o
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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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Randall-Sundrum scenario

Background metric (y is extra coordinate)

e 27Wp , dx*dx” —dy?

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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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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Generalization of RS 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 (0<C< kar)

with fine tuning

1-st derivative of o(y) @] OtL i td(i)1]:fe|:2r8ent

' (y) = =[e(y) - e(y - z1y)]
2

2-nd derivative of oly) "' (Y) = [5(y) - 5(y — #1)]
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3
Hierarchy relation M = %exp(ZC)
K

Interaction Lagrangian L(x) = —Aizhfl“‘l ()T, 5(%) ph VP
(massive gravitons only) A

3/2
Masses of KK gravitons = x Mop, K
(x_are zeros of J,(x)) no°n \/exp(ch r.)—1\ Ms

Masses of KK gravitons m_ and coupling A _
depend on Cvia 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,

3
m—) M= Ms that requires M; ~x ~ M,
K

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

mssm) 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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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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Virtual Gravitons at the LHC

pp-collisions at LHC mediated by
KK graviton exchange in s-channel

Processes:  pp— 1717 (yy, 2jets) + X

Sub-processes: qQ, gg > h(M ff, /44

D=
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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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>

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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Equivalent Photon Approximation (EPA)

Field of fast charged particle is similar
to electromagnetic radiation

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

Spectrum of photon emitted by proton
(Q? is photon virtuality, E = §E 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 mE _AmpGE+Q%Gy 2
min E(E- Ey) E 4m% +Q2 M M
2 2 _
c2_Gm _[,,9° Qg ~0.71Gev2  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 — pPXp

W = invariant energy of two photons
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Effective yy luminosity (in GeV1) as a function

of invariant mass of two photons

(forward detector acceptance: 0.0015 (0.1) < £ < 0.5)
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YV process vs. gluon induced process

Exclusive event requires no extra
gluon radiation into final state

Sudakov suppression in QCD cross section leads

to enhancement in yy for M, > 150-200 GeV

M’ (dLum. /dydM’)
3 Vs=14 TeV
y=0

10° |
107 L

10 L
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YY process vs. double-Pomeron exchange

g & 8 35
8 50 a) S 2 b)
25
20
30
75
70 2
70
0
0 a7 0.2 2.3 a4
or (CeV?) pr{Cev)

True (a) and observed (b) p,? distribution of scattered protons in
photo-production (line) and diffraction (filled hystogram)
(in arbitrary units)

Diffractive contribution
is significantly reduced

p;2 < 0.005 GeV? )
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Matrix element squared consists of
electromagnetic, KK and interference terms

1,.,.
M KK|2 =z|3(3)

2{—%@3 + 213 + 3(8% + 4f2§)}

1 A n ~
|I\/Iim|2 = —ZeZReS(s) (8% + 22 + 28f)

§, { are Mandelstam variables
of sub-process yy — prp
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Differential and total cross sections

Cuts on transverse momenta of
final muons and their rapidities:

p, >30GeV, |n|<2.4
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Differential cross section (in fb/GeV) for the process

pp = pYYyp = putup as a function
of transverse momenta of final muons p,
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Differential cross section for the process

PP = pyYp = putup for different values
of the curvature parameter k

No noticeable dependence

>
on parameter K
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Total cross section as a function
of minimal transverse momentum
of final muons p; i,

d
o(Py > Pe.min) = ﬁdpt

pt,min
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Total cross section (in fb) for the process
PP = PYYP = PHUP as a function of minimal
transverse momentum of final muons p; i,
for different values of k
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0.0015<E<05

K =1GeV

]
]
]
]
]
4:::?:%-3;:::—____ X g'
134 [ SM i
1 |— M= Tev e UM
£ M=15Tey) 122001 e !
3 K= F

158l — M5=2 TeV
3 ]
166 ] Y : y !

500 1000 1500
Pyl CGEV)

0.1<E<05

10'13‘ —— =N
i \\\
iy Sy Y
“‘ : 3 . _\_\\
104 e
SM
M.=1Tev
= 0.55E50.1
’06? _MS 1.5 TeV| x=1 GeV \,‘\ -
3 —_ M5=2 TeV X 2
T Ll Ll
500 1000 1500
P...GeV)

Total cross section for the process

PP = PYYP = PHUP as a function of minimal
transverse momentum of final muons p; i,

for different values of M5

Cemunap OT®, IIporBuno, 9 oxTsaops 2018 . 30



Statistical significance

S =,/2|(Ng + Ng)In(l+ Ng /Ng )— Ng |
N (Ng) - number of signal

(background) events

Nsg
JNg
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95% C.L. search limit for 5-dimensional Planck scale
M; as a function of integrated LHC luminosity
with cuts p; > 500 GeV (30 GeV), |n|< 2.4 imposed
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3axknroueHue

B pamkax mopenu ¢ ogHou AONONHUTENbHOU
PA3mMepHOCTbHO U MASNTIOU KPUBU3HOMU
NPOCTPAHCTBA-BpeMeHU U3yveHO poxaeHue
napsr mrooHos Ha BAK B npouecce,
UHAYLMUPOBAHHOM (POTOHAMM.

O606ueHHoOe pelseHue ANS MeTpUKU B
PacCMOTpeHHOU moaenu:

- CUMMETPUYHO OTHOCUTesIbHO obeux 6paH;
- UmeeT Ha HUX NpaBUSibHbIe CKAYKW;

- COBMECTUMO C CUuMMeTpusmu opbucponaa;
- 3aBUCUT OT KOHCTAHTLI.
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3axntoveHue (npoaonxeHue)

HauyanbHbIe yy-coctosHusa ectecTBeHHO
NPUBOAAT K 3KCKAFO3UBHOMY pOXAEHUIO C
«HenospexaeHHLIMU» NpoToHamu Ha bAK.

Hamu sbruucneHsr auggpepeHumanbHoe U
NonHoe ceYyeHUs npouecca pp — pYYp — PH'Hp
npyu 3Heprum 14 T3B.

C poctoepHOCTbFO 95% oOueHeHbI 3HaYeHUs

5-Tu mepHou maccer TTnaHka M5, AocTynHbIe
ana obHapyxeHua Ha BAK 8 anaHHOM npouecce

(Hanpumep, M5 =1-1.2 T3B ana L=1000 @6-1).

Pe3ynbTaTt He 3aBUCUT OT Apyroro napametpa
Mopaenu K, onpeaensarouero KpUBUsHy
NPOCTPAHCTBA-BpeMeHU, NpU ycnosum k << Ms.
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Cnacun6o 3a BHumaHue!
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Back-up slides
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n  Obs. limit [TeV] Exp. limit [TeV]

3 2.85 3.32
B 2.86 3.29
5 2.88 3.28
6 2.90 3.28

95% C.L. expected and observed lower
limits on D-dimensional Planck scale My
(D=4+n) as a function of number of extra
dimensions n in the ADD model
(CMS, 13 TeV, 35.9 fb-1)

(CMS Collaboration, arXiv:1810.00196)
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Strings needs extra dimensions (EDs)

Superstrings: D= 10
(6 EDs must be compactified)

WORLD-SHEET WORLD-SHEET

X

World sheets of open (left) and closed (right)
strings propagating in the space-time
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Propagation of strings in extra dimensions

Six internal compact dimensions:
(p-3) longitudinal , n = (9-p) transverse

D-BRANE P“‘\\“ 00
CLOSED
STRING
p-3
X || (NEUMANN)
n “\ -----
X1 (DIRICHLETT) .
OPEN " K >
STRING XT(DIRICHLET) o =1

COMPACT DIMENSIONS
_ Open strings propagate
Closed strings propagate with ends at x+ = const

in the bulk for different windings
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* string scale Mg =Is'  string tension o'=M¢’

* string coupling 4 . . _
6 internal compact dimensions:

o -
Planck scale M, =1, (p-3) longitudinal
e gauge coupling ¢ n = (9-p) transverse
. . 10 1 -8 p+1 1 3-p =2
Ten-dimensional S = jd x—2|S R+ Id x—IS F
action bulk S brane S

Upon compactification of EDs: % :VLZV - 12 = VLp_3
IPI /13|s 9 lSIS

D-dimensional

Planck scale (D=4+n) Hierarchy relation
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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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mmmm) Orbifold symmetries:
a(y+2zr;)=o(y) (periodicity)

o(-y)=o(y) (Z, symmetry)

1-st derivative of o(y): (y #znr.,n=0,+1, <2, ...)

o'(y)=xsignsin(®x)  o'(-y)=—c'(y)

2-nd derivative of o(y):

0 @)

o'(y) == Z[&(x +27n)— (X — 7 + 270

r
C N=—00
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mmmm) Orbifold symmetries:
o(y+2zr,)=o(y) (periodicity)

o(-y)=0o(y) (Z, symmetry)
1-st derivative of o(y): (y#anr,, n=0,+1, %2, ...)
c'(y) = xsignisin(y/e)]

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

3
— Mp 2 2Ms sinh(2zkr,)
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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dodp(fb/GeV)
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Dependence of differential cross section

for the process pp = pyyp = puup
on curvature parameter k

Cemunap OT®, IIporBuHO, 9 oxkTs10ps 2018 1.

RO = .
T L] L]
2000 2000 2500 3000

45



