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Why	  searching	  for	  extra	  dimensions	  ?	  
•  The	  hierarchy	  problem:	  

The	  electroweak	  mass	  scale	  is	  very	  different	  from	  the	  Planck	  mass	  scale	  (MPl)	  ,	  
mW,Z<<	  MPl~1019	  GeV	  	  
à Very	  large	  radia7ve	  correc7ons	  to	  the	  Higgs	  boson	  mass	  need	  to	  cancel	  out	  at	  a	  

precision	  of	  10-‐32	  	  
	  
	  

•  To	  avoid	  such	  a	  fine	  tuning:	  
–  SUSY:	  addi7onal	  contribu7ons	  in	  the	  loops	  will	  stabilize	  the	  Higgs	  boson	  mass	  
–  Extra	  dimensions:	  Gravity	  strength	  is	  at	  the	  same	  order	  of	  magnitude	  as	  the	  

others	  interac7ons	  but	  diluted	  in	  extra	  spa7al	  dimensions	  	  	  
•  Extra	  dimensions	  but	  which	  ones	  ?	  

–  Universal	  Extra	  Dimensions	  
– Warped	  Extra	  Dimensions	  
–  Large	  Extra	  Dimensions	  
– …	  
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The	  ATLAS	  experiment	  at	  the	  LHC	  
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Almost	  3	  years	  of	  running:	  	  
	  ~	  25	  b-‐1	  of	  pp	  collisions	  with	  √s	  =	  7,8	  TeV	  

Peak	  luminosity:	  7.7	  1033	  cm-‐2s-‐1	  
	  (~30	  interac7ons	  per	  bunch	  crossing)	  

ATLAS	  overall	  data-‐taking	  efficiency:	  93.7%	  	  	  

Used	  by	  the	  
searches	  

presented	  in	  
this	  talk	  



Universal	  Extra	  Dimensions:	  Diphoton	  +	  ETmiss	  events	  
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arXiv:1209.0753,	  sept.	  2012,	  submiked	  to	  PLB	  

•  Addi7onal	  spa7al	  dimensions	  in	  which	  all	  SM	  fields	  propagate	  
•  Compac7fied	  extra	  dimensions:	  	  

	  à	  Kaluza-‐Klein	  (KK)	  towers	  are	  predicted	  for	  each	  SM	  par7cle	  
•  This	  analysis	  considers	  a	  single	  UED	  with	  compac7fica7on	  radius	  R~1	  TeV-‐1	  	  
•  If	  the	  UED	  model	  is	  embedded	  in	  a	  larger	  space	  with	  N	  eV-‐1-‐sized	  dimensions	  

accessible	  only	  to	  gravity,	  then	  the	  decay	  chain	  is:	  	  

! · · · ! �⇤ ! � +G
! · · · ! �⇤ ! � +G

first	  level	  KK	  
Lightest	  KK	  
par7cle	  cascades	  

�� + Emiss
T

gg/qq̄



Universal	  Extra	  Dimensions:	  Diphoton	  +	  ETmiss	  events	  
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•  Trigger:	  two	  photons	  with	  ET>	  20	  GeV	  	  
•  Data	  analysis:	  

–  Two	  photons	  with:	  	  
•  	  pT>50	  GeV	  and	  |η|<2.37	  (1.37<|η|<1.52	  excl.)	  	  
•  Iden7fied	  (shower	  shape	  requirement)	  	  
•  Isolated	  (calorimetric	  cone	  isola7on)	  

–  	  Large	  ETmiss	  requirement:	  ETmiss	  >	  200	  GeV	  
–  Total	  visible	  transverse	  energy	  (HT)	  requirement:	  HT>600	  GeV	  
–  Photons	  far	  away	  from	  the	  ETmiss	  direc7on:	  Δφmin(γ,ETmiss) >	  0.5	  	  
	  

! · · · ! �⇤ ! � +G
! · · · ! �⇤ ! � +G

�� + Emiss
T

gg/qq̄

⌘ = 1.37

⌘ = 1.52



Universal	  Extra	  Dimensions:	  Diphoton	  +	  ETmiss	  events	  
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•  QCD:	  γγ,	  γ+jet	  and	  mul7jet	  events	  
–  Data	  control	  sample	  selected	  by	  rever7ng	  the	  

ID	  requirement	  on	  one	  of	  the	  photons	  
–  Es7ma7on	  with	  a	  HT	  “sidebands	  method”	  

•  Electroweak:	  W+X	  and	  k	  
–  “electron-‐photon”	  control	  sample	  passing	  

the	  analysis	  selec7on	  
–  	  Scaled	  by	  the	  probability	  for	  an	  electron	  to	  

be	  misreconstructed	  as	  a	  good	  photon.	  
•  Irreducible:	  W+γγ and	  Z+γγ	


–  negligible	  from	  MC	  simula7on	  	  

QCD 0.07± 0.00± 0.07
Electroweak

0.03± 0.03± 0.01
(W +X and tt̄)
W (! l⌫) + �� < 0.01
Z(! ⌫⌫̄) + �� < 0.01

Total 0.10± 0.03± 0.07
Observed 0

Background	  es7ma7on:	  	  

¯
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•  UED	  signal	  generated	  with	  
PYTHIA	  6	  

•  Signal	  efficiency	  ~30%	  	  
•  Signal	  uncertainty	  ~6%	  
•  PDFs	  and	  scale	  uncertain7es	  

are	  not	  included	  

Limit:	  1/R	  <	  1.40	  TeV	  



Warped	  Extra	  Dimensions	  
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•  Gravity	  is	  the	  only	  field	  allowed	  to	  propagate	  into	  the	  
five-‐dimensional	  space	  (bulk)	  

•  The	  strength	  of	  gravity	  is	  diluted	  through	  a	  warp	  
factor	  k:	  

	  
•  The	  compac7fica7on	  leads	  to	  a	  series	  of	  equally	  

spaced	  Kaluza-‐Klein	  resonances	  
à	  Search	  for	  a	  narrow	  resonance	  in	  the	  detector	  

•  Model	  parameteriza7on:	  
–  Mass	  of	  the	  lightest	  KK	  tower:	  mG	  	  
–  Coupling	  of	  the	  graviton	  to	  the	  SM	  fields:	  k/MPl	  

ds

2 = e

�2k|y|
⌘µ⌫dx

µ
dx

⌫ + dy

2

y	  

Postulated	  by	  Randall	  and	  Sundrum	  (RS):	  Phys.	  Rev.	  Lek.	  83	  (1999)	  3370	  	  



Warped	  Extra	  Dimensions:	  Dilepton	  Events	  
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e+	  e-‐	  channel	   μ+	  μ-‐	  channel	  

Trigger	   Diphoton	  trigger	  with	  pT>20	  GeV	   Single	  muon	  trigger	  with	  pT>22	  GeV	  

Data	  selec7on	   Two	  electrons	  candidates	  with:	  
-‐  pT	  >	  25	  GeV	  
-‐  |η|<	  2.47	  (1.37<|η|<1.52	  excl.)	  
-‐  Iden7fied	  (shower	  shape	  +	  track	  

requirements)	  
	  
	  
	  
Highest	  pT	  electron	  is	  isolated:	  
ET(iso)<7	  GeV	  	  
Calorimetric	  cone	  (dR=0.2)	  isola7on	  
with	  leakage	  and	  pileup	  correc7on	  	  	  
	  
	  

Two	  opposite	  charge	  muons	  with:	  
-‐  pT	  >	  25	  GeV	  
-‐  |η|<	  2.4	  
-‐  Impact	  parameter	  requirement	  :	  

Remove	  cosmic	  rays	  background	  

arXiv:1209.2535,	  Sept.	  2012,	  submiked	  to	  JHEP	  

D. Olivito (UPenn) Oct. 25, 2011

7

e/gamma Workshop 2011

Calorimeter IsolationCalorimeter Isolation
● EtconeXX: sum over LAr and TileCal cells:

— Sum energies of all cells within cone of deltaR < 0.XX
• No noise suppression applied

— Subtract off contributions from e/gamma object cluster
• Subtract 5x7 cells around candidate
• Only in LAr

● Advantages:
— Includes charged + neutral energy
— So potentially higher rejection power

● Disadvantages:
— Detector effects:

• Lateral leakage out of central cluster
— Corrected for in plots shown

• Calorimeter noise broadens dist
— Susceptible to pileup

qq̄/gg ! G ! l+l�
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•  Drell-‐Yan,	  k	  and	  dibosons:	  

–  mll	  shapes	  are	  taken	  from	  MC	  
simula7ons	  

–  Normalized	  to	  the	  most	  precise	  
available	  theore7cal	  predic7ons	  	  

•  QCD	  and	  W+jets:	  
–  data	  driven	  es7mate	  

•  The	  total	  predic7on	  is	  normalized	  to	  the	  
data	  under	  the	  Z	  peak	  (70	  GeV	  –	  110	  GeV)	  

•  At	  mll	  =	  2	  TeV,	  34%	  uncertainty	  on	  the	  
background	  for	  dielectrons	  and	  21%	  for	  
dimuons	  dominated	  by	  theore7cal	  
uncertain7es	  

•  Search	  for	  a	  bump	  and	  no	  significant	  
excess	  found	  for	  mll>130	  GeV	  

Background	  es7ma7on:	  	  

¯

Warped	  Extra	  Dimensions:	  Dilepton	  Events	  



Dielectron	  candidate	  event	  
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mee	  =	  1.214	  TeV	  



Warped	  Extra	  Dimensions:	  Diphoton	  Events	  
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•  Trigger:	  two	  photons	  with	  ET>20	  GeV	  	  
•  Data	  selec7on:	  

–  At	  least	  two	  photons	  with:	  
	  	  ET>	  25	  GeV	  and	  |η|<2.37	  (1.37<|η|<1.52	  excl.)	  	  

–  Require	  the	  two	  highest	  pT	  photon:	  
•  Iden7fied	  (Shower	  shapes	  requirements)	  
•  Isolated:	  calorimetric	  cone	  (dR=0.4)	  isola7on	  

ET(Iso)	  <	  5	  GeV	  

arXiv:1210.8389,	  Oct.	  2012,	  submiked	  to	  PLB	  
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•  Background	  es7ma7on:	  
–  SM	  γγ	  produc7on	  is	  es7mated	  with	  MC	  

simula7ons	  
–  γ+jet	  and	  dijets	  events	  with	  jets	  faking	  

photons	  (reducible	  background)	  are	  
taken	  from	  data	  control	  samples	  

–  background	  from	  electrons	  faking	  
photons	  (such	  as	  Zàee	  events)	  are	  
negligible	  

•  Use	  the	  data	  control	  region:	  	  
–  Background	  composi7on	  	  
–  Background	  normaliza7on	  	  

•  Search	  for	  a	  bump	  and	  no	  significant	  excess	  
found	  in	  the	  full	  spectrum	  
à	  We	  can	  set	  limit	  on	  RS	  models	  

Background	  uncertainty	  

Warped	  Extra	  Dimensions:	  Diphoton	  Events	  



Warped	  Extra	  Dimensions:	  Limits	  
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•  RS	  models	  simulated	  with	  PYTHIA	  6.4	  

Channel(s)
Used

95% CL Observed (Expected) Limit [TeV]
k/MPlValue

0.01 0.03 0.05 0.1

G ! �� 1.00 (0.98) 1.37 (1.49) 1.63 (1.73) 2.06 (2.05)
G ! ee/µµ 0.92 (1.02) 1.49 (1.53) 1.72 (1.81) 2.16 (2.17)

G ! ��/ee/µµ 1.03 (1.08) 1.50 (1.63) 1.89 (1.90) 2.23 (2.23)



Large	  Extra	  Dimensions	  
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•  Postulate	  n	  flat	  extra	  spa7al	  dimensions	  with	  a	  

compac7fica7on	  radius	  R	  
•  Gravity	  is	  the	  only	  field	  propaga7ng	  in	  the	  bulk	  
•  The	  compac7fica7on	  with	  R~O(mm)	  leads	  to	  a	  

con7nuum	  spectrum	  of	  KK	  excita7ons	  
•  The	  4D	  Planck	  scale	  MPl	  is	  related	  to	  the	  

fundamental	  Planck	  scale	  MD	  :	  
	  
	  
•  Direct	  graviton	  emission	  depends	  directly	  on	  MD	  

–  Monophoton/Monojet	  searches	  
•  Virtual	  exchange	  depends	  on	  the	  ultraviolet	  cutoff	  	  

(MS)	  of	  the	  KK	  spectrum	  
–  Diphoton,	  Dilepton	  searches	  

Jan Stark for the ATLAS Collaboration Dark 2012, Frascati 23

ADD interpretation
Results of monophoton and monojet searches

can also be interpreted in context of ADD model:

   -  Origin of the weakness of gravitation:

       n warped extra spatial dimensions in which

       only gravity propagates

   -  4D Planck scale M
Pl
 linked to fundamental

       Planck scale M
D
 in 4+n dimensions:

   -  M
D
 << M

Pl
   

      if R is of O(mm), “solves” hierarchy problem

production of 

monojets and 

monophotons 

in ADD model

Limits on parameters of the ADD model 
from the monophoton search:

Postulated	  by	  Arkani-‐Hamed,	  Dimopoulos,	  Dvali	  	  (ADD):	  Phys.	  Lek.	  B	  429	  (1998)	  263	  	  

M2
Pl ⇠ M2+n

D Rn

R



Large	  Extra	  Dimensions:	  Monophoton	  events	  
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•  Trigger:	  
–  	  	  ETmiss

	  >	  70	  GeV	  
•  Data	  selec7on	  

–  Large	  ETmiss	  requirement	  :	  	  ETmiss	  >	  150	  GeV	  
–  A	  photon	  with	  :	  

pT	  >	  150	  GeV	  and	  |η|<	  2.37	  (1.37<|η|<	  1.52	  excl.)	  
–  Allow	  at	  most	  one	  jet:	  

pT>30	  GeV	  and	  |η|<	  4.5	  
–  Photon	  and	  (possible)	  jet	  far	  away	  from	  the	  ETmiss	  direc7on:	  

Δφ(γ,	  ETmiss	  )	  >	  0.4,	  Δφ(jet,	  ETmiss	  )	  >	  0.4,	  ΔR(γ,	  jet)	  >	  0.4	  	  
–  Veto	  events	  with	  iden7fied	  leptons:	  	  

Reduce	  W+γ,	  Z+γ	  background	  
–  Cleaning	  cut	  applied	  to	  suppress	  fake	  calorimeter	  signal,	  cosmic	  rays	  

ATLAS-‐CONF-‐2012-‐020	  

Collider signals.

- Production of excitation of the graviton in the 
extra-dimension, KK-modes ⇒ missing energy

mKK-graviton ≈ L�1 (like freq of vibration modes in a 
box of size L).
KK-graviton coupling Mpl(4+n)-1 ≈ TeV-1

Monojet, monophoton, Z, plus missing energy

f f

f
-

f
-

f
-

fGKK GKK GKK

γ, Z, g γ, Z, g γ, Z, g

Figure 8: Feynman diagrams for the KK graviton production.

We see that the result is proportional to the square of the higher dimensional gravi-

ton coupling M
−n+2

2

4+n as expected. One can obtain the same estimate from a higher

dimensional picture. The current experimental bound on the rare K decay is

B(K → π +X) < 10−10, τ(K) ∼ 10−8s ⇒ Γ(K → π +X) < 10−26 GeV. (4.56)

For n = 2, we have M 6 ! 1 TeV and the constraints are quite weak for n > 2.

2. Production of KK gravitons at high energy colliders: KK gravitons couple to the stress-

energy tensor Tµν , so they can be attached anywhere in a process. The leading processes

for KK graviton production in high energy collisions are

e+e− → γ/Z +GKK

qq̄ → g +GKK

qg → q +GKK (4.57)

The Feynman diagrams for these processes are shown in Fig. 8, and the Feynman rules

can be found in Ref. [15, 16]. The experimental signals are missing energy/momentum

from the unobserved graviton [15, 16, 23]. The current bounds can be found in Ref. [24]

which is reproduced here.

Experiment and channel n = 2 n = 3 n = 4 n = 5 n = 6

LEP Combined 1.60 1.20 0.94 0.77 0.66

CDF monophotons, 2.0 fb−1 1.08 1.00 0.97 0.93 0.90

DØ monophotons, 2.7 fb−1 0.97 0.90 0.87 0.85 0.83

CDF monojets, 1.1 fb−1 1.31 1.08 0.98 0.91 0.88

CDF combined 1.42 1.16 1.06 0.99 0.95

18

Thursday, August 9, 12

Large	  ETmiss	  

arXiv:1209.4625,	  Sept.	  2012,	  submiked	  to	  PRL	  
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•  Background	  es7ma7on:	  
–  Z(àνν)+γ,	  Z(àl+l-‐)+γ	  	  and	  W+γ	  

obtained	  from	  MC	  simula7ons.	  
Normaliza7on	  obtained	  from	  a	  data	  
control	  sample	  

–  W/Z+jets:	  jetàγ	  and	  eàγ	  fake	  from	  
data	  driven	  es7mate	  

•  Given	  the	  good	  agreement	  between	  data	  
and	  expecta7on,	  limits	  can	  be	  set	  on	  ADD	  
models	  parameters	  

	  

3

pT spectrum to pT < 30 GeV leads to an estimate of
1.0 ± 0.5 background events in the signal region, where
the uncertainty is due to the ambiguity in the functional
form used in the extrapolation. Background contribu-
tions from top-quark, γγ, and diboson production pro-
cesses, determined using MC samples, are small. Finally,
non-collision backgrounds are negligible.
A detailed study of systematic uncertainties on the

background predictions has been performed. An uncer-
tainty of 0.3% to 1.5% on the absolute photon energy
scale [16], depending on the photon pT and η, translates
into a 0.9% uncertainty on the total background predic-
tion. Uncertainties on the simulated photon energy res-
olution, photon isolation, and photon identification ef-
ficiency introduce a combined 1.1% uncertainty on the
background yield. Uncertainties on the simulated lepton
identification efficiencies introduce a 0.3% uncertainty on
the background predictions. The uncertainty on the ab-
solute jet energy scale [18] and jet energy resolution intro-
duce 0.9% and 1.2% uncertainties on the background esti-
mation, respectively. A 10% uncertainty on the absolute
energy scale for low pT jets and unclustered energy in the
calorimeter, and a 6.6% uncertainty on the subtraction
of pileup contributions, are taken into account. They af-
fect the Emiss

T determination and translate into 0.8% and
0.3% uncertainties on the background yield, respectively.
The dependence of the predicted W/Z + γ backgrounds
on the parton shower and hadronization model used in
the MC simulations is studied by comparing the predic-
tions from Sherpa and alpgen. This results in a con-
servative 6.9% uncertainty on the total background yield.
Uncertainties due to the choice of PDFs and the varia-
tion of the renormalization and factorization scales in the
W/Z + γ MC samples introduce an additional 1.0% un-
certainty on the total background yields. Other sources
of systematic uncertainty related to the trigger selection,
the lepton pT scale and resolution, the pileup description,
background normalization of the top quark, γγ and di-
boson contributions, and a 1.8% uncertainty on the total
luminosity [37] introduce a combined uncertainty of less
than 0.5% on the total predicted yields. The different
sources of uncertainty are added in quadrature, resulting
in a total 15% uncertainty on the background prediction.
In Table I, the observed number of events and the SM

predictions are presented. The data are in agreement
with the SM background-only hypothesis with a p-value
of 0.2. Figure 1 shows the measured Emiss

T distribution
compared to the background predictions. The results are
expressed in terms of model-independent 90% and 95%
confidence level (CL) upper limits on the visible cross sec-
tion, defined as the production cross section times accep-
tance times efficiency (σ×A×ε), using the CLs modified
frequentist approach [38] and considering the systematic
uncertainties on the SM backgrounds and on the inte-
grated luminosity. Values of σ × A× ε above 5.6 fb and
6.8 fb are excluded at 90% CL and 95% CL, respectively.

Typical event selection efficiencies of ε ∼ 75% are found
in simulated ADD and WIMP signal samples.

Background source Prediction ± (stat.) ± (syst.)
Z(→ νν̄) + γ 93 ± 16 ± 8
Z/γ∗(→ #+#−) + γ 0.4 ± 0.2 ± 0.1
W (→ #ν) + γ 24 ± 5 ± 2
W/Z + jets 18 − ± 6
Top 0.07 ± 0.07 ± 0.01
WW,WZ,ZZ,γγ 0.3 ± 0.1 ± 0.1
γ+jets and multi-jet 1.0 − ± 0.5
Total background 137 ± 18 ± 9
Events in data (4.6 fb−1) 116

TABLE I: The number of events in data compared to the SM
predictions, including statistical and systematic uncertainties.
In the case of W/Z + jets, γ+jets and multi-jet processes a
global uncertainty is quoted.
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FIG. 1: The measured Emiss
T distribution (black dots) com-

pared to the SM (solid lines), SM+ADD (dashed lines),
and SM+WIMP (dotted lines) predictions, for two particular
ADD and WIMP scenarios.

The results are translated into 95% CL limits on the
parameters of the ADD model. The typical A× ε of the
selection criteria is 20.0 ± 0.4(stat.) ± 1.6(syst.)%, ap-
proximately independent of n and MD. Experimental
uncertainties related to the photon, jet and Emiss

T scales
and resolutions, the photon reconstruction, the trigger
efficiency, the pileup description, and the luminosity in-
troduce a 6.8% uncertainty on the signal yield. Uncer-
tainties related to the modeling of the initial- and final-
state gluon radiation translate into a 3.5% uncertainty
on the ADD signal yield. Systematic uncertainties due
to PDFs result in a 0.8% to 1.4% uncertainty on the
signal A × ε and a 4% to 11% uncertainty on the sig-
nal cross section, increasing as n increases. Variations
of the renormalization and factorization scales by factors
of two and one-half introduce a 0.6% uncertainty on the
signal A × ε and an uncertainty on the signal cross sec-
tion that decreases from 9% to 5% as n increases. Fig-

μ+γ+ETmiss	  control	  sample	  
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•  ADD	  models	  simulated	  with	  Pythia	  8	  
•  Signal	  efficiency	  ~20%	  	  
•  Limit	  on	  MD	  as	  a	  func7on	  of	  NED	  
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ETmiss	  =	  447	  GeV	  
Photon	  ET	  =	  450	  GeV	  



Large	  Extra	  Dimensions:	  Diphoton	  events	  
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•  Limit	  set	  on	  the	  ultraviolet	  cutoff	  of	  the	  KK	  spectrum:	  MS	  
•  ADD	  models	  simulated	  with	  Sherpa	  for	  various	  values	  of	  MS	  

•  Op7mized	  search	  region:	  mγγ>	  1217	  GeV	  
–  4	  observed	  events	  and	  2.32±0.37	  expected	  events	  

ATLAS-‐CONF-‐2012-‐087	  

ADD GRW Hewett HLZ
Parameter Neg. Pos. n = 3 n = 4 n = 5 n = 6 n = 7

F 1 �2/⇡ 2/⇡ 2 1 2/3 2/4 2/5
⌘G = F/M4

s 0.0085 –0.0159 0.0085 0.0085
Ms 3.29 2.52 2.94 3.92 3.29 2.98 2.77 2.6295%	  CL	  limit	  
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Only a selection of the available mass limits on new states or phenomena shown*
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•  Final	  states	  with	  lepton(s)/photon(s)	  provide	  
clean	  channels	  to	  search	  for	  new	  phenomena	  	  

•  No	  presence	  of	  new	  physics	  observed	  so	  far:	  	  
à Large	  phase	  spaces	  of	  models	  parameters	  

ruled	  out	  
	  
•  Already	  ~18	  b-‐1	  of	  8	  TeV	  pp	  collisions	  on	  tape	  …	  	  

	  	  
	   	  Stay	  tuned	  !	  

Discussed	  in	  
this	  talk	  
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Diphoton	  candidate	  event	  
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mγγ	  =	  1.59	  TeV	  
pT,1	  =	  787	  GeV	  
pT,2	  =	  760	  GeV	  
	  
	  
	  
	  

Two	  very	  energe7c	  back-‐to-‐
back	  photons	  in	  the	  central	  
region	  of	  electromagne7c	  
calorimeter	  



Monophoton	  events:	  Wimp	  pair	  produc7on	  limits	  
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