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Randall-Sundrum scenario

Background metric (y is extra coordinate)

ds? =e2°Wp dx“dx” —dy?

J

Periodicity: (x, y + 2nr, ) = (x, y)
Z,-symmetry: (x, y) =(x, =y)

ﬂVd

m=ms) orbifold $I/Z, O<y<mr

C

Two fixed points: y=0 and y= rr_

msmm) two (1+3)-dimensional branes
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5-dimensional action S =5, +5;, + 5,

Sy =Id4xjdyJ5 (2M§’R<5) -A) (gravity term)
81(2) = jd 4X,‘ ’ gl(Z) (L1(2) _Al(Z)) (brane termS)

Einstein-Hilbert’s equations:
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Original Randall-Sundrum solution
(Randall & Sundrum, 1999)

O-Rs(y) — Kl y | Ags :_24Mg’f2’ (A1)rs =—(A2)rs = 24Mg’<

ey Ogs(Y)=x6(y)  0"rs(y)=2x5(Y)

The RS solution:

-does not explicitly reproduce the jump
of derivative 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 oy,(y)=—1<|y—7zrc|+1<7zrc
A

- KTTF,

oo(y) =«lY|
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====) Generalized solution (0<C< kar)

with fine tuning

1-st derivative of o(y) @] Otfh i td;?ggm

o' (y) = =[e(y) - e(y-=1)]
2

2-nd derivative of aly) "' (Y) = [5(y) - S(y — 71)]
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Explicit account of periodicity
and Z,-symmetry

Solution for the warp function in variable X =Y/, (AK. 2015)

G

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

Arccos(z) iIs principal value of inverse cosine

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

A _ X - 2N, 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 < mir,
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mmmm) Orbifold symmetries:
a(y+2zr;)=o(y) (periodicity)

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

1-st derivative of o(y): (y#znr,,n=0,+1,+2, ...)
o'(y) =xsignsin())  o'(=y)==a'(y)
2-nd derivative of o(y):

vy K N b
o (y)—rc n;o[5(x+2m) 5(x— 7 +2/m)]
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: . VE
Hierarchy relation M2 =—2exp(2C)
K

i i 1 -«
InteraFtlon L:.:Igranglan L(x) = _A_thlnz(x)-raﬂ(x) pHepvB
(massive gravitons only) A

3/2
Masses of KK gravitons o x My, K
(x_ are zeros of J,(x)) no°n \/exp(27m 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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Different physical scenarios

.C=0 0(0)=0, o(xr)=xnt

M3
mp M2 =—S thatrequires My ~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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Il.C=knr, o(0)=—«nr, o(xr)=0

3
—  MZ = Ms exp(2z k)
K

K<<Mg  &T, ~95 for M; =1TeV, =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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. C=xknr /2 o(0)=—0o(rzr)=xnrl/2

3
— M§ 2 Mg sinh(2zxr,)
K

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

Almost continuous spectrum
of KK gravitons
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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: qg, gg —h™ — ff, 3y

=
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Matrix element of sub-process

M=AxS

Tensor part of

/ graviton propagator

where A=T)P"PT!,

Energy-momentum tensors

o0

and S(s)= - Zs_mzl (process independent)

2 0
7T n=1 n +Impl,

Graviton widths I, =7 mﬁ /AZ,,, n=0.1
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Dilepton production at LHC in
scenario with small curvature

Scenario Il (C = krtr)

Number of events with p, > p,"

do(grav do(SM
o= [dp, 476™) [ gy dolM)

T dp, T dp,

Interference (SM-gravity)
contribution is negligible

.« oe Py S =
Statistical significance JNs+Ng
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No deviations from the CM
were seen at the LHC

===p LHC search limits on M, (pfUt= 200 GeV)

M, > 6.4 TeV
for7+ 8 TeV,
L =51b'+ 20 fb!

M; > 9.0 TeV
for 13 TeV,
L =30 fb

Week dependence of limits on parameter k

LHCP2015, St. Petersburg, Russia,
September 2, 2015

17



Scenario Il (C = kmr_/2)

112

3/2 3/2
1 (M0, . Vs (Mg
S(s) = o \E( » ] () with z Aﬂ[ ” ]

(relation of m, with x, was used)

For chosen values of parameters

o(1)
1TeV)3Vs

BO

====) TeV physics at LHC energies
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Conclusions

Generalized solution for metric in RS-like
scenario i1s derived

This solution o(y):

- is symmetric with respect to the branes

- has the jumps of its derivative on both branes
- is consistent with the orbifold symmetries

- depends on constant C (0 < C < krtr,)

Different values of C result in quite diverse
physical scenarios: RS1, RSSC, “symmetric”
models
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Conclusions (continued)

All these schemes lead to TeV physics at LHC,
but with different experimental signatures

LHC limits on gravity scale M, are obtained
in RS-like scheme with small curvature
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Back-up slides
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Extra dimensions: LHC limits

ADD model :

My >4 TeV (for np,=4) real graviton production
(CMS, EPJC 75 (2015) 235)

M, >7 TeV (for n.p=4) virtual graviton exchange
(HLZ convention) (CMS, PLB 746 (2015) 79)

RS model :

mg. > 2.7 TeV (for k/M;, =0.1)
(ATLAS , PRD 90 (2014) 052005)
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Dilepton production

Pseudorapidity cuts:
In| £ 2.4 (muons)
In| £1.44, 1.57 £ |n| < 2.4 (electrons)

Efficiency: 85 %
K-factor:

1.5 for SM background
1.0 for signal
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Uncertainties in search limit
(L =30 fb1)

W2 Su>2u  ===p |AM, |=17 GeV
PDF set (2.7%) === |AM;|=23GeV

AL (3%) mesp | AM, | =26 GeV



Statistical significance in RSSC for pp — efe  + X
as a function of 5-dimensional reduced Planck scale
M, and cut on electron transverse momentum p,°"
for 7 TeV (L=5 fb*) and 8 TeV (L=20 fb)
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Statistical significance for the process pp — ete  + X

as a function of 5-dimensional reduced Planck scale

M, and cut on electron transverse momentum p,°"
for 13 TeV (L=30 fb)
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do/dp, (fb/GeV)

WOJ N SM (Born)
- — My=2TeV

oL __ M =4TeV
- M, =6 TeV
i:)*

10

10 £

10 ? \‘\\

i | | | | |

WO | | | | | | | | | | | | |
100 300 500 700 900 1100 1300

o, (GeV)

Graviton contributions in RSSC to the process
pp — pu+u- + X (solid lines)
vs. SM contribution (dashed line) for 7 TeV
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do/dp, (fb/GeV)

: ; o SM (Born)
SN . M,=4TeV
10 b — M,=6TeV
- M, =8 TeV
72,
10
10
f4: Te.
10
5t | | | | |
WO | | | | | | | | | | | | |
100 300 500 700 900 1100 1300
P (GeV)

Graviton contributions in RSSC to the process
pp — n+u- + X (solid lines) vs. SM
contribution (dashed line) for 14 TeV
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do(sm) 1

= (.. Ins)

dp,
Weak logarithmic dependence
on energy comes from PDFs
do(grav) _ 13 9(x..Ins)
dp, Mg
do(grav)/d ’
) o(grav) P, S ﬁ (for fixed x.)
do(sm)/dp | M,

do(grav): week dependence on curvature k
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do(pp—h"—yy) =
- do(pp—h"—I*I)

2
E @versal for

all subprocesses

while in SM: 1+ cos29
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Effective gravity action

H po My po

=2 402,02 (90, 00" ~mzh2 0 (9l
n=0

Shift o —o—C isequivalent to the change x# — x'*# =g Cx#

Invariance of the action ====) rescaling of fields and masses:

h}tnz — h'g‘) Chg‘z, m, > m,=e“m

Massive theory is not scale-invariant

From the point of view of 4- dimensional observer
these two theories are not physically equivalent
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Randall-Sundrum solution oxs(Y) =«x|y|

Does it mean that o,((y) is a linear function for all y?

The answer is negative: one must use
the periodicity condition first, and
only then estimate absolute value |y|

In other words, extra coordinate y must be reduced
to the interval -mtr_< y < mr, (by using periodicity
condition) before evaluating functions | x|, g(x), ...
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Examples: definition of o(y) outside interval |y| < zr,

Llety=nr_+y,, where 0 <y, <mr,
(that is, mr_ <y < 2nmr )

K V40
U(MC+YO)+C=E(|7TVC+YO|—|YO |)+7C

K 7
:E(|MC+YO_2“rc|_|YO |)+7C:K(7zrc_3’0)

o(y)+ C
A

K@r, T

K(ﬂrc - yO)

0 T, 2nr,

LHCP2015, St. Petersburg, Russia,
September 2, 2015

34



RSSC model vs.ADD model

RSSC model is not equivalent to the ADD model
with one ED of size R=(nk)! up to k =102° eV

Hierarchy relation for small

M .
MF2,| ;—5[exp(2m<rc)—1] 2rklos<d >|\/|§(27er)
K

But the inequality 27xr, <<1 means that

3
M3 M

K<< —g ~0.17-107%8 /| eV
M2 1TeV
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i 1 — 1 ‘Jv+1(z) J (Z ):O
2 -z2 22 3,(2) M

n=1z 1%

1 sin2A+i1SInh2¢

S(S) ~ ———
(5) 4M2/s cos®A+sinh’e

K 2| Mg

where a_YS g_ﬂ[\/gjs
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