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Outline

•LHC and the ATLAS and CMS Detectors

•Calorimetry in ATLAS and CMS

•Calorimeter Performance

•H→γγ

•Randall-Sundrum Gravitons - γγ

•Large Extra Dimension(ED) ADD models - γγ+Missing 
ET 

•Universal ED/SUSY (GGM) Photons -  γγ+Μissing ΕΤ  
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The LHC
•pp collisions 3.5+3.5TeV⇒√s = 7 TeV   

27 km

1232 super-conducting 
dipoles B=8.3 T

6400 other 
correctors

•Ldesign = 1034 cm-2 s-1

•Linitial  ≤ few x 1032 cm-2 s-1 

2835 Bunches, 1011 protons/bunch:
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LHC Performance

• LHC delivering steadily increasing 
luminosity

• peak luminosity of ~ 1.1x1033 cm-2/s

• Detectors recording with > 90% 
efficiency

4
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ATLAS/CMS Detectors

5

28

Hadronic Tile 
Calorimeter (TileCal)

Electromagnetic barrel calorimeter (LAr = liquid argon)

Muon 
spectrometer

Inner Detectors

Toroid 
magnets 

2 T Solenoid

    46 m

22 m

Endcap
calorimeter

Forward
calorimeter

Total mass ~ 7000 tonnes.
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ATLAS EM Calorimeter

• lead/LAr accordiοn shaped 
sampling calorimeter

• divided into three longitudinal 
layers and three segments (barrel 
and two endcaps) 

• fine granularity in first layer 
helps with pi0 rejection

24
 χ 0

6

prompt γ            pi0     
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CMS Calorimeter

•ECAL made of 80k lead Tungstate crystals with 
photodiodes to read out emitted light

• Δη x Δφ = 0.0175 x 0.0175 for barrel 

•26 χ0 longitudinal  
7
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ATlas ECal Resolution

•Energy resolution worsens around η=1.5 due to 
gap between barrel and endcap

8
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CMS ECAL Resolution

• event-by-event universal correction factor applied 

• determined by energy sharing between crystals

• Shown resolution achieved after summing over matrix of 
3x3 crystals 

Test Beam: electron beam of 120 GeV

9
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modules, and also, more recently, during the combined test beam (CTB) runs in 2004 [2,3] and in a series

of cosmic-ray tests in 2006 [2, 4]. The results have been used to update and validate the modelling of

the detector response in the Monte-Carlo simulation. This paper describes the expected performance of

the inner detector in terms of tracking, vertexing and particle identification. The alignment of the inner

detector is described elsewhere ( [2] and the references therein).
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Figure 3: Material distribution (X0, λ ) at the exit of the ID envelope, including the services and thermal

enclosures. The distribution is shown as a function of |η | and averaged over φ . The breakdown indicates

the contributions of external services and of individual sub-detectors, including services in their active

volume.

2 Track reconstruction

The inner detector track reconstruction software [5] follows a modular and flexible software design,

which includes features covering the requirements of both the inner detector and muon spectrometer [2]

reconstruction. These features comprise a common event data model [6] and detector description [7],

which allow for standardised interfaces to all reconstruction tools, such as track extrapolation, track fit-

ting including material corrections and vertex fitting. The extrapolation package combines propagation

tools with an accurate and optimised description of the active and passive material of the full detector [8]

to allow for material corrections in the reconstruction process. The suite of track-fitting tools includes

global-χ2
and Kalman-filter techniques, and also more specialised fitters such as dynamic noise adjust-

ment (DNA) [9], Gaussian-sum filters (GSF) [10] and deterministic annealing filters [11]. Optimisation

of these tools continues and their performance will need to be evaluated on real data. The tools intended

to cope with electron bremsstrahlung (DNA and GSF – see Section 5.1) will be run after the track re-

construction, as part of the electron-photon identification. Other common tracking tools are provided,

including those to apply calibration corrections at later stages of the pattern recognition, to correct for

module deformations or to resolve hit-association ambiguities.

Track reconstruction in the inner detector is logically sub-divided into three stages:

1. A pre-processing stage, in which the raw data from the pixel and SCT detectors are converted

into clusters and the TRT raw timing information is translated into calibrated drift circles. The

SCT clusters are transformed into space-points, using a combination of the cluster information

from opposite sides of a SCT module.

2. A track-finding stage, in which different tracking strategies [5, 12], optimised to cover different

applications, are implemented. (The results of studies of the various algorithms are reported else-
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Figure 26: Radial position of photon conversions

in the barrel region (|η | < 0.8) deduced from

Monte-Carlo truth information (arbitrary normali-

sation).
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Figure 27: Probability for a photon to have con-

verted as a function of radius for different values

of |η |, shown for photons with pT > 1 GeV in

minimum bias events.
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Figure 28: Probability distributions for the ratio of the true to reconstructed momentum (left) and its

reciprocal (right) for electrons with pT = 25 GeV and |η | > 1.5. The results are shown as probabilities

per bin for the default Kalman fitter and for two bremsstrahlung recovery algorithms (see text).

the electron measurement. The algorithms serve to reduce the bias of the track fits caused by the in-

creased track curvature. Only by adding additional information, such at the position of the cluster in the

electromagnetic calorimeter [2], is it possible to make a real improvement on the measured momentum.

By allowing for changes in the curvature of the track, the bremsstrahlung recovery algorithms “fol-

low” the tracks better and correctly associate more of the hits, leading to improvements in the recon-

struction efficiencies, as can be seen in Fig. 30. GSF has 2-3% greater efficiency than the default recon-

struction, since it does not flag hits as outliers, hence a track is less likely to fail the quality cuts on the

numbers of hits.

Figure 31 shows the improvements from bremsstrahlung recovery for the reconstructed J/ψ →
ee mass. Integrating over the complete pseudorapidity acceptance of the ID, and without using any

bremsstrahlung recovery, only 42% of events are reconstructed within ±500 MeV of the nominal J/ψ
mass, whereas with the use of the bremsstrahlung recovery, this fraction increases to 53% and 56% for

DNA and GSF respectively, and the bias of the peak position is reduced. In the inner detector alone, the

J/ψ signal in the end-caps is more or less completely lost because of the effects of the increased material

compared to that in the barrel. The poor performance in the end-caps arises from the significant fraction

of energy lost by electrons (O(30)% by the time they have left the pixels) as well as the change in track

20
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35

Material in Tracker

• ATLAS tracker in B field of 2 T as opposed to 4 T for CMS

•  CMS: momentum resolution of signal tracks better 
by factor of 3 

• CMS: 20%-60% of photons in the barrel calorimeter acceptance 
convert before reaching the front face of the crystals

10
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Higgs SM

• γγ final state experimentally          
clean signature

• QCD diphoton background processes 
to H→γγ a) Born b) FSR c) Box

• Other background instrumental 
coming from γ+jet and jet-jet

11
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2x2D Sideband Method

•Leading Photon in Signal 
region ie isolation of 3 GeV 
and pass Tight photon 
requirements

•Determine purity of sub-lead 
photon in same way 12

lead 

sub-lead See Measurements of 
isolated prompt photons by 

M. Stockton 
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2x2D Sideband Method

•Leading Photon in Signal 
region ie isolation of 3 GeV 
and pass Tight photon 
requirements

•Determine purity of sub-lead 
photon in same way 12

lead 

sub-lead See Measurements of 
isolated prompt photons by 

M. Stockton 

Table 1: The number of irreducible (N!! ), reducible (N! j+Nj! , Nj j) and Drell-Yan (NDY) background

events to the H ! !! search in the 100-150 GeV mass range. For the measured number of events, the
errors are statistical and systematic, respectively. For the expected number of events, the errors on the

irreducible and reducible components arise from the theoretical uncertainty on the prediction; for the

Drell-Yan component, the corresponding uncertainty arises from the MC statistics.

N!! N! j+Nj! Nj j NDY
Data 75.0±13.3+2.7"3.6 19.6±7.5±3.9 1.5±0.7+1.8"0.5 2.9±0.1±0.6
Expected 86±23 31±15 1±1 2.7±0.2
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Figure 1: Left: the diphoton invariant mass for the 99 events composing the data sample. The overlaid

histograms represent the cumulative Drell-Yan (red solid), dijet (blue dotted), photon-jet (blue dashed)

and diphoton (blue solid) components of the background, according to the predictions from theoreti-

cal models and simulation obtained in [7] and summarized in Table 1. The dark yellow band is the

uncertainty for the reducible background components, and the yellow band is the total uncertainty on

the reducible plus irreducible backgrounds. Right: the results of the double-sideband method for the

99 events composing the data sample. For the diphoton, photon-jet and dijet components, the extracted

number of events on data (black dots) are compared with the corresponding predictions (yellow, medium-

dark yellow and dark yellow bands, respectively). For the Drell-Yan component, the number of events is

compared with the expected number of events predicted from simulation.

detector simulation package, and for values of the Higgs boson mass ranging from 110 to 140 GeV, are

used to extract the efficiency of the signal reconstruction and the invariant mass resolution. Given the

bunch structure and the instantaneous luminosities reached in 2010, the average number of proton-proton

collisions per bunch-crossing was about 2.3. In order to mimic this effect, the MC event samples were

produced with a configuration where the average number of interactions per bunch-crossing is equal to

2.2.

Table 2 summarizes the expected number of events from Higgs signals, as calculated from the Monte

Carlo samples. The dominant uncertainties on the expected number of events, discussed in detail in

Section 4 and summarized in Table 3, arise from the photon identification and isolation efficiencies and

the theoretical uncertainties on the Higgs boson production cross-section [8].

The probability-density function (PDF) for the signal invariant mass is modeled by a Crystal Ball

function (CB) (which takes into account the core resolution and a non-Gaussian tail extending towards

3
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Mγγ SpectruM

• Background composition known from 
2D sideband method

• In good agreement with MC

• Slight excess ~ 115 GeV in 2010 data

• Not seen in 2011 data and 
combination

13
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Higgs Limit

14

• 110< mH <140 GeV expected upper limit is      
~ 20 times larger than the Standard Model 
prediction. 
• Observed exclusions range from 8 times the 
Standard Model prediction at 127 GeV, to 38 
times at 116 GeV
•With 1 fb-1 limits of about 4 times the SM 
prediction

http://cdsweb.cern.ch/record/1336758/

See Search for Higgs to gamma
+gamma at ATLAS by J. Ocariz

Monday, May 23, 2011
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Extra Dimension Models
•A class of theories including extra dimensions was 

introduced in 1999 N. Arkani-Hamed, S. 
Dimopoulos, G. Dvali

•These theories incorporate Gravity in the theory 
and have an explanation for its weakness in the 
brane that we live on

•Several of these theories will be described:
1.LED (ADD)
2.Randall-Sundrum 
3.Universal Extra Dimension (SUSY as well)

15
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LED ADD Model
• SM forces live on 3-brane and there exists a parallel 

universe with hidden branes

• n flat Euclidean dimension with maximal dimension 
=3(our world) + 6 (extra)=9

• Only gravitons can escape to the extra dimensions

• Gravity scale on in 4+N dimensions MD~TeV MPl=8π 
MDn+2Rn

• n=2 R~mm; gravity not tested for scales << mm

• Physics signature

• diphoton production in virtual KK exchange 
with SM interference 

• small separation of KK mass states mn2=m02+  
(n/R)2 since R is large ~eV spacing

• Show up as tails in invariant mass spectrum

• Ms → UV cutoff scale- avoid divergence in CS

N. Arkani-Hamed, S. Dimopoulos, G. Dvali Phys. Lett. B429 (1998), Nuc. Phys. B544(1999)
Bulk

3 Brane
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1 Introduction
Compact large extra dimensions (ED) are an intriguing proposed solution to the hierarchy

problem of the standard model (SM), which refers to the puzzling fact that the fundamental

scale of gravity MPl ∼ 10
19

GeV is so much higher than the electroweak symmetry breaking

scale ∼ 10
3

GeV. With such a difference in scales, it is difficult to protect the Higgs boson mass

from radiative corrections without a very high degree of fine-tuning. The original proposal

to use ED to solve the hierarchy problem was presented by Arkani-Hamed, Dimopoulos, and

Dvali (ADD) [1, 2]. They posited a scenario wherein the SM is constrained to the common

3+1 space-time dimensions, while gravity is free to propagate through the entire multidimen-

sional space. Thus, the gravitational flux in 3+1 dimensions is effectively diluted by virtue of

the multidimensional Gauss’s Law. The fundamental Planck scale MD is therefore related to

the apparent scale MPl according to the formula MnED+2

D
= M2

Pl
/rnED, where r and nED are the

size and number of the extra dimensions, respectively. A review of current limits on the ADD

model can be found elsewhere [3].

Phenomenologically, this large ED scenario results in s-channel production of massive, virtual

Kaluza–Klein (KK) graviton states, which can decay into two photons [4]. Decays to fermions

are suppressed relative to photons because the graviton is spin-2 and the fermions cannot be

produced in the s wave. Because the KK gravitons propagate through the compact extra dimen-

sions, their wavefunction must satisfy periodic boundary conditions, which result in discrete

energy levels with modal spacing on the order of the inverse ED size, from 1 meV to 100 MeV.

This results in an apparent continuum spectrum of diphotons, rather than distinct resonances.

Summing over KK modes results in a divergence in the cross section, so an ultraviolet (UV)

cutoff scale MS is needed. This scale is related to—but potentially different from—the fun-

damental Planck scale MD, as the precise relationship depends on the UV completion of the

effective theory. The effects of virtual-graviton production on the cross section are parameter-

ized by the single variable ηG = F/M4

S
, where F is an order-unity dimensionless parameter,

for which several conventional assumptions exist:

F = 1 (Guidice, Rattazzi, and Wells, GRW [5]), (1)

F =





log

�
M2

S

ŝ

�
if nED = 2

2

(nED−2) if nED > 2

(Han, Lykken, and Zhang, HLZ [6]), (2)

F = ± 2

π
(Hewett [7]), (3)

where
√

ŝ is the center-of-mass energy of the hard parton-parton collision. We note that the

HLZ convention contains an explicit dependence on the number of extra dimensions.

Searches for extra dimensions via virtual-graviton effects have been conducted at HERA, LEP,

and the Tevatron (Refs. [3, 8] contain recent reviews of these searches). The most stringent

previously published limits on MS come from the D0 measurements in the dijet [9] and dipho-

ton plus dielectron [10] channels, which exclude values of MS lower than 1.3−2.1 TeV at 95%

confidence level (CL), depending on nED.

In this paper, we present a search for virtual-graviton contributions in the diphoton final state,

using a data sample corresponding to an integrated luminosity of 36 pb
−1

, collected in pp

collisions at
√

s = 7 TeV at the CERN Large Hadron Collider (LHC) with the Compact Muon

Solenoid (CMS) detector.

HLZ
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ADD Limits

17

HLZ

D0

new results from CMS 
extend limits on MS from 
D0 limits for all but n=2

arXiv:1103.4279v1
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Figure 3: Parameterization of S as a function of the strength of the ED effect, ηG for all cases
except HLZ nED = 2 (left) and as a function of 1/M4

S for the nED = 2 case (right). The parame-
terization shown is a fit according to Eq. (5). The solid line is the 95% CL exclusion limits on S,
and is matched to the corresponding limits on ηG and 1/M4

S.

Table 3: 95% CL limits on MS (TeV), as a function of the convention and number of ED. A
comparison of the limits with a truncation of the production cross section above

√
ŝ > MS is

also shown. The two limits for the Hewett convention correspond to positive and negative
interference effects.

GRW Hewett HLZ
Pos. Neg. nED = 2 nED = 3 nED = 4 nED = 5 nED = 6 nED = 7

Full 1.94 1.74 1.71 1.89 2.31 1.94 1.76 1.63 1.55
Trunc. 1.84 1.60 1.50 1.80 2.23 1.84 1.63 1.46 1.31

on the fundamental Planck scale for various numbers of extra dimensions, nED, as shown in
Table 3. This is calculated trivially for nED = 2 and for nED > 2 by using Eq. (2). The limits in
convention [5] are identical to the HLZ limits for nED = 4; the limit for the Hewett convention
with constructive interference is 1.74 TeV and is close to the HLZ limit for nED = 5.

We note that the LO signal cross section calculations become non-perturbative when the value
of ŝ in the 2 → 2 process exceeds M2

S. This effect is not taken into account in the SHERPA
cross section calculations used in this analysis, or in previous studies of this process at the
Tevatron [10], where the effect is not expected to be important due to the lower collider energy.
Because the energy of the LHC is significantly higher than the limits on MS we are able to
set in this analysis, we take this effect into account by conservatively assuming that the signal
cross section is zero for

√
ŝ > MS. Under these assumptions, the limits on MS decrease by 5%

for nED = 2 (1.80 TeV) and 15% for nED = 7 (1.31 TeV). A summary of the limits under the
assumption of a truncated production cross section is also shown in Table 3.

In addition to setting limits on a specific model of large extra dimensions, we can also set a
model-independent limit on any new physics model which results in central, high-ET dipho-
tons, either resonant or non-resonant (e.g., Kaluza–Klein gravitons in the Randall–Sundrum
model [25]). We measure a 95% CL exclusion on the cross section times branching fraction
times acceptance of 0.110 pb, for diphoton pairs with Mγγ > 500 GeV and the following kine-
matic requirements on each of the two photons: ET > 30 GeV and |η| < 1.44.

6

Most of the systematic uncertainties on the background
model are dependent on the invariant mass. The dominant un-
certainty arises from the efficiency of the !2 cut on the shower
profile used to estimate multijet background (13% of the back-
ground itself in CC-CC and 30% in CC-EC). The systematic
on the LED modeling is dominated by uncertainties on the
choice of parton distribution functions

!

(1–19)% in CC-CC
and (1.5–12)% in CC-EC

"

. All the other signal uncertainties
are correlated to SM background uncertainties due to the tech-
nique used to generate our LED signal. Table II summarizes
the dominant background and signal uncertainties taken into
account in calculating the limit onMs. The NLO k-factor un-
certainty refers to the uncertainty due to choice of PDF, renor-
malization and factorization scale.
TABLE II: Systematic uncertainties (in %) on the predicted numbers
of signal and background events considered in calculating the limit
onMs.

CC-CC CC-EC
Signal only

Acceptance 1–19 1.5–12
Luminosity 4

Signal and
background

Trigger + EM selection 6 5
Energy scale 5–13 0.3–3.5
Energy resolution 0.3–1.7 0.2–3.5
NLO k-factor 3–10
k-factor mass dependence 5
PDF 5.5–9

Background only
Multijet 13 30

The two-dimensional distribution of the invariant mass and
| cos "!| for the observed dielectron and diphoton events is
compared with the corresponding distributions expected from
SM physics and instrumental background, and the LED signal
forMs ranging from 1 TeV to 3 TeV for a given nd. The pos-
terior probability density P (Ms | Data) given the number of
observed events in the kth mass bin and lth cos "! bin, Nk,l

obs ,
is then computed using a Gaussian prior for the SM plus mul-
tijet background. Evidence of large extra dimensions with a
givenMs will appear as a peak in P (Ms | Data) distribution.
In the absence of signal we proceed to estimate the lower limit
on Ms using the semi-frequentist CLs method [15], which is
based on computation of a log likelihood ratio. Both the ex-
pected and observed limits on Ms at the 95% C.L. are calcu-
lated. Systematic uncertainties in the signal and background
distributions are taken into account in this calculation, with
their correlations properly included. The distribution of the
ratio of the observed (expected) upper limit at the 95% C.L.
limit to the predicted cross section as a function ofMs is used
to extract the observed (expected) limit on Ms for nd = 7 to
nd = 2.
For the nd independent GRW formalism, we calculate the

observed(expected) limit on Ms of 1.62(1.66) TeV. We ob-
tain the observed limits on Ms at the 95% C.L. in the HLZ
formalism (sub-leading, nd dependent) ranging from 1.29 to

TABLE III: Observed and expected lower limits at the 95% C.L. on
the effective Planck scale,Ms, in TeV.

GRW HLZ
nd 2 3 4 5 6 7

Obs. 1.62 2.09 1.94 1.62 1.46 1.36 1.29
Exp. 1.66 2.16 2.01 1.66 1.49 1.38 1.31

)
d
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2 3 4 5 6 7
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-1DØ, 1.05 fb

FIG. 3: Observed and expected limits on the effective Planck scale,
Ms, in the di-EM channel along with previously published limits in
di-EM channel.

2.09 TeV for nd = 7 to nd = 2. Both the observed and ex-
pected limits on Ms, for different formalisms and for six dif-
ferent nd are summarized in Table III. The observed and ex-
pected limits on Ms for a given number of extra dimensions
are found to be similar. The present limits are a significant
improvement over the published limit [6]. Figure 3 summa-
rizes the observed and expected limits on Ms along with the
previously published limits onMs in the di-EM channel.
In summary, we have performed a dedicated search for

large extra spatial dimensions by looking for effects of virtual
Kaluza-Klein graviton in the dielectron and diphoton chan-
nels using 1.05 fb"1 of data collected by D0 detector. We
see no evidence of excess over the standard model prediction
and set limits at 95% C.L. on the effective Planck scale at
2.09(1.29) TeV for 2(7) extra dimensions. These are presently
the most restrictive limits on large extra dimensions.
We thank the staffs at Fermilab and collaborating insti-

tutions, and acknowledge support from the DOE and NSF
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RFBR (Russia); CNPq, FAPERJ, FAPESP and FUNDUNESP
(Brazil); DAE and DST (India); Colciencias (Colombia);
CONACyT (Mexico); KRF and KOSEF (Korea); CONICET
and UBACyT (Argentina); FOM (The Netherlands); STFC
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• 5 D curved or warped extra dimension

• Model Parameters:

• Coupling constant: c=k/Μpl

• k curvature of space

RS Model

Planck TeV

r φ=rπ

r φ=0

r φ

L. Randall, R. Sundrum (RS1 scenario), PRL 83 3370 (1999).

• Gravity Scale Λπ=Mple-krπ ~TeV

• r is compactification radius

• kr ~ 11-12

Graviton Probability

18
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KK Modes

•KK particles carry momentum on extra dimension 
•Looks like mass in 4 dimensions
•KK modes of Graviton visible on TeV brane
•Narrow high mass resonances

• Separation of  ~TeV

H. Davoudiasl, J.L. Hewett, T.G. Rizzo,Phys.Rev.Lett. 84 (2000) 2080

Quantized in modes of order TeV

Width of KK resonance proportional 
to c2 

19
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they obtained from an analysis of the G ! !! final state using 5.4 fb"1. The corresponding graviton92

mass limits for values of k/MPl = 0.01 and 0.1 are summarized in Table 1.93
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Figure 2: 95% CL exclusion limits on RSGraviton production, in the plane of the dimensionless coupling
k/MPl versus the graviton mass, as obtained by the D0 (left) and CDF (right) experiments at the Tevatron.

Value of 95% CL Mass Limit (GeV)
k/MPl D0 Expt CDF Expt
0.01 560 472
0.1 1050 976

Table 1: 95% CL lower limits on the RS graviton mass obtained by D0 [4] and CDF [5] for the values
k/M̄Pl = 0.01 and 0.1.

Given the larger center-of-mass-energy of the LHC, ATLAS will be able, even with relatively little94

integrated luminosity, to probe higher graviton masses than possible at the Tevatron. This note describes95

the analysis of the G ! !! final state using the full 2010 dataset of 36 pb"1.96

2 Analysis Overview97

The analysis searches for evidence of a RS Graviton decaying to the diphoton final state by searching for98

a narrow resonance in the diphoton invariant mass spectrum above the smooth background.99

The background arises from two sources, an irreducible background due to SM diphoton production,100

and a reducible background containing !jet and QCDmultijet events in which at least one of the selected101

photon candidates is due to a jet misidentified as a photon. It is di!cult to predict the background102

contributions from MC. The diphoton invariant mass spectrum for the irreducible background is known103

not to be modeled very well in MC generators. Prediction of the reducible background from MC would104

require better agreement of the photon fake rate between data and MC than currently exists, and also105

would require the generation of impractically large multijet jet MC samples. Instead, we have used106

the data in the diphoton mass range of 120-500 GeV as a control sample for determining the shape107

of the background from data. The background shape is expected to be a smooth function. We use a108

double exponential background to model the background in this lower mass region to determine the109

shape entirely from data, and then extrapolate this shape into the higher mass region where the signal110

search is performed. Since the background is expected (and observed) to be very low for high diphoton111

masses, the analysis only requires that the photons pass the Loose identification requirements. This aims112
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Mγγ Distribution

• Statistical band includes background systematic error

• Some excess of events - will push limit lower
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Use control region 120-500 GeV to 
determine background shape 

Use shape from MC in region 220-1000 GeV  
Normalization from data in 100-220 GeV 
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RS Limits
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k/
Mpl

0.01
(0.02)

0.1

ATLAS 545 920

CMS 368 952

https://atlas.web.cern.ch/Atlas/
GROUPS/PHYSICS/

CONFNOTES/ATLAS-
CONF-2011-044/

http://cdsweb.cern.ch/
record/1350261/

See A Search for High Mass Diphoton Resonances in the Context 
of the Randall-Sundrum Model in ATLAS by M. Kataoka
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UED model
• Model with one Universal Extra Dimension 

• Universal== All SM particles propagate  into extra dimension n=1,2,3 are 
KK excitations for each SM particle n=0 mn2=mSM2+  (n/R)2

• R== compatification scale of 1/R ~ 1 TeV

22

Strong  production of pair of KK quarks/gluons which cascade down to LKP (γ*) 

• Embedding UED in larger space with N large dimension of ( of size-1 ~ev) 
where only graviton can propagate → Gravity mediated decays become 
possible γ*→γ+Graviton    diphoton+MET

D0 excludes 1/R  < 447 GeV @ 95% CL Phys.Rev.Lett.105:221802,2010
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UED Results

• Background determined entirely from data, Z->ee, QCD sample, W+jets 

• ΛR=20, MD=5 GeV , and N=6

• Use Bayesian counting experiment

• No excess of events seen 

• Exclude 1/R values of > 728 GeV
23

Phys. Rev. Lett. 106, 121803, 2011
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ing the Emiss
T cut to 60 or 90 GeV would change the limit316

by only a few GeV. A cross check using a higher purity317

!! sample, achieved by requiring that both photons pass318

tighter identification cuts that reject more of the back-319

ground from jets, produced a consistent result.320

1/R [GeV]
400 500 600 700 800

 [p
b]

!

1

10

210

 = 7 TeVs   -1Ldt = 3.1pb"

95% CL Limit

UED LO cross section

ATLAS Preliminary

FIG. 4. 95% CL upper limits on the UED production cross
section, and the LO theory cross section prediction, as a func-
tion of 1/R. The shaded band shows the pdf uncertainty.

In conclusion, a search for !! events with large Emiss
T ,321

conducted using a 3.1 pb!1 sample of 7 TeV pp collisions322

recorded with the ATLAS detector, found no evidence323

of an excess above the SM prediction. The results were324

used to set limits on a specific model with one UED and325

gravity-induced LKP decays, excluding at the 95% CL326

values of 1/R < 728 GeV, and significantly surpassing327

the only existing experimental limit [7] on this model.328
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TABLE I. The number of observed !! candidates, as well as the SM backgrounds estimated from data and expected UED
signal for 1/R values of 500 and 700 GeV, given in various Emiss

T ranges. The uncertainties are statistical only. The first row,
for Emiss

T < 20 GeV, is the control region used to normalize the QCD background to the number of observed !! candidates.

Emiss
T range Data Predicted background events Expected UED signal events
(GeV) events Total QCD W (! e") + jets/! 1/R = 500 GeV 1/R = 700 GeV
0 - 20 465 465.0 ± 9.1 465.0 ± 9.1 - 0.28 ± 0.06 0.02± 0.01

20 - 30 45 40.5 ± 2.2 40.41 ± 2.17 0.11± 0.07 0.45 ± 0.07 0.03± 0.01
30 - 50 9 10.3 ± 1.3 10.13 ± 1.30 0.16± 0.10 1.60 ± 0.12 0.08± 0.01
50 - 75 1 0.93 ± 0.23 0.85 ± 0.23 0.08± 0.05 2.84 ± 0.16 0.14± 0.01
> 75 0 0.32 ± 0.16 0.28 ± 0.15 0.04± 0.03 40.45 ± 0.62 4.21± 0.06
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FIG. 3. Emiss

T spectrum for the !! candidates, compared
to the total SM background as estimated from data. Also
shown are the expected UED signals for 1/R = 500 GeV and
700 GeV. Variable sized bins are used, and the vertical error
bars and shaded bands show the statistical errors.

ties on the extraction of the UED signal cross section are268

summarized in Table II, including the dominant 11% un-269

certainty on the integrated luminosity [17]. Uncertainties270

in the e!ciency for reconstructing and identifying the !!271

pair arise due to di"erences between MC and data in the272

distributions of the photon identification variables, the273

need to extrapolate these studies to the higher ET values274

(see Fig. 1) typical of the UED photons, the impact of275

the photon quality cuts, varying the scale of the photon276

ET cut, and uncertainties in the detailed material com-277

position of the detector. Together these provide a sys-278

tematic uncertainty of 4%. The influence of pileup gives279

a systematic uncertainty of 2%. Systematic e"ects on the280

Emiss
T reconstruction, including pileup, varying the clus-281

ter energies within the current uncertainties, and vary-282

ing the expected Emiss
T resolution between the measured283

performance and MC expectations, combine to give a 1%284

uncertainty on the signal e!ciency. Finally, the 1% sta-285

tistical error on the signal e!ciency as determined by286

MC is treated as a systematic uncertainty on the result.287

Adding in quadrature, the total systematic uncertainty288

on the signal cross section is 12%.289

TABLE II. Relative systematic uncertainties on the UED sig-
nal cross section. For more details, see the text.

Source of uncertainty Uncertainty
Integrated luminosity 11%
Photon reconstruction and identification 4%
E!ect of pileup 2%
Emiss

T reconstruction and scale 1%
Signal MC statistics 1%
Total 12%

Given the good agreement between the measured Emiss
T290

spectrum and the expected background, a limit was set291

on 1/R in the specific UED model considered here. A292

Bayesian approach was used to calculate a limit based293

on the number of observed and expected events with294

Emiss
T > 75 GeV. A Poisson distribution was used as295

the likelihood function for the expected number of sig-296

nal events, and a flat prior was used for the signal cross297

section. Gaussian priors were used for the various sources298

of uncertainty, which were treated as nuisance parame-299

ters. It was verified that the result is not very sensitive to300

the detailed form of the assumed priors. Figure 4 depicts301

the resulting 95% CL upper limit within the context of302

the UED model considered, together with the LO UED303

cross section as a function of 1/R. The LO cross section304

was used since higher order corrections have not been305

calculated for the UED model. An uncertainty on the306

signal cross section due to parton distribution functions307

(pdf) was determined by comparing the predictions us-308

ing MRST2007 [18] pdf’s with those from the full set of309

error pdf’s of CTEQ6.6 [19]. The resultant uncertainty,310

namely 8% essentially independent of 1/R, is shown by311

the width of the theory curve band. The observed 95%312

CL exclusion region is 1/R < 728 GeV. The result de-313

pends weakly on the systematic uncertainties, and would314

only increase to 732 GeV if they were neglected. Chang-315
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General Gauge Mediated
(GGM) Photons

•Strongly-interacting SUSY particles are pair-produced (R-
Parity Conserved)

• Gravitino LSP particle

•χ10 NLSP decays to Gravitino and photon

• GGM allows for light gluino →high cross                    
section at the LHC

• if NLSP lifetime is not too long Cgrav~1
• events with 2 high pT photons are expected

• Or if lifetime is large we could see only 1 photon and Missing ET

• Look for two reconstructed photons with (ET) (30 GeV), at 
least one isolated jet, and missing ET  (50 GeV)
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GGM REsults CMS

• Backgrounds determined completely 
from data

• Observe 1 event 1.2±0.8 background

• Limits in the GGM benchmark model 
of 0.3-1.1 pb-1 
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Conclusions

•Many new exciting photon results from LHC both 
within SM and BSM

•Already 310 pb-1 of data recorded per experiment

•New limits already set and more to be broken

•Expect SM Higgs limits of 4xSM with 1fb-1 of data 
in low mass region

•More public results listed:
• https://twiki.cern.ch/twiki/bin/view/AtlasPublic

• https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
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