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Figure from Scientific American

L'univers dans lequel
nous vivons pourrait €tre une
membrane a l'intérieur d'un
espace-temps possédant un plus
grand nombre de dimensions.

Quelle part de fictiony
a-t-il dans la Science Fiction ?
D'oll proviennent les idées de
dimensions supplémentaires et
d'univers paralléles ?
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Plan du Séminaire

» Introduction:
o Motivation des dimensions supplémentaires

o Comment les détecter?
o Le role du LHC

+ Les 3 modeles de dimensions supplémentaires :
Introduction & Recherche au LHC
o Les grandes dimensions supplémentaires (ADD)
o Les dimensions supplémentaires de la taille TeV-!
o Les dimensions supplémentaires voilées (RS)

- Conclusions
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Introduction

*  Many extensions of the Standard Model are motivated
by the Hierarchy problem :

o Electroweak Scale ~ 100 GeV
= M, =806GeV, M, =916GeV
o Planck Scale ~ 10?° GeV

= Energy where the relativistic and quantum effects are important
for gravity

o The Higgs mass diverges in the Standard Model because of
radiative corrections. N
f M2 = ML+ O(A2) + . R
with A : the scale of validity for the Standard Model

Fine tuning which can provide cancellations ? fwzy! | Higes
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Introduction

»+ The Standard Model is an effective theory. The new
theory takes over at a scale A comparable to the Higgs
boson mass, ie. A~1TeV.

- Possible solution?

o Supersymmetry : for each SM particle a Susy partner is
introduced. SM and Susy particle contributions to Higgs mass
have opposite sign.

o Extra Dimensions : strong gravity at TeV scale.

ED already introduced in string theory (theory for describing
the gravity quantically with 10 or 11 dimensions, in which extra
dimensions are compactified).

o ..
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How to detect these extra
dimensions?

Astrophysics : Study of the sky activity
Gravity :Test of the Newton's Law

Particle Physics : Search for their
effects on reactions produced in colliders

*
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--------------
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The LHC

E.,=14 TeV

/)' !
7102 eV Beam Energy
10 cm?s'  Luminosity — J Ldt ~ 100 fb
2835 Bunches/Beam

1oM Protons/Bunch
a ;.lrl (25 ns)
E :-'Il':- :::'Er .-——-*

%\ 7 TeV Proton Proton
: Bunch Crossing 4 10" Hz colliding beams

Proton Collisions 10°Hz

O¢
<

L

S Parton Collisions I
> - 4
New Particle Production 10 Hz LT 4—T
(Higgs, SUSY, ....) .
L
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The 2 Experiments of the LHC

b

CMS

CCCCCCCCC

VERY FORWARD
CALORIMETER

o,
-
—

The total mass of CMS is i~
approximately 12500 tonnes
- double that of ATLAS

(even though ATLAS is ~8x

the volume of CMS) R

Magnetic field : 4 Tesla

; > a;-—-:.: ——————
y Tl
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1. The cisplanckian physics (Vs « gravity scale)

Large extra dimensions
Kaluza-Klein Excitations of gravitons
by direct production or virtual effects

The TeV-! size extra dimensions
Kaluza-Klein Excitations

S’éeo of gauge bosons
a
;gee
i, The warped extra dimensions
%7% Kaluza-Klein Excitations of gravitons
%,7& (The radion)

2. ( The transplanckian physics (/s >> gravity scale)

- Black holes & string balls )
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Large Extra Dimensions
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OUR UNIVERSE MAY EXIST OMN A WALL,

or membrane, in the extra dimensions. The line along the

cylinder (befowe dght) and the Hat plane represent our three-di-

mensional universe, to which all the known particles and forces

except gravity are stuck. Gravity (red lines) propagates through

all the dimensions. The extra dimensions may be as large as one

millimeter without vielating any existing observations. GRAVITY

i
L

QUR 2-D UMIVERSE
Model of Arkani-Hamed, Dvali, | _ /
Dimopoulos: Standard Model R —
particles are localized on a 3-D
brane. Gravity propagates inside the
bulk (a more dimensional space)

EXTRA DIMEMSIONS

Figure from Scientific American
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Large Extra Dimensions

* Model of Arkani-Hamed, Dvali, Dimopoulos:

o World at 4 + n dimensions. Only the gravitons may propagate in extra
dimensions. Gravity appears to be diluted.

The Newton's Law is verified up to distances
(1) = L mm, mm, ~0.2 mm.Extra dimension.s .mus‘r be smaller
M r ( 3+ n])‘”l 1 than 0.2 mm and compactified.

The real Planck mass M= Mp 41

o P P (Mp)E™ = (Mg H1)* R

§§ s If My ~ 1 TeV (= no more hierarchy problem):
Ol ==, o

o] T .- T w7

A— Flat DIMEeNSioN  ———

8x10%m., n=1
fﬂ m 3
2 k 2fn
V( ) ( ]T R"r for r >> R R | i M ., \‘| il 0. 7mm, n=2
2 M\ My, |3nm, n=3
6x10%m, n=4
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» Particle in compact extra dimension:
o Wavelength set by periodic boundary conditions
o States will be evenly spaced in mass = tower of Kaluza-Klein (KK) modes
o Spacing depends on the scale of ED

A tower of massive KK excitations of gravitons:
M2 = M? + n?/R? for the nth state. . iR

They couple to Standard Model particles:
L= I/MPL Gu\/(n) T

The large number of states (degenerated in mass)
compensates the low coupling (1/M;,):

o~ (\/S/MDZ)n

3R

//

=
(T

2R

1R

k=1
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G.F. Giuduce and J. March-Russel, PDG review 2002

Constraint n=2 n=3
max Ry | min My | max Ry | min My
(mm) (TeV) (mm) (TeV)
Gravity law 0.2 0.6
Cooling of supernovae by 7 x 104 10 9 x 10”7 0.8
emission of gravitons
Diffused background of cosmic | 9 x 105 25 2 x 107 1.9
rays (Gy = 1Y)
Heating of neutron stars 8 x 10-¢ 90 3.5 x 108 5
(trapped Gy which decay)
LEP : yG, ZG, virtual exchanges ~1TeV
Tevatron ~1TeV
C.Collard Séminaire & Marseille
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Events ' 20 GeV

Vs=14TeV __ ATLAS
L 100 fb-1 i ar mar i
e 5 | arme= (revy | Mmes (revy [ Mz

SLEY iz LL.30 1 | HL 100 b=t || (Tev)

™ = total background il 0.1 . |
1'2'“; ® signal =2 M, = 4 TeV E 2 ? 'D . 4 5

signal 5=2 M, = 8 TeV ’ ’ ’
-..;.:I i signal =3 M, =5 TeV 4 52 E.D s 5

® signal i=4 M, =5 TeV
q‘.\.\:&“ “% \-hq.“-h |
1|:|2. 'H'H.H.-A.. ‘._. -h...# L|m|1- on MDm|n:
0w “I-\'"h Validity of the effective theory: Vs < M.
= “~ Above this limit: sensitivity to new physics.
’ - - oo ::;quin:; = Truncation Of o when \/S > MD'

C.Collard Séminaire a Marseille
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Search at LHC: Large Extra
Dimensions

Direct Search

0

Monojet with a large missing
transverse energy (stable non

detected Gy)

q g
w i
q okl g ot

i

21 mars 2005
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o Isolated Photon with a Iar'ge Single VB at hadron or e*e" colliders

Vv

missing transverse energy (non Gy y y
detected Gy ) -
KK Gk .
v

Channel which will allow to
confirm the discovery in the
monojet channel ATLAS

Mpar (Tev) || Mppin

HL., 100 fh—1 (TeV)

4 ~ 3.5
C.Collard Séminaire a Marseille 15
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Search at LHC: Large Extra

Dimensions
- Indirect Search

o Gy is a propagator. Search for g ko /
deviations in o or in asymmetries
compared to SM. : Gk) : ol
/] F 9 F

o M, is acut-off (UV divergence).
I

M.=3 TeV pp_}w

M, =4 TeV

I S | o ' Mg=4.7 TeV
SM . i SM il =
T S r =1 L e 1
inga jman 233 20m pleh] 3303 j“url:'lm LD ﬁ 1;_H ﬁ 2;’1 ﬁ :_=|:u — -1 '1 u t 1
iwi_:l_f _ ﬂ"
ATLAS @ 100 fb1:M < 5.1 TeV for the Il channel and M < 6.6 TeV for vy
C.Collard Séminaire a Marseille
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The TeV-! size Extra Dimensions

Variation of the previous model : In addition to the large
extra dim, smaller ones are introduced (of TeV-!size) in which gauge bosons
can propagate while fermions are confined on the 4dim branes.

The KK modes of the gauge bosons y(, Z(n, WM, g(") are massive
ATLAS e'e

M,2=(n M,)2 + My? ]

T
—_— SM

- M1 M, =4 TeV
---------- M2 M, =4 TeV
1

T T T T

and their coupling goes like SM (* v2)

Constraints for y() and Z:

Events/50 GeV/100 fby”’

N
T III\IH| I I\IIHI‘
| \I\IIH| | III\IH| | I\IIHI‘ | II\IIH| —+

LEP2+Tevatron+Hera: M > 6.8 TeV 10"
AT LHC (mOSle from ATLAS). 02 20|oiici)i L 4H0|c|)_(|)ﬂ Il -
- Sensitivity in the peak: M mx= 58 TeV (100 fb-!) m, (GeV)

- From interference study: M /mx=9.5 TeV (e) for 100 fb-!
and 13.5 TeV for 300 fb-1(e+u)

C.Collard Séminaire a Marseille
LLR, Ecole Polytechnique, Paris 21 mars 2005
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Sensitivity from ATLAS with 100 fb-!:
-Sensitivity in the peak: M mx= 6 TeV

-From interference study: M =9 TeV

+up to 15 TeV

ev

jets at LHC, 50 KK excitations

Events/50 GeVM100 fb

SM

M =4 TeV
M,=5 TeV
M =6 TeV

1 = vm,_.rrﬂ-“ﬂ!“:inh" ‘-h‘\
= L
1: : . :i}!’- G Laria
10 & *h.“‘ﬁ K
E ao L
i T
2 JL“ l Li_.
10 H i
El o i"'l A i
2000 4000
my (GeV)
C.Collard

LLR, Ecole Polytechnique, Paris

6000

1 IIIIIII|
ok
-

# of events in 100 th-1
[y
[—]

=
=i
=
=

Séminaire a Marseille
21 mars 2005

500

I B I
MZ?ct=1 TeV

M?c!=3 TeV

M7?c!=8 TeV

M?c!=15 TeV

SM

1000 1500 2000
Pt

2500 3000 3500 4000
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The Warped Extra Dimensions
The Randall-Sundrum Model
Warped 5-d spacetime

f

/ Higgs vev /
suppressed by
“Warp Factor”

exp(—kr.1)

Gravity

Plank scale brane /

x Yy

rd oth space dimension r
P
D W

r.=10-32m

Figure de A. Parker
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The model of Randall and Sundrum

The extra d

imension allows to explain

the hierarchy problem (Mg, << Mp)).

/\ Bulk

Planck
W
f L)
r o
ro=0 re=rm

//

o Special geometry :

e2kre q,, dx* dxv+ r2 do?
k = curvature of the space and r =
compactification radius of the extra dim.

Specificity of this model: the exponential
factor ("warp factor”)

/_/

o Gravity :
An:MPL e'km ~ 1TeV
i.e. no hierarchy if kr # 11-12 which can be

stabilised with the introduction of the
Radion field

C.Collard
LLR, Ecole Polytechni

Sé
que, Paris

minaire a Marseille
21 mars 2005
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The model of Randall and Sundrum

0 Gravitons at 5 Dim = KK excitations of gravitons at 4 Dim
(development in Bessel series and not in Fourier series like for the large

extra dim.) M, = k x,e* with J,(x,)=0
- 2 2 H.Davoudiasl, J.Hewett,
[z p My x,° c T Rizzo, hep-ph/0006041
L L L L
102 _ Si M1:1.5 TeV
~ " | -
e
Q __ c=1.
V.
lu—ﬂ | A ]
?} i 61 ' | C:O].
I 6, 4 =005
() : | c=0.01
3
gt b e v e b P e P Ly
1200 2000 3000 4000 2000 SO0
My (GeV)

o 2 free parameters in the model: M =M, and c=k/Mp_

C.Collard Séminaire a Marseille
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Constraints on the two free parameters of the model: M; and c=k/M;,

Rt I AR I B B H.Davoudiasl, J.Hewett,
Tevatron ] T.Rizzo, hep-ph/0006041

[Rl<Ms

0.10

AMlowed Region

0.07E

<10 TeV

s 096% :
e =
M n ]
0.0af —
0.02 F , —
r Oblique Parameters
U.Ul 1 1 1 1 i | 1 1 1 | 1 1 1 1
1000 2000 3000 4000
m, {GeV)
C.Collard Séminaire a Marseille
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Constraints on the two free parameters of the model: M; and c=k/M;,

a0 T T T | T T T T | T T T T | T T T T ] H.DGVOUdiOSI, J.HCWCTT,
Tevatron ] T.Rizzo, hep-ph/0006041
Ry < M3
0. 1.0; U 3
L il E imi
. K A <10 TeV = 95% CL excluded domain
= 0.0, ekl | E & des
: ] ee e
TQ i E 7 e
0.03 “’”i’ —
o
0.02 " ) —
g Oblique Parameters I
i |
UUH“EX\T\ 11 ] 1 | 1 11 | ] ] ] 1
TTULEUE T Iyp0p 2000 3000 4000
s m, {GeV)

Which part of the plane can be access with CMS?

C.Collard Séminaire & Marseille
LLR, Ecole Polytechnique, Paris 21 mars 2005
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Signal: pp = G = e*e” (K Factor =1)

The e*e-decay channel has a low branching ratio (BR=2%) but the
clear signal in the electromagnetic calorimeter ECAL allows it to be
the discovery channel for Randall-Sundrum Gravitons.

et et
q > Gk < g > Gk <
q e g e

Background: 2 electrons in the final state
o Drell-Yan: pp=>v/Z=>e' e (K Factor=1.3)

o [ Jet faking an electron: Dijet, y-jet, e-jet
which is negligible in comparison to Drell-Yan ]

C.Collard Séminaire & Marseille o4
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Electron Reconstruction

| | | |
Om Tm 2m im
Key:
Muon
Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron {e.g. Neutron)
----- Photon

Silicon
Tracker

3 Electromagnetic
}_|! I l] Calorimeter
Hadron Suparconducting
Calorimeter Solenoid
Iron return yoke intersparsed
Transverse slice with Muon chambers
through CMS
C.Collard Séminaire a Marseille
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Generation with PYTHIA with a correct description of the energy
evolution of the squared amplitude + inner Bremsstrahlung with

PHOTOS

Key

Low energy particles in CMS
l 'I' Jr!\ '1rln

ye )
3 7

Muon

!
Electron

L\

C.Collard
LLR, Ecole Polytechnique, Paris

Full Simulation and Reconstruction chain of
CMS (CMSIM & ORCA without pile-up):

-Very high energetic electrons! Work on
the electron reconstruction

-Synchrotron radiation is included but
found to be negligible in comparison to
Bremsstrahlung in the tracker

-Possible saturation of the ECAL
electronics

Séminaire a Marseille
21 mars 2005
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Front-end board
-—

Trigger Tower APD/VPT Preamp ADC
Energy Light Current Voltage
| | | |
Light Current Voltage Bits

o Possible saturation of the ECAL electronics (pre-amplifiers in
VFE cards) is studied:

= Saturation expected at 1.7 TeV in the barrel with measured crystal
light yield (4.5 photo-electrons/MeV)

= Study here for saturation at 1.25 TeV (i.e. 6 p.e./MeV)
= A simple correction is found.

C.Collard Séminaire a Marseille
LLR, Ecole Polytechnique, Paris 21 mars 2005
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»  The saturation has a big effect on the mass reconstruction of

heavy resonances. Idea for correction: X2 crystals

Correlation between
R€d5:E9-E4 C(nd El

-

sopl Without saturation [] CMS

CMS

Events (Arbitrary Units)

300 3000
: 2500
200 2000
1500 |
100 1000F. - ..

13
o

“Saturation expectg
but not simulatec

I m_L 5000,
u_|||||||||_|.||| |I |_|||||||||||||| 7I | | | |

0 ! 2 3 4 5 8 72 | 150I - I200I 250 I3[)0I - I350
Mass (TeV/c') Red, (GeV)

QQ
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- This correction of the saturation allows to reconstruct heavy mass

resonances.
:E sppl- Without saturation ] CMS :Emn__ Without saturation [ CMS
S . =5 .
e [ > I
© 400 © 400
= i = B
L i £ I
| =) B e :
< 3000 < 3000
o 2 [
E i E [
ﬁ 200 I.I:..I 200 a
100(- 100
: ML i
ﬂ_|||||||||_|.||| L o NN e ﬂ_""l""l—'-'l—' | 1 trv v by
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
2
Mass (TeV/c?) Mass (TeV/c’)
C.Collard Séminaire & Marseille
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Selection Cuts

pp = G = e‘e-
Trigger up to Level 2.5
2 electrons
o Super-Clusters:
= p;>100 GeV,
= |n|[<1.4442 (barrel)
or 1.566 < |n|< 2.5 (endcaps)

o Isolated: Econe< 0.02 E+5¢ in cone Ar<0.5  (to kill big jets)

o Electromagnetic:H/E < 0.1 (to kill 7w*/7)

o Charged: 2 tracks with at least 2 hits (to kill 7°/y)
C.Collard Séminaire a Marseille
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12 o =
§ i Randall Sundrum Graviton § 4.5 Randall Sundrum Graviton
3 10— G—ee 8 aE G ee
T CMS: Full Simulation 5 3.5E CMS: Full Simulation
n 8— and reconstruction © e .
1 L “ ¥ 3 andreconstruction
5 B ¢=0.01 and | L=100 fb = F |
2 sl ,,E 2.5F c=0.1 andJL=1oom
- I E
® [ S 2F
L w -
4 N H 15
B 1
2 L
0.5
9.4 142 144 146 148 15 152 154 156 158 1.6 0 26 2.8 3 3.2 3.4 3.6 3.8 4 4.2

Mass (TeV/c?) Mass (TeV/c?)

* Fit of a Gaussian to the signal distribution
* Mass window for N¢ and N, estimation: <M> + 3¢

- For low coupling values: E; < 1.25 TeV (no saturation)

For large coupling values: correction of the saturation coming from
the ECAL electronics

C.Collard Séminaire a Marseille
LLR, Ecole Polytechnique, Paris 21 mars 2005
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": 225 Randall Sundrum Graviton: G — ee
- —
% 20: 1 CMS: Full Simulation and reconstruction
O F ¢=0.01 andj L=100fb"
e -
- 16
i —
e 14 —
E 12
# 10 ;—

o N &~ OO O®

14 15 16 17 18 19 2 2.1
2
Mass (TeV/c)
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N-_Ih —
o B _
S 25 Randall Sundrum Graviton: G — ee
@ -
() B CMS: Full Simulation and reconstruction
S 20 c=0.01 andj L=100fb"
: B - One experiment
] B
o 15—
} L
I.I.I L |
e - B
10—
s
0
14 1.5 1.6 1.7 1.8 1.9 2 2.1
2
Mass (TeV/c)
C.Collard Séminaire & Marseille
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S = 2{ W ;"."-:-.‘ + .'a".'-j'_i — 3 ;a"n'-.l'!]'.

Significance
)
)]
I

B G — ee with ¢=0.01

1 1.5

Graviton Mass {TeWcz)

D
Randall-Sundrum Graviton E [ Randall-Sundrum Graviton
o .
(4] B G — ee with ¢c=0.1
= 25
CMS: Full simulation E-, | CMS: Full simulation
and reconstruction w B and reconstruction
e 100 fb 20 e 100 fb"
m 20 fb" - m 20fb’
« 10" I . 10fb"
151
101
1; TeV - 3.8 TeV
; /
"l'i%-—" _|||||||||1l|||||:':;fg||
2 2.5 2 2.5 3 3.5 4

Graviton Mass {Te\ﬂcz)

C.Collard
LLR, Ecole Polytechnique, Paris
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CMS NOTE 2004-024
(Accepted by Eur. Phys. J-direct C)

O
| -
%
= IR < M2 10 fb"! 100 b’
© 101
E B
0o _ Region of Interest
m E
k= |
a
S |
8 | Discovery Limit of
Randall-Sundrum Graviton
| G > ee
CMS - Full simulation
and Reconstruction
10.2_II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
. 2
Graviton Mass (TeV/c’)
C.Collard Séminaire & Marseille 35

LLR, Ecole Polytechnique, Paris 21 mars 2005



CMS NOTE 2004-024
(Accepted by Eur. Phys. J-direct C)

O
| -
%
= IR < M2 10 fb"! 100 b’
o
]
o
o
k=
a
-
8 Discovery Limit of
Randall-Sundrum Graviton
G —> ee
CMS - Full simulation
and Reconstruction
10-2_II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
. 2
Graviton Mass (TeV/c’)
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® ATLAS o ,
Q L o 100 fb!, canal ee How to distinguish Gravitons
0 oA from other particles?
o010
o
> - Angular Distribution Study
1 (Graviton is spin-2)
» Other Channel Study
(Universal couplings of Graviton)
-1
10 '
2000 4000 6000
GeV
C.Collard Séminaire a Marseille 37
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Analysis with fast simulation (CMSJET)

£2.25 - Sa [ )
2 - ‘B. ——  Graviten
2 H ——  Groviten g I in 1
a 3 [ g 5 spin
- - apin 1 woE T B 5M
[ B sM L
- F O Inl<15
1.75 u Q Inl<Zs 1.4 —
15 F 12
125 | 1
1 D8
0.75 0.8 =
05 o4
a2 0.2
p B 4
o -1 -0 -06 -04 -02 O 02 04 06 D8 1
cos( 6]

Need of the endcaps!

Dependence on the Graviton mass

= Need to do the study with the full
simulation and reconstruction chain of CMS

C.Collard Séminaire & Marseille
LLR, Ecole Polytechnique, Paris 21 mars 2005
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Conclusions on the RS analysis

Full simulation & reconstruction analysis

Study of very energetic electrons and search for massive
resonances

Discovery plane for the Randall-Sundrum gravitons G - e* e
o With 100 fb!: the region of interest will be covered by CMS.

o With 1 fbl: a large part of this region of interest will be
accessible at the first beginning of the LHC running.

For the Future: Work on the Identification of the Graviton nature
o Angular Distribution (Graviton is spin 2)
o Other channels:
G = vy is allowed but not Z' = vyy.
Test the universality of the Graviton couplings.

C.Collard Séminaire a Marseille 39
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A large number of models exists. I have only presented
3 of them here, which propose quite interesting
sighatures to be detected at LHC.

+ If we don't find candidates for new physics, the LHC

will provide strong constraints on the different models.

* In case of discovery (which may appear quickly), big
efforts should be done to identify the nature of the
signal. Help will come from linear colliders.

 Important to be ready for the start of LHC!

C.Collard Séminaire a Marseille
LLR, Ecole Polytechnique, Paris 21 mars 2005

40



