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✴New physics in diphoton events means high mass events. Not the 125 GeV bump.
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The hierarchy problem

‣ The hierarchy problem: Mew ~ 10-16MPl.

‣ In the context of SM: Higgs mass stability issue.
• Radiative corrections:

• If Λ~MPl: to get mh~125 GeV, the bare Higgs mass and the 
radiative corrections need to cancel out with a precision of 
10-32 !

B.T. Le 19/03/2013 - LPSC Grenoble 4

Hierarchy problem in SMHierarchy problem in SM

Gravity is not included in the SM.

The gravitational force appears small compared to the 
others. 

A tremendous difference between Planck scale and 
electroweak scale.

Introduce new physics to explain the hierarchy.
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• Gravity is the only field allowed to propagate into the 5D space.
• Compactification leads to an infinite set of KK particles with a very small modal spacing.
• Divergence in the number of modes imposes an UV cutoff Ms.

Extra Dimensions models (1/2)
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‣ Extra-Dimensions paradigm: 
• The fundamental MPl is close to Mew but gravity is diluted by the presence of extra-dimensions 
(ED) and MPl appears much weaker.

• But precision measurements forbid the presence of ED at a size R≳1 TeV-1.
- ED have to be smaller or not accessible to SM fields.

‣ Large Extra Dimensions: 
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Extra Dimensions models (2/2)

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

• 5D space-time with two branes. 
• Gravity is the only field allowed to propagate into the 5D space.
• The strength of gravity is diluted through a warp factor k.
• The compactification leads to a series of narrow resonances.
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‣ Warped Extra Dimensions:

y
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SM γγ production 

Direct production Fragmentation

• Dominant background in this search.
• LO prediction and fragmentation model available in standard MC generators:

- PYTHIA+PHOTOS, SHERPA
• Parton-level calculation for higher order terms and precise fragmentation calculation:

- DIPHOX, MCFM, 2gNNLO
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42 M.C. Kumar et al. / Nuclear Physics B 818 (2009) 28–51

Fig. 6. Invariant mass distribution of the di-photon production in the ADD model at the LHC. In (a) both SM and the
signal (SM + ADD) are presented at LO and NLO for MS = 2 TeV and d = 3. Further the dependency of the cross
sections on the scale MS in (b), on the number d of extra dimensions in (c) and on the cut-off scale Λ for the summation
over virtual KK modes in (d), has been shown to NLO in QCD.

of the parameters, namely the scale MS , d and the cut-off scale Λ for the summation of the KK
modes. In Fig. 6(b), we show how the invariant mass distribution depends on the choice of the
fundamental scale MS when d = 3. As expected smaller the MS , the larger the deviation one
observes. The dependence on the number of extra dimensions d is presented in Fig. 6(c) for
d = 3–6 keeping MS = 2 TeV fixed. We find that the ADD contribution decreases with increase
in d . In Fig. 6(d), we present the cut-off scale Λ dependence for Λ = 0.6MS to MS . For lower
values of cut-off scale, the number of KK modes available are less and the signal will decrease

46 M.C. Kumar et al. / Nuclear Physics B 818 (2009) 28–51

Fig. 10. Stability of the order αs contribution to the SM+RS cross section against the variation of the slicing parameter δs
(top), with δc = 10−5 fixed, in the invariant mass distribution of the di-photon with M1 = 1.5 TeV and c0 = 0.01. Below
is shown the variation of the sum of 2-body and 3-body contributions over the range of δs considered and contrasted
against the one at δs = 10−3.

Fig. 11. Invariant mass dσ/dQ (left) and rapidity dσ/dY (right) distributions of the di-photon production in the RS
model with M1 = 1.5 TeV and c0 = 0.01 at the LHC.

M.C	
  Kumar	
  et	
  al:	
  Nucl.	
  Phys.	
  B818	
  28-­‐51	
  (2009)	
  

Extra Dimensions in the γγ final state
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Detecting diphoton events

Multi-jets candidateDiphoton candidate Z→e+e- candidate

Process Diphoton HardQCD Z→e+e-

XS (mb) for √ŝ > 140 GeV
(from Pythia8)

4.49.10-9 8.29.10-2 4.36.10-9

Ratio to Diphoton XS 1 ~2.107 ~1

• photons/jets separation needs specific tools: identification and isolation. 
• electrons/photons separation is ensured by the tracker (special care is taken for the 30% of 
converted photons).
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γ/jet separation: identification
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• Exploit the granularity of the ECAL to describe the EM showers shape.
• Two working points: loose and tight.

- Veto energy deposit in the HCAL.
- Narrow shower in the middle layer.
‣ Very good signal efficiency (~95%) but 
modest jet rejection.
‣ Deployed at trigger level.

‣ Used as photon pre-selection in the analysis.

- Tighter cut in the middle layer.
- Requirement on the first layer (reject π0→γγ).
‣ Good signal efficiency (~90%). jet rejection 
~5X better than loose.
‣ Used as photon identification in the analysis.
‣ Reverting Tight provides a large control region 
to study fakes.

Loose Tight
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γ/jet separation: isolation

 Francesco Polci  ------------------------------  HEP2011:  Measurement of inclusive isolated prompt photons with ATLAS  -------------------------- 4      

γ" π0"
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 !lower!QCD!backgrounds;!
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subtracting:
- The energy of the candidate itself.
- The out-of-cluster leakage.
- The soft-jet contribution from 
pileup and underlying event.

Calorimetric Isolation

9



Isolation to determine the sample composition

• 4 contributions: γγ, γj, jγ, jj.
• Extract the fake templates in the CRs.
• Extract the photon templates in the SR after bkg 
subtraction (as described in slide 9).
• Build the 2D templates as product of 1DX1D. 
‣ Fit the 4 yields in the SR.

2D template fit of the isolations
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Data/background comparison
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The most significant deviation is found for 1.3 TeV < mγγ < 1.6 TeV.
Global p-value : 0.86

Bump Hunting 

New	
  J.	
  Phys.	
  15	
  043007,	
  h?p://arxiv.org/abs/1210.8389.	
  Plot	
  available	
  here.
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Constraints on Warped Extra Dimensions
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• Coupling k/MPl=0.1: Observed limit@95% CL on mG = 2.06 TeV.
• Combination with dilepton result JHEP 1211 (2012) 138 improves mG limit to 2.23TeV.

http://web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2012-06/
http://web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2012-06/
http://link.springer.com/article/10.1007/JHEP11%282012%29138
http://link.springer.com/article/10.1007/JHEP11%282012%29138


Constraints on Large Extra Dimensions
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• Several values for F in the litterature.
• GRW: F=1. Observed limit@ 95% C.L: F/MS4= 0.0085, MS= 3.29 TeV.
• Combination with dilepton result Phys. Rev. D 87, 015010 (2013) improves MS limit to 3.51 TeV.
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Conclusions

• With the full dataset of √s = 7 TeV pp collisions:

- The presence of new phenomena in diphoton events has been tested.
- Resonant and non-resonant scenario have been constrained.
- The result has been published by NJP: New	
  J.	
  Phys.	
  15	
  043007.

• ~20 fb-1 of data with √s = 8 TeV pp collisions:

- Expect large improvement on the limits (~0.5 TeV). 
- Dilepton preliminary result with 8 TeV data already there: 
✴ mG limit = 2.47 TeV for k/MPl=0.1(ATL-CONF-2013-017).

• Waiting for the LHC nominal energy !

• Related CMS searches:

- Resonant: dilepton PAS EXO12015, diphoton Phys. Rev. Lett.108(2012) 11180.
- Non-resonant: dielectron PAS EXO12031, dimuon PAS EXO12027, Diphoton Phys. Rev. 
Lett.108(2012) 111801.
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Backup
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ATLAS/CMS comparison

16

Optimization of the event selection is done separately
for both ADD and RS scenarios. The signal in both cases is
predominantly at central values of !, while the high-M""

SM background dominates the signal in the forward re-
gion; therefore, we restrict ourselves to photons located in
the ECAL barrel only. In the ADD scenario, we find that
the optimal region for the search, based on the expected
signal significance, is M"" > 900 GeV. This choice of
selection depends weakly on the model parameters.

In the search for RS gravitons, a fixed window is se-
lected about the M1 mass point of interest. Because the
signal shapes deviate from Gaussian distributions, we de-
fine an effective measure of the signal width #eff as the
half-width of the narrowest mass interval containing 68%
of the signal from simulation. The value of #eff ranges
from 6 to 21 GeV for RS gravitons with M1 between 500
and 2000 GeV and ~k ¼ 0:01. The dependence on M1 is
linear and also increases with ~k (#eff ¼ 42 GeV for M1 ¼
2 TeV and ~k ¼ 0:10). A window is then formed about the
resonance mean of size "5#eff in the data. This window
contains 96%–97% of the signal acceptance for all mass
points considered in this analysis, and the detector resolu-
tion is negligible with respect to the window size. This
choice of the window maximizes the signal acceptance and
analysis sensitivity in the case of small backgrounds.

Backgrounds from the misidentification of a hadronic jet
as a photon are small in the signal region but contribute to
the low-M"" region. Two such sources of backgrounds
from isolated-photon misidentification are considered:
multijet production and prompt single-photon ("þ jet)
production. In particular, we measure on a background-
dominated sample a misidentification rate, defined as the
ratio of the number of isolated photon candidates to non-
isolated photonlike objects. These photonlike objects are
reconstructed as photons but fail one of the isolation or
shower-shape criteria; therefore, the samples correspond-
ing to numerator and denominator are mutually exclusive,
and prompt photons have a negligibly small contribution to
the denominator. The misidentification rate is measured in
a photon-triggered sample in bins of photon(like) candi-
date ET , but the objects used in the measurement are
required to be well separated from the triggered object to
avoid a trigger-induced bias.

Because the background-dominated sample in which we
measure the misidentification rate may contain some genu-
ine, isolated photons that ‘‘contaminate’’ the numerator of
the misidentification rate, we correct for this on a bin-by-
bin basis. The #!! requirement is released and the nu-
merator sample is fit for the fraction of prompt photons
using one-dimensional probability density histograms
(‘‘templates’’) in #!!. The signal template is constructed
from MC simulation, and the background template is con-
structed from reconstructed photons that fail one or more
of the isolation criteria. The measured misidentification
rate falls from 7% at ET ¼ 70 GeV to 2% at ET ¼
120 GeV. We apply a 20% systematic uncertainty to the
rate derived from the variation of the misidentification rate
measured in a jet-triggered sample.
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FIG. 1 (color online). Observed event yields (points with error
bars) and background expectations (filled solid histograms) as a
function of the diphoton invariant mass. Photons are required to
be isolated, with ET > 70 GeV and j!j< 1:44. The shaded band
around the background estimation corresponds to the average
systematic uncertainty over the spectrum. The precise per-bin
uncertainty is not provided for the sake of clarity. The last bin
includes the sum of all contributions for M"" > 2:0 TeV. The
simulated distributions for two, nonexcluded signal hypotheses
are shown for comparison as dotted (ADD) and dashed (RS)
lines.

TABLE I. Observed event yields and background expectations for different reconstructed
diphoton invariant-mass ranges. Full systematic uncertainties are included.

Diphoton invariant-mass range [TeV]
Process ½0:14; 0:2% ½0:2; 0:5% ½0:5; 0:9% >0:9

Multijet 15" 6 17" 7 0:2" 0:1 0:003" 0:001
"þ jet 102" 15 124" 18 2:5" 0:4 0:19" 0:04
Diphoton 372" 70 414" 78 16:9" 3:2 1:3" 0:3
Backgrounds 489" 73 555" 81 19:6" 3:2 1:5" 0:3
Observed 484 517 16 2

PRL 108, 111801 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

16 MARCH 2012
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• Similar strategy:
- jet faking photon estimated by data-driven techniques (reverting id/isolation criteria)
- SM diphoton estimated by simulations+NLO cross-section computations
- mγγ shape analysis for RS and counting experiment for ADD.

• ATLAS uses the full dataset, CMS only half of it:
- ATLAS limits are more stringents.



ATLAS ED Searches
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R7.8 TeV , 7 TeV [ATLAS-CONF-2012-038]-1=4.8 fbL
=6)b (DM4.11 TeV , 7 TeV [1210.1718]-1=4.7 fbL

=6)b (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6)b (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

 mass
KK

g1.9 TeV , 7 TeV [ATLAS-CONF-2012-136]-1=4.7 fbL
 = 0.1)PlM/kGraviton mass (1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (845 GeV , 7 TeV [1203.0718]-1=1.0 fbL

 = 0.1)PlM/kGraviton mass (2.23 TeV , 7 TeV [1210.8389]-1=4.7-5.0 fbL

-1 ~ RKKM4.71 TeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

-1Compact. scale R1.41 TeV , 7 TeV [ATLAS-CONF-2012-072]-1=4.8 fbL

=3, NLO)b (HLZ SM4.18 TeV , 7 TeV [1211.1150]-1=4.7 fbL

=2)b (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2)b (DM4.37 TeV , 7 TeV [1210.4491]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = (1.0 - 13.0) fbLdt0
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: HCP 2012)
★ATLAS-CONF-2012-147

★ATLAS-CONF-2013-017
★ATLAS-CONF-2012-150

Update since HCP

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-147/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-147/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-147/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-147/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-147/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-147/


Background composition

Preselected data sample with 140<mγγ (GeV)<400. 

• Consider 4 contributions: γγ, γj, jγ, jj.
• Extract the fake templates in the CRs.
• Extract the photon templates in the SR after bkg 
substraction (as introduced on slide4).
• Build the 2D templates as product of 1DX1D (except 
for jj).
‣ Fit the 4 yields in the SR.

Method: 2D template fit of the isolations
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Fit results:1D Projections
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Analysis strategy

- Irreducible: SM γγ → MC predictions.
- Reducible: Jets faking photons → Data driven.
- Electrons faking photons: negligible.
- Composition determined in the mass control region: [140,400] GeV.
‣ Total prediction normalised to the data in the mass control region.

Background estimate

- Obtain the mγγ lineshapes for each bkg component. 
- Weight them according to the composition of the mass control region.

mγγ modeling

 
- Test the agreement between the data and the expectation.
- Set limits in the context of two ED models.

Interpretation

19



Data selection

  
• Preselection - At least two photons with:

- ET>25 GeV  
- In the acceptance of the ECAL
- Pass loose ID criteria

• Final selection - The two highest-ET candidates:
- Pass tight ID criteria
- ETiso < 5 GeV

• Mass selection - mγγ > 140 GeV

Data selection

20



mγγ modeling

• Direct production (a),(b) generated with PYTHIA.
• NLO+fragmentation calculation with DIPHOX:

- NLO/LO mγγ-dependent kfactor.
- 20%-25% mγγ-dependent uncertainties due to PDFs and scales

Direct production Fragmentation

• Reducible

• Irreducible

• Select events passing the data selection but with reverse-id criteria.
• Fit the mγγ lineshape and extrapolate to higher masses 
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Background systematic uncertainties
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Warped Extra Dimensions
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• Signal generated with Pythia6.
• Xsec corrected @NLO: kfactor = 1.75 .
• Setting limit on σ.B:

- Binned likelihood fit of the mγγ shape.
- Bayesian approach with flat prior on the production 
cross-section.

• Combined with Dilepton 7TeV result (Phys. Lett. B 
719 (2013) 242-260)

� ⇥B = f(mG, k/MPl)
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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)

http://www.sciencedirect.com/science/article/pii/S0370269313000816
http://www.sciencedirect.com/science/article/pii/S0370269313000816
http://www.sciencedirect.com/science/article/pii/S0370269313000816
http://www.sciencedirect.com/science/article/pii/S0370269313000816


Large Extra Dimensions
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• Signal generation (Sherpa):
- Paramerization: 

- NLO/LO K-factor: 1.7

• Counting experiment: 
- Optimize expected limit for Ms= 2.5 TeV.
- Search region: mγγ> 1.2 TeV.

Combination with Dilepton results Phys. Rev. D 87, 015010 (2013) 
improves limits from few hundreds of GeV.

ex: GRW limit improved to 3.51 TeV
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Figure 3: Graviton branching fractions.

Process Distribution Plot

gg → G → f f̄ sin2 θ∗(2 − β2 sin2 θ∗) a

qq̄ → G → f f̄ 1 + cos2 θ∗ − 4β2 sin2 θ∗ cos2 θ∗ b

gg → G → γγ, gg 1 + 6 cos2 θ∗ + cos4 θ∗ c

qq̄ → G → γγ, gg 1 − cos4 θ∗ a

gg → G → WW,ZZ 1 − β2 sin2 θ∗ + 3
16

β4 sin4 θ∗ d

qq̄ → G → WW,ZZ 2 − β2(1 + cos2 θ∗) + 3
2
β4 sin2 θ∗ cos2 θ∗ e

gg → G → HH sin4 θ∗ f

qq̄ → G → HH sin2 θ∗ cos2 θ∗ g

Table 1: Angular distributions in graviton production and decay. θ∗ is the polar angle of the
outgoing fermion in the graviton rest frame. The letters in the “plot” column refer to the curves in
Figure 4.

In the following, it is assumed that the graviton will be detected in the e+e− channel,

with a significance of greater than 5σ. This study then assumes that the graviton mass is

known, which allows signals with significances as low as 3σ to be used in the determination

of the couplings.

– 6 –
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CMS: Diphoton Phys. Rev. Lett.108(2012) 11180

26

Optimization of the event selection is done separately
for both ADD and RS scenarios. The signal in both cases is
predominantly at central values of !, while the high-M""

SM background dominates the signal in the forward re-
gion; therefore, we restrict ourselves to photons located in
the ECAL barrel only. In the ADD scenario, we find that
the optimal region for the search, based on the expected
signal significance, is M"" > 900 GeV. This choice of
selection depends weakly on the model parameters.

In the search for RS gravitons, a fixed window is se-
lected about the M1 mass point of interest. Because the
signal shapes deviate from Gaussian distributions, we de-
fine an effective measure of the signal width #eff as the
half-width of the narrowest mass interval containing 68%
of the signal from simulation. The value of #eff ranges
from 6 to 21 GeV for RS gravitons with M1 between 500
and 2000 GeV and ~k ¼ 0:01. The dependence on M1 is
linear and also increases with ~k (#eff ¼ 42 GeV for M1 ¼
2 TeV and ~k ¼ 0:10). A window is then formed about the
resonance mean of size "5#eff in the data. This window
contains 96%–97% of the signal acceptance for all mass
points considered in this analysis, and the detector resolu-
tion is negligible with respect to the window size. This
choice of the window maximizes the signal acceptance and
analysis sensitivity in the case of small backgrounds.

Backgrounds from the misidentification of a hadronic jet
as a photon are small in the signal region but contribute to
the low-M"" region. Two such sources of backgrounds
from isolated-photon misidentification are considered:
multijet production and prompt single-photon ("þ jet)
production. In particular, we measure on a background-
dominated sample a misidentification rate, defined as the
ratio of the number of isolated photon candidates to non-
isolated photonlike objects. These photonlike objects are
reconstructed as photons but fail one of the isolation or
shower-shape criteria; therefore, the samples correspond-
ing to numerator and denominator are mutually exclusive,
and prompt photons have a negligibly small contribution to
the denominator. The misidentification rate is measured in
a photon-triggered sample in bins of photon(like) candi-
date ET , but the objects used in the measurement are
required to be well separated from the triggered object to
avoid a trigger-induced bias.

Because the background-dominated sample in which we
measure the misidentification rate may contain some genu-
ine, isolated photons that ‘‘contaminate’’ the numerator of
the misidentification rate, we correct for this on a bin-by-
bin basis. The #!! requirement is released and the nu-
merator sample is fit for the fraction of prompt photons
using one-dimensional probability density histograms
(‘‘templates’’) in #!!. The signal template is constructed
from MC simulation, and the background template is con-
structed from reconstructed photons that fail one or more
of the isolation criteria. The measured misidentification
rate falls from 7% at ET ¼ 70 GeV to 2% at ET ¼
120 GeV. We apply a 20% systematic uncertainty to the
rate derived from the variation of the misidentification rate
measured in a jet-triggered sample.
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FIG. 1 (color online). Observed event yields (points with error
bars) and background expectations (filled solid histograms) as a
function of the diphoton invariant mass. Photons are required to
be isolated, with ET > 70 GeV and j!j< 1:44. The shaded band
around the background estimation corresponds to the average
systematic uncertainty over the spectrum. The precise per-bin
uncertainty is not provided for the sake of clarity. The last bin
includes the sum of all contributions for M"" > 2:0 TeV. The
simulated distributions for two, nonexcluded signal hypotheses
are shown for comparison as dotted (ADD) and dashed (RS)
lines.

TABLE I. Observed event yields and background expectations for different reconstructed
diphoton invariant-mass ranges. Full systematic uncertainties are included.

Diphoton invariant-mass range [TeV]
Process ½0:14; 0:2% ½0:2; 0:5% ½0:5; 0:9% >0:9

Multijet 15" 6 17" 7 0:2" 0:1 0:003" 0:001
"þ jet 102" 15 124" 18 2:5" 0:4 0:19" 0:04
Diphoton 372" 70 414" 78 16:9" 3:2 1:3" 0:3
Backgrounds 489" 73 555" 81 19:6" 3:2 1:5" 0:3
Observed 484 517 16 2
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the SM diphoton production cross section. The signal
branching fraction to diphotons is indicated by B and the
signal acceptance byA. We use the CLs technique [28,29]
to compute the limits with a likelihood constructed from
the Poisson probability to observe N events, given S, the
signal efficiency ð76:4" 9:6Þ%, the expected number of
background events (1:5" 0:3), and the integrated luminos-
ity L ¼ ð2:2" 0:1Þ fb%1 [16]. The variation of the K
factor is included in the statistical analysis as an uncer-
tainty on the signal yield.

The observed (median expected) 95% C.L. upper limit
on S is 3.0 fb (2.7 fb). For the HLZ nED ¼ 2 case, we
parametrize S directly as a smooth function of 1=M4

S. For
all other conventions, S is parametrized as a function of the
parameter !G, as in Ref. [6]. The observed 95% C.L.
limit, together with the signal parametrization, is shown
in Fig. 2. The intersection of the cross-section limit with
the parametrized curve determines the 95% C.L. upper
limit on the parameter !G. As seen from the plot, these
upper limits on S correspond to upper limits of !G &
0:0097 TeV%4 and 1=M4

S & 0:0055 TeV%4. The upper
limits on !G are equated to lower limits on MS and are
shown in Table II.

For the RS scenario, the same limit-setting calculation is
performed, but in a bounded window in M"". Figure 3

shows the excluded regions in theM1-~k plane. Also shown
are bounds due to precision electroweak measurements and

to naturalness arguments [5]. Table III presents the 95%
C.L. lower limits on the graviton mass M1 for different

values of ~k. The median expected lower limits coincide
within a few GeVof the observed limits.
In summary, we have performed a search for extra

spatial dimensions leading to enhanced resonant or
nonresonant diphoton production in proton-proton colli-
sions at a center-of-mass energy of 7 TeV at the LHC.
Using a data sample corresponding to an integrated
luminosity of 2:2 fb%1 recorded by the CMS experiment,
we observe no excess in diphoton production above
the rate predicted from SM background sources. Values of
the effective Planck scale MS less than 2.3–3.8 TeV
are excluded at 95% C.L. for ADD models. We also
exclude at 95% C.L. resonant graviton production
in the RS1 model with values of M1 less than
0.86–1.84 TeV depending on the normalized coupling

strength ~k. We present limits on both the ADD and RS1
models of extra dimensions in the diphoton final state that
extend those observed at the D0 experiment [13], as well as
those set previously by the CMS [6] and ATLAS [14]
experiments.
We thank M.C. Kumar, P. Mathews, V. Ravindran, and

A. Tripathi for the calculation of NLO K factors used in
this Letter. We wish to congratulate our colleagues in
the CERN accelerator departments for the excellent per-
formance of the LHC machine. We thank the technical
and administrative staff at CERN and other CMS institutes,
and acknowledge support from FMSR (Austria);
FNRS and FWO (Belgium); CNPq, CAPES, FAPERJ,
and FAPESP (Brazil); MES (Bulgaria); CERN; CAS,
MoST, and NSFC (China); COLCIENCIAS (Colombia);
MSES (Croatia); RPF (Cyprus); Academy of Sciences
and NICPB (Estonia); Academy of Finland, MEC, and
HIP (Finland); CEA and CNRS/IN2P3 (France); BMBF,
DFG, and HGF (Germany); GSRT (Greece); OTKA
and NKTH (Hungary); DAE and DST (India); IPM
(Iran); SFI (Ireland); INFN (Italy); NRF and WCU
(Korea); LAS (Lithuania); CINVESTAV, CONACYT,
SEP, and UASLP-FAI (Mexico); MSI (New Zealand);
PAEC (Pakistan); SCSR (Poland); FCT (Portugal);
JINR (Armenia, Belarus, Georgia, Ukraine,
Uzbekistan); MST, MAE, and RFBR (Russia); MSTD
(Serbia); MICINN and CPAN (Spain); Swiss Funding
Agencies (Switzerland); NSC (Taipei); TUBITAK and
TAEK (Turkey); STFC (United Kingdom); DOE and
NSF (U.S.).

FIG. 3 (color online). The 95% C.L. exclusion region for the
RS1 graviton model in the M1-~k plane. The expected limits
coincide very closely with the measured limits and so are not
shown in the figure. Also shown are bounds due to electroweak
constraints and naturalness (!# > 10 TeV). Perturbativity re-
quirements bound ~k & 0:10.

TABLE III. The 95% C.L. lower limits onM1 for given values of the coupling parameter ~k. For ~k < 0:03, masses above the presented
limits are excluded by electroweak and naturalness constraints. The median expected lower limits are numerically the same for the
presented precision except for the ~k ¼ 0:01 case, for which the expected lower limit on M1 is 0.84 TeV.

~k 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
M1 [TeV] 0.86 1.13 1.27 1.39 1.50 1.59 1.67 1.74 1.80 1.84
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The multijet and !þ jet backgrounds to the recon-
structed diphoton spectrum are estimated by using the
misidentification rate to extrapolate from two
background-dominated reference regions, both selected
with the same diphoton trigger as the primary signal sam-
ple. One region includes events with only one isolated
photon, but one or more nonisolated photons. The other
region includes events with no isolated photons, but two or
more nonisolated photons. The diphoton trigger is suffi-
ciently inclusive that the regions are unaffected by the
trigger selection. By applying the prompt-photon misiden-
tification rate to these two reference regions, we predict the
!þ jet and multijet backgrounds in the signal region.

The SM diphoton background dominates the signal re-
gion. The expected number of background events due to
this process is computed by rescaling the prediction
from PYTHIA with a NLO K factor that varies with M!!.

The NLO prediction is calculated with the DIPHOX+

GAMMA2MC [25,26] generators, which take into account
the fragmentation processes in which the photons can
come from the collinear fragmentations of hard partons.
A separate analysis by CMS has also demonstrated
good agreement with the NLO prediction at low M!! &
300 GeV [27]. The subleading-order gluon-fusion box
diagram is included as a part of the PYTHIA calculation
because of its large contribution at the LHC energy,
although its effects are small at high M!!. The K
factor varies between 1.7 and 1.1 from low to high M!!.
A systematic uncertainty of 15% on the value of the K
factor is determined by examining the PDF uncertainties
and variation of the renormalization and factorization
scales.

Figure 1 shows the invariant-mass distribution of the
selected events, together with the estimated distributions
for each of the backgrounds. Table I presents the observed
number of events in the data and the predicted number of
background events in different ranges in M!! and corre-

sponds directly to Fig. 1. The last column corresponds to
the signal region for the ADD search. We find that the
observed data are consistent with the background estimate
throughout theM!! spectrum and do not show an excess of

events, neither resonant nor nonresonant.

To set limits on virtual-graviton exchange in the ADD
scenario, we compare the number of observed and ex-
pected events in the signal region (M!! > 0:9 TeV) and
set 95% confidence level (C.L.) upper limits on the quan-
tity S " ð"total $ "SMÞ &B&A, where "total represents
the total diphoton production cross section (including
signal, SM, and interference effects), and "SM represents
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FIG. 2 (color online). Signal cross section S parametrization as
a function of the strength of the ED effects #G (top) and as a
function of 1=M4

S for the HLZ nED ¼ 2 case (bottom).

TABLE II. The 95% C.L. lower limits onMS (in TeV) in the GRW, Hewett, and HLZ conventions for two values of the ADD signal
K factor, 1.0 and 1:6( 0:1. All limits are computed with a signal cross section truncated to zero for

ffiffiffi
ŝ

p
>MS, where

ffiffiffi
ŝ

p
is the center-

of-mass of the partonic collision. The limits are presented for both positive and negative interference in the Hewett convention and for
nED ¼ 2–7 in the HLZ convention. The median expected lower limits are given in parentheses.

Hewett HLZ
K GRW Positive Negative nED ¼ 2 nED ¼ 3 nED ¼ 4 nED ¼ 5 nED ¼ 6 nED ¼ 7

1.0 2.94 2.63 2.28 3.29 3.50 2.94 2.66 2.47 2.34
(2.99) (2.67) (2.31) (3.37) (3.56) (2.99) (2.71) (2.52) (2.38)

1:6( 0:1 3.18 2.84 2.41 3.68 3.79 3.18 2.88 2.68 2.53
(3.24) (2.90) (2.44) (3.77) (3.85) (3.24) (2.93) (2.73) (2.58)
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The multijet and !þ jet backgrounds to the recon-
structed diphoton spectrum are estimated by using the
misidentification rate to extrapolate from two
background-dominated reference regions, both selected
with the same diphoton trigger as the primary signal sam-
ple. One region includes events with only one isolated
photon, but one or more nonisolated photons. The other
region includes events with no isolated photons, but two or
more nonisolated photons. The diphoton trigger is suffi-
ciently inclusive that the regions are unaffected by the
trigger selection. By applying the prompt-photon misiden-
tification rate to these two reference regions, we predict the
!þ jet and multijet backgrounds in the signal region.

The SM diphoton background dominates the signal re-
gion. The expected number of background events due to
this process is computed by rescaling the prediction
from PYTHIA with a NLO K factor that varies with M!!.

The NLO prediction is calculated with the DIPHOX+

GAMMA2MC [25,26] generators, which take into account
the fragmentation processes in which the photons can
come from the collinear fragmentations of hard partons.
A separate analysis by CMS has also demonstrated
good agreement with the NLO prediction at low M!! &
300 GeV [27]. The subleading-order gluon-fusion box
diagram is included as a part of the PYTHIA calculation
because of its large contribution at the LHC energy,
although its effects are small at high M!!. The K
factor varies between 1.7 and 1.1 from low to high M!!.
A systematic uncertainty of 15% on the value of the K
factor is determined by examining the PDF uncertainties
and variation of the renormalization and factorization
scales.

Figure 1 shows the invariant-mass distribution of the
selected events, together with the estimated distributions
for each of the backgrounds. Table I presents the observed
number of events in the data and the predicted number of
background events in different ranges in M!! and corre-

sponds directly to Fig. 1. The last column corresponds to
the signal region for the ADD search. We find that the
observed data are consistent with the background estimate
throughout theM!! spectrum and do not show an excess of
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TABLE II. The 95% C.L. lower limits onMS (in TeV) in the GRW, Hewett, and HLZ conventions for two values of the ADD signal
K factor, 1.0 and 1:6( 0:1. All limits are computed with a signal cross section truncated to zero for

ffiffiffi
ŝ

p
>MS, where

ffiffiffi
ŝ

p
is the center-

of-mass of the partonic collision. The limits are presented for both positive and negative interference in the Hewett convention and for
nED ¼ 2–7 in the HLZ convention. The median expected lower limits are given in parentheses.

Hewett HLZ
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The multijet and !þ jet backgrounds to the recon-
structed diphoton spectrum are estimated by using the
misidentification rate to extrapolate from two
background-dominated reference regions, both selected
with the same diphoton trigger as the primary signal sam-
ple. One region includes events with only one isolated
photon, but one or more nonisolated photons. The other
region includes events with no isolated photons, but two or
more nonisolated photons. The diphoton trigger is suffi-
ciently inclusive that the regions are unaffected by the
trigger selection. By applying the prompt-photon misiden-
tification rate to these two reference regions, we predict the
!þ jet and multijet backgrounds in the signal region.

The SM diphoton background dominates the signal re-
gion. The expected number of background events due to
this process is computed by rescaling the prediction
from PYTHIA with a NLO K factor that varies with M!!.

The NLO prediction is calculated with the DIPHOX+

GAMMA2MC [25,26] generators, which take into account
the fragmentation processes in which the photons can
come from the collinear fragmentations of hard partons.
A separate analysis by CMS has also demonstrated
good agreement with the NLO prediction at low M!! &
300 GeV [27]. The subleading-order gluon-fusion box
diagram is included as a part of the PYTHIA calculation
because of its large contribution at the LHC energy,
although its effects are small at high M!!. The K
factor varies between 1.7 and 1.1 from low to high M!!.
A systematic uncertainty of 15% on the value of the K
factor is determined by examining the PDF uncertainties
and variation of the renormalization and factorization
scales.

Figure 1 shows the invariant-mass distribution of the
selected events, together with the estimated distributions
for each of the backgrounds. Table I presents the observed
number of events in the data and the predicted number of
background events in different ranges in M!! and corre-

sponds directly to Fig. 1. The last column corresponds to
the signal region for the ADD search. We find that the
observed data are consistent with the background estimate
throughout theM!! spectrum and do not show an excess of

events, neither resonant nor nonresonant.

To set limits on virtual-graviton exchange in the ADD
scenario, we compare the number of observed and ex-
pected events in the signal region (M!! > 0:9 TeV) and
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the SM diphoton production cross section. The signal
branching fraction to diphotons is indicated by B and the
signal acceptance byA. We use the CLs technique [28,29]
to compute the limits with a likelihood constructed from
the Poisson probability to observe N events, given S, the
signal efficiency ð76:4" 9:6Þ%, the expected number of
background events (1:5" 0:3), and the integrated luminos-
ity L ¼ ð2:2" 0:1Þ fb%1 [16]. The variation of the K
factor is included in the statistical analysis as an uncer-
tainty on the signal yield.

The observed (median expected) 95% C.L. upper limit
on S is 3.0 fb (2.7 fb). For the HLZ nED ¼ 2 case, we
parametrize S directly as a smooth function of 1=M4

S. For
all other conventions, S is parametrized as a function of the
parameter !G, as in Ref. [6]. The observed 95% C.L.
limit, together with the signal parametrization, is shown
in Fig. 2. The intersection of the cross-section limit with
the parametrized curve determines the 95% C.L. upper
limit on the parameter !G. As seen from the plot, these
upper limits on S correspond to upper limits of !G &
0:0097 TeV%4 and 1=M4

S & 0:0055 TeV%4. The upper
limits on !G are equated to lower limits on MS and are
shown in Table II.

For the RS scenario, the same limit-setting calculation is
performed, but in a bounded window in M"". Figure 3

shows the excluded regions in theM1-~k plane. Also shown
are bounds due to precision electroweak measurements and

to naturalness arguments [5]. Table III presents the 95%
C.L. lower limits on the graviton mass M1 for different

values of ~k. The median expected lower limits coincide
within a few GeVof the observed limits.
In summary, we have performed a search for extra

spatial dimensions leading to enhanced resonant or
nonresonant diphoton production in proton-proton colli-
sions at a center-of-mass energy of 7 TeV at the LHC.
Using a data sample corresponding to an integrated
luminosity of 2:2 fb%1 recorded by the CMS experiment,
we observe no excess in diphoton production above
the rate predicted from SM background sources. Values of
the effective Planck scale MS less than 2.3–3.8 TeV
are excluded at 95% C.L. for ADD models. We also
exclude at 95% C.L. resonant graviton production
in the RS1 model with values of M1 less than
0.86–1.84 TeV depending on the normalized coupling

strength ~k. We present limits on both the ADD and RS1
models of extra dimensions in the diphoton final state that
extend those observed at the D0 experiment [13], as well as
those set previously by the CMS [6] and ATLAS [14]
experiments.
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FIG. 3 (color online). The 95% C.L. exclusion region for the
RS1 graviton model in the M1-~k plane. The expected limits
coincide very closely with the measured limits and so are not
shown in the figure. Also shown are bounds due to electroweak
constraints and naturalness (!# > 10 TeV). Perturbativity re-
quirements bound ~k & 0:10.

TABLE III. The 95% C.L. lower limits onM1 for given values of the coupling parameter ~k. For ~k < 0:03, masses above the presented
limits are excluded by electroweak and naturalness constraints. The median expected lower limits are numerically the same for the
presented precision except for the ~k ¼ 0:01 case, for which the expected lower limit on M1 is 0.84 TeV.

~k 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
M1 [TeV] 0.86 1.13 1.27 1.39 1.50 1.59 1.67 1.74 1.80 1.84
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Figure 1: Dielectron invariant mass distribution compared with the expected standard model
backgrounds and a simulated ADD signal with LT = 3.6 TeV . The bottom plot is the cumulative
distribution.

4

Table 1: Systematic uncertainties for the dimuon mass spectrum in the signal region.
Systematic uncertainty Symbol Value
Trigger and reconstruction efficiency bkg ereco,b 3%
Trigger and reconstruction efficiency signal ereco,s 3%
Muon momentum resolution eres,b 6%
Muon momentum scale escale,b 23%
Muon alignment scenario ealign,b 5%
Drell-Yan EW corrections sb 5%
Drell-Yan QCD NNLO corrections sb 2%
Drell-Yan PDF uncertainty sb 13%
Luminosity L 4.4%
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Figure 1: Dimuon invariant mass spectrum compared with the SM prediction and a simulated
ADD signal with LT = 3.6 TeV. The integrated luminosity is 20.6 fb�1. The error bars reflect
the statistical uncertainty.

dimuon invariant mass spectrum above a threshold Mµµ,cut. With the final cut value, the prob-
ability of observing a number Nobs of events is given by the Poisson likelihood

L (Nobs) =
aNobs

Nobs!
· e�a , (2)

where a is the assumed Poisson mean. Both the background and a potential signal can con-
tribute to the Poisson mean. Summarizing the information from above, a can be expressed
as
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Table 2: Mass lower limits at the 95% CL on specific models obtained using dilepton data atp
s = 7 and 8 TeV separately and combined. The 7 TeV results are taken from Ref. [6].

Model Mass Limits (GeV)
7 TeV 8 TeV 7+8 TeV

Z0
SSM 2330 2440 2590

Z0
y 2000 2110 2270

GKK (k/MPl = 0.1) 2140 2260 2390
GKK (k/MPl = 0.05) 1810 1900 2030

the dimuon (dielectron) channel. The
p

s = 7 TeV data sets have integrated luminosities of
5.3 fb�1 (5.0 fb�1) for the dimuon (dielectron) channel, and have been previously published [6].
The measured dilepton mass spectra are consistent with predictions from the standard model.
Upper limits on the cross section times branching fraction for the production of new heavy
narrow resonances relative to Z boson production are presented. The findings exclude, at 95%
CL, a Z0

SSM with standard model-like couplings below 2590 GeV and the superstring-inspired
Z0

y below 2260 GeV. An RS graviton with k/MPl of 0.1 (0.05) is excluded below 2390 (2030) GeV.
These are the most restrictive limits to date for the classes of models considered.
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