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Why Extra Dimensions: Hierarchy Problem

e
-ﬂgﬁfé -1015
10°
G -10-18
[GeV]

10" k

Planck-Scale
GUT-Scale

New Physics

“Terra incognita”

BEW-Scale

Known
physics

Solar system
gravity

M.Mohammadi Najafabadi

Planck Scale: 10 GeV

Scale at which the gravitational force
becomes as strong as the other forces;
effects of quantum gravitation become
relevant ...

GUT Scale: 10'® GeV

Unification scale where strong, weak
and electromagnetic forces become
equal ...

Electroweak Scale: 102 GeV
Scale of electroweak
symmetry breaking ...

9/19/2011




Extra Dimensions: ADD Scenario

The existence of New Spatial Dimensions is proposed.

o] o -If Large Extra Dimensions exist the 4D
Eg m'%_x P'““Gk‘si,a,lﬁ" Planck Scale (M ) is not a fundamental scale and the
22 10 GPT Sode 4+n Planck Scale (M) is the Fundamental Scale.
AN - To solve the Hierarchy Problem: My ~ My,
A7 New Physics
,.—*"# “Terra inoognfbai'.\_
10*| EW-Scale The Planck scale M, ~ G2 is not a fundamental
scale; its enormity is simply a consequence of the
o large size of the new dimensions. While gravitons
physics can freely propagate in the new dimensions, at sub-
g% weak energies the Standard Model SM. Fields must
S 10" g system be localized to a 4-dimensional manifold of weak
GeV] gravity scale “thickness” in the extra dimensions.

ADD- Physics Letters B 429 1998. 263-272
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Extra Dimensions: ADD Scenario

4-Dimensions ‘ V- = / ~10"GeV
di 4 _
(4+n)-Dimensions ‘ M |m - =M S

With n-extra dimensions M7, = M xR"
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Extra Dimensions: ADD Scenario

2 M X " To solve the Hierarchy Problem: M. ~ M
P S y S EW

By setting M, = 1 TeV R = (M2 /)"
70 AU

1 mm

1nm

10 pm

(AW INR|B

3.7 fm

The SM (4-dimension) has been
tested up to few hundred GeV—->
Consistent with Experimental Data.

Therefore, SM fields can not propagate
into the Extra Dimensions and have to
3d-brane be localized on the 3-brane.
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Extra Dimensions: ADD Scenario

The effect of Extra Dimensions can be parameterized in terms of a single parameter:

n= F/M?*

S
1N describes the strength of gravity in the presence of extra dimensions.
F is a dimensionless parameter and in different in ADD conventions:

r

M 2
_ log(—>), for n=2
-HLZ (Han, Lykken and Zhang) Conventions-> I: — S
2 for n>2
2—n
G
-GRW (Guidice-Rattazzi-Wells)> F =1
+ 2

-Hewett> T
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Extra Dimensions: RS Scenario

Critics on ADD: Hierarchy of gauge fields replaced by new hierarchy of length
scales
Alternative: Randall-Sundrum Model(s)

The Warped Extra Dimensions scenario was created by Randall and Sundrum (RS)
and is quite different and more flexible than the ADD model. The basic RS model
assumes the existence of only one highly curved ED. In this setup there are two
branes, one at y = 0 (called the Planck brane) while the other is at y = nr_ (called the
TeV or SM brane).

What makes this model special is the metric:

d32 —— E—Ekwﬂgbﬁpp d-’:ﬂ” d{.EF o 'f'g a ¢2

Warp Factor:
iﬂLﬂ- ~ _ﬂ [Pl{_;; —=mRTea

Phys. Rev. Lett. 83 (99)
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Extra Dimensions: RS Scenario

-In spite of ADD, light KK modes might be accessible and are
well separated.

-Low energy effects on the SM brane are given by A_; for
kr, ~11-12: A_~1TeV and the hierarchy problem is solved
naturally.

-Need only two parameters to define the model: k (curvature of
the space) and r_ (compactification radius of the extra dim.)
Equivalent set of parameters:

— The mass of the first KK mode, M,

— Dimensionless coupling k/Mp,, which determines

the graviton width.
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Experimental Consequences of EDs

The ADD model predicts a number of observable signatures at the Large
Hadron Collider (LHC).

O One of the direct signatures is the production of a graviton in
the final state of pp collisions. Graviton is emitted into the hidden
space dimensions and appears as missing energy.

O Exchange of virtual gravitons: Change of cross sections
o New Particles: Kaluza-Klein excitations

o Production of Mini Black Holes
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Graviton Radiation

Graviton can be produced along with a jet (or a photon).

Gravitons interact weakly with the detector and radiate
into the bulk appearing as missing energy.

Two clean signatures of the ED are: J

* High-energy monojet
& missing energy

* High-energy single photon
& missing energy
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Mono-jet + Missing Energy

Signal: An Energetic Jet + Large Missing Energy

Backgrounds:
Gk
Z(invisible)+Jet>Missing Energy+Jet.

Z+]Jets, W+]Jets, Top pair, Single top, multijet

The signal events are selected by requiring:

-Emiss. > 200 GeV.

-Pryy > 110 GeV with |eta| <2.4.

-Jet veto: Events with more than two jets (Njets > 2) with

pr above 30 GeV/c are discarded.

-The angular separation of the two jets should be less than 2.5.

CMS PAS EXO-11-058
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Mono-jet + Missing Energy
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Mono-jet + Missing Energy

Requirement Wjets  Zivv)+) Z+H tt t QCD | Total BG Data
E-?‘jsg > 200 GeV, jet cleaning 13689 5182 1103 2837 213 2588 25613 24428
pr(j1) >110GeV/e, [n(j1)| <24 13080 4936 1056 2601 195 2558 | 24425 23623
Niets < 2 8553 3686 725 299 464 @ 768 14078 14544
Ap(j1, j2) < 2.5 7448 3446 659 253 400 192 | 11865 12345
Lepton Removal 2174 3328 16.1 479 6.7 0.5 5573 5965
ETvss > 250 GeV 639 1192 40 141 1.9 0.5 1851 1930
Eguss > 300 GeV 200 483 0.9 46 0.6 0.1 689 708
ET™* > 350 GeV 67.8 217 0.3 1.7 02 0.1 288 293
ETUss > 400 GeV 36.2 105 01 09 01 0.1 142 151

The total number of background events for E™ss. > 200 GeV is measured to be
5573 +/-305. The uncertainty includes both statistical and systematic sources
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Mono-jet + Missing Energy: Results

The limits on the ADD model for two values of E™ss.. | one at E™s. > 200 GeV
where we have the largest acceptance, and another at E™s. > 350 GeV where we
have the greatest sensitivity.

CMS 36 pb ! EZss > 200 GeV EZs > 350 GeV 5 BT T

0 | K factor | Obs. Limit | Exp. Limit Obs. Limit | Exp. Limit Obs. Limit & PN CMS Preliminary
2 . Ws=7TdV.L_=l.1fb

2 2.29 2.96 272 3.72 3.67 10N
3 1.92 2.41 2.21 3.00 2.96 - \
4 1.74 247 2.00 2.68 2.66 i N
5 1.65 2.02 1.87 2.44 241 g
6 1.59 1.94 1.81 2.27 2.25
2| 15 2.56 3.26 3.00 410 403 T
3 1.5 2.07 2.63 2.39 3.25 3.21 i ' soenees 95% CL Expected limits
4] 14 1.86 2.30 2.13 2.83 2.80 ol Theor predcion (L0)
5| 14 174 213 198 2.57 2.5 AN N N A TR
6| 14 1.68 2.04 1.91 2.39 2.36 R TR BT A R YA

M, (TeV)

Limits at 95% CL on ADD model parameters are Mg > 3.7 TeV for np, = 2 at
Leading Order and 4.03 TeV at NLO.
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Mono-photon + Missing Energy

Signal: Single Photon + Missing Energy
Backgrounds:

The main irreducible background: Z+Photon—>Missing
Energy+Photon.

Other relevant backgrounds: i
W+Photon, Photon+jet, and diphoton (estimated from MC). Clear Slgnatu re
Event Selection: Photon
-Photon candidate with P. > 90 GeV and |eta|<1.44 1s
selected.

_MET (PF) > 80 GeV. Source Estimate
Z(wi)y (MC) 36.4 = 6.6
-Jet and track veto. Jet Fakes Photon (data) 141+ 3.3
Electron Fakes Photon (data) | 8.4 = 2.6
Beam Halo (data) 4.6 + 3.2
Wy (MC) 2.7 +0.5
¥y (MC) 0.8 0.2 E _

+et (MCO) 0.2 +0.1 T,miss

Total Background 67.3 =84
Total Observed Candidates 80

CMS PAS EXO-11-058
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Mono-photon + Missing Energy

The distribution of photon p; and Missing Transverse Energy for the
candidate sample, estimated background processes, and an ADD
prediction with Mg =1 TeV and ngp = 2.
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Mono-photon + Missing Energy

Limits on Mg as a function of n., compared to the LEP and Tevatron results for
Photon+Missing Energy searches

CMS Preliminary Vs =7 TeV
< - | | ]
> C . ; - 0
& 2.2F (rgt=11a 6" CMS NLO (v+E_) 'I.'he. 95% CL observed :ftnd expected
— obl CMS LO (v+E)) - limits on My, as a function of ngyp,
E gk - gngj"ﬁ) E with and without the k-factor
: 1 65 e | EP (?Eér' _E applied.
=1 _4f f n | k-factor | Exp. Limit [TeV] | Obs. Limit, [TeV]
o - A N : 2 - 1.17 1.03
_',31 2 """"" A - 3| - 1.20 1.07
= 12 - 1 - 1.24 1.12
0.8 - 5 - 1.27 1.16
06 6 - 1.31 1.21
' 2 2.0 1.45 1.31
0.4 3| 17 1.38 125
0.2 4 1.5 1.36 1.26
0 5| 14 1.37 1.26
2 3 4 5 6 6 1.3 1.38 1.29

Number of Extra Dimensions
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Interesting CMS Single Photon Candidate:

CMS Expariment at LHC, CERN i | "

Data recorded: Sun Apr 24 22:57:52 2011 CDT \\\'/
Run/Evant: 163374 [ 314736281 | \
Lumi section: 604 | i

T U R |
.‘__ _

CMS Experiment at LHC, CERN |

Data recorded: Sun Apr 24 22,5752 2011 COT
Run/Event: 163374 / 314736281

Lumi section: 604
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Exchange of Virtual Gravitons: Di-photon Production

Virtual

Signal: Two Prompt Photons KK Graviton Production

Backgrounds: : !
- Irreducible: SM diphoton production 000000,

- Photon+jet (jet is misidentified as a photon) Grx

- Multijet ] ,

SM
-yy background is estimated from MC (Sherpa); 2y Prod.

NLO K-factor = 1.3. 1

T
|

-Data-driven method to estimate jet-y fake rate A= ¥

(for dijet and y+jet backgrounds) g 209000 Y
¥ 1

g TETOEE - Y
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Exchange of Virtual Gravitons: Di-Photon Production

> T T | T TT | TTTT | T T TT | TTT1TT | TT 1T | T TTT I T T TT
u102 L. —
-Two well reconstructed photons g CMS Preliminary ;gil::sl'?ur:c?:
: -1
with E > 70 GeV and |eta| <144 2 o , 1.1fb7at7 TeV it 1
= i -
are required. £ HSyst. Uncertainty

-ADD Signal events are in the high
invariant mass region = A cut is
applied on Myy . The optimized cut
1s 800 GeV.

10°7500 300 400 500 600 700 800 900 1000
M, [GeV]
Process Diphoton Invariant Mass Range [TeV]
(014,02] [02,05] [0.5,0.8] (0.8, o)
Data is in agreement Multijet 7 £3 9+3 01+01 0.003 £0.001
rediction Diphoton 185 +33 205 +37 76 +14 1.1 =02
b Total Backgrounds 245 =35 283 =39 9.2 +14 1.3 +0.2
Observed 263 276 6 1
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Exchange of Virtual Gravitons: Di-Photon Production

Signal cross section parameterization as a function of the strength of
the ED effects, Mg (left) and as a function of 1/M*_ for the nyp = 2 case

(tight)
-3
31 0 §|1 I(]l L) I LI | I LI | I L I T I T 11 I LI | I LI | ‘l"l : E‘ 10_1 E T T T T I T T T T I T T 1 1 E
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o) = N ] (@
| Boben .
< 6fF 4 3 < [ | ;
x F ." ] X :J;, ]
[« 5'_ 4.2jb .,.' A el | ’.,—‘i . . 4 ]
x F ] X & &—0.0064 TeV
X A v S '
» iF SO ST 0os TV 3 foky :
- e E - CMS Preliminary ]
2 o E [ 1.1fb"at 7 TeV ]
E —; ' ]
D :IT L1l I L1l I L1l I L1l I Iil 1 I L1l I L1l I L1l I L1 I: X10_3 10—4 L L I: 1 I L L L L I 1 1 L L
2 4 6 8 10 12 14 16 18 20 0.01 0.02 003
n, [TeV7] 1M [TeV]
Kfactor | npp=2 wngpp=3 ngpp=4 ngp=5 ngpp=6 ngp=7
1.0 3.2 3.4 2.8 2.6 2.4 2.2
1.6 3.5 3.7 3.1 2.8 2.6 2.4

CMS PAS EXO-11-038
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Exchange of Virtual Gravitons: Di-lepton Production: P+P-2>1+1+X

% 2

_|_
_ 2 _ 4
6=0,, +NcO, +Nc' O, M=FIM

Signal: Two opposite sign same flavor leptons

Backgrounds:
Irreducible: Standard Model Drell-Yan

Other backgrounds:

-Top pair (specially dileptonic), WW,WZ,ZZ
-Multijet

-Photon+]Jet




Exchange of Virtual Gravitons: Di-muon Production

CMS preliminary Vs=7 Tev,_[ Ldt=1.18 fo™

— T T T I T T T T I T T T T | T T T T I T T T T | T T T T | T i
. . > :
-Two isolated muons with: 8 10° B Z/y*—> 3
P, > 35 GeV and |eta| < 2.1 4 S5t and Diboson 3
T |etal 1O Bl ADD,A;=26TeV 3
» 10° | Data
-Signal events above an = . Signal tends to reside
invariant mass cut are 1 in high invariant

used for the analysis. 10 TS [EGIon
-The optimal invariant mass 1
cut is found to be 1.1 TeV 1071
o 107
There are only contributions B
from DY above 1.1 TeV. 10""""500 1000 1500 2000 2500 3000
M, , [GeV]
mass region [GeV] | observed events | v/Ngbs | bkg expectation | data/ bkg expectation
80 — 120 231706 418 236321 0.98
120 — 200 4515 67 4583 0.99
200 — 400 850 29 841.3 1.01
400 — 600 68 8.2 62.3 1.09
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Exchange of Virtual Gravitons: Di-muon Production
CMIS preliminary vE=7Tev,[ Ldt=1181" CMS preliminary E=7TeV, [ Ldt=1.18 "
=35 . <350 .
= £ F — n=23["}
Limits on the GRW fwao n=3] fws_o: f’ﬂ _______________ ]
and HLLZ parameters é . é / P a1
for the two cases of g 25t e n: 1 925 ’/,__, _____________________ ]
full model validity § [/ e 5 &/’ —————————————————————— o8l
and truncation at 620 =i 820 7/ e ir
M. = M, 70 ADD K factor | ADD k-factor: 1.3
151 —— observed | 1] 1.5¢ —— observed [i]
C - - - expected ] C - - - expected ]
0050 40 50 60 70 0720750 40 50 60 7.0
Muax [TEV] Mnax [TV
At [TeV] (GRW) M; [TeV] (HLZ)
n=2 =3 =4 =5 =6 n=7
ADD k-factor: 1.0
Full 2.62 258 312 262 236 220 208
Truncated 2.56 258 310 256 227 209 1.95
ADD k-factor: 1.3
Full 2.70 272 322 Z7F 244 228 216
Truncated 2.66 272 320 266 237 217  2.02
CMS PAS EXO-11-039
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Search for RS Graviton: Di-Photon Production

In the RS scenario, gravitons appear as a
well-separated tower of Kaluza—Klein
(KK) Excitations with masses and widths
determined by the parameters of the RS1
model.

The excited gravitons can decay into two
photons

10°

T T T [ T T T T | T T T
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T ||||rrII T |||||I'II T 1T
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107
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The simulated signal shapes for a

variety of mass points.
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Search for RS Graviton: Di-Photon Production
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Conclusions

= Several searches for extra dimensions performed in several channels at the

CMS detector.
= No evidence of deviations from the Standard Model expectation observed.

= [imits obtained on the effective Planck scale depending on the number of
extra dimensions in ADD scenario:

The lower limit on Mg for n = 2-7 from different channels with almost the
same amount of data:

Channel Bound on M Integrated Luminosity
Mono Jet+MET 2.36-4.03 TeV 1.1/fb
Diphoton 2.4-3.7 TeV 0.9/fb
Dimuon 2.16-3.22 TeV 1.18/fb
Mono Photon+MET 1.29-1.31 TeV 1.1/fb

= RS: M, ~ 770 GeV to 1780 GeV for k/M;,0.01 to 0.11
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Summary of the systematic uncertainties in Dimuon analysis

Systematic Uncertainty Related Signal Background
Parameter | Uncertainty | Uncertainty
Trigger and reconstruction efficiency bkg. €reco,b — 3%
Trigger and reconstruction efficiency signal €reco,s 4% —
Muon momentum resolution €res,b — 5%
Drell-Yan EW corrections 0y — 7%
Drell-Yan QCD corrections 0}, — 5%
Drell-Yan PDF uncertainties O} — 12%
Luminosity i 5% 5%
Source Sys uncertainty in A x exc [%]
Jet energy scale +3.5, -3.9
PDFs +29 i
Photon scale £1.5% +2.7,-2.3 Summar:y Of the SYStematIC i
Fr scale £5% 0.6, 0.8 Uncertainties in Single Photon analysis
Jet resolution +10% -0.6
Photon Vertex -0.3
Fr1 resolution +10% -0.06
| Total | +5.3,-5.5
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Summary of the systematic uncertainties in monojet analysis

e jet energy scale, where the uncertainty on signal acceptance varies between 8-11%
depending on the jet pr and # when requiring ET* > 200 GeV, and between 10-20%
for ETUss > 350 GeV

e parton density function uncertainties, evaluated using the the reweighting tech-
nique and Master Equation on the CTEQ6L model set [17], and measured to be 1-3%
when requiring Eff’jss > 200 GeV, and between 3-8% for E%‘if's > 350 GeV.

e initial- and final-state radiation, modeled following a prescription for varying Space-
like Showers in PYTHIAS [14], and found to be less than 2%

e uncertainty due to the modeling of pile-up interactions in the background samples,
estimated by comparing the distribution of number of primary vertices in the data
sample to that of a standard reference sample, and is found to be 3%

e luminosity uncertainty of 4.5% [28].
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