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Basic Analysis Principle

Simulation

Higgs?

mγγ = 2 E1E2  (1 – cosϑ)
Invariant Mass:

2
10000

12500

15000

17500

20000

105 120 135

mγγ (GeV)

Ev
en

ts 
/ 2

 G
eV

1

2

3

4

 H ➛ γγ 
 Event Signature

no  
Higgs?

10000

12500

15000

17500

20000

105 120 135

mγγ (GeV)

Ev
en

ts 
/ 2

 G
eV

[Schematic]



Basic Analysis Principle

Simulation

mγγ = 2 E1E2  (1 – cosϑ)
Invariant Mass:

2
10000

12500

15000

17500

20000

105 120 135

mγγ (GeV)

Ev
en

ts 
/ 2

 G
eV

10000

12500

15000

17500

20000

105 120 135

mγγ (GeV)

Ev
en

ts 
/ 2

 G
eV

1

2

3

4

 H ➛ γγ 
 Event Signature
[Schematic]



Basic Analysis Principle
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Basic Analysis Principle
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The Discovery Channel

109 Events/sec
[1 Mbyte/Event]

1010

10 Events/min
[mH ≈ 100 GeV]

with 	 0.2%	  H → γγ 
		     	1.5%	  H → ZZ

Efficient 
rate reduction needed

[Storage rate: 100 Hz]



SM Higgs boson decays
Higgs boson prefers to decay into the heaviest particles
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H ! ��
Rare decay, good mass resolution
H ! ⌧⌧
H ! b¯b
Main search channel at LEP and
Tevatron, large backgrounds

Intermediate and large mH (& 130GeV)
H ! WW
Large signal yield
H ! ZZ
Very clean signal if both Z ! ``, good mass resolution
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Reminder: Higgs Branching Ratios …
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How to Make a Discovery

New resonance  
peak H ➛ γγ

signal  
region

signal; width due to 
detector resolution

Signal  
significance:

NS: # signal events 
NB: # background events

... in peak regionS > 5: 
Signal NS = Ntot -NB is 5 times larger  
than statistical uncertainty on NB+NS ... 
Gaussian probability that upward  
fluctuation by more than 5σ is observed ...

P5σ = 10-7.

Discovery!

S =
NSp

NB + NS



1. Choose channels with low SM background 
	 not possible: 	H ➛ bb   	 ... without associated production ... 
	 not possible:	 H ➛ γγ   	 ... despite of small branching ratio ... 
	 	 	 	 	 H ➛ ZZ  	 ... with at least one Z decaying leptonically ... 
	 	 	        tt	H ➛ ttbb   	 ... via additional top selection ... 
2. Optimize detector resolution  
	 Example:	mass resolution σm increases by a factor of 2;  
	 	 	 	 thus: peak region has to be increased by a factor 2 and  
	 	 	 	 number NB of background events increases by factor of 2  
 
	 	 	 	 S ≈ NS/√NB decreases by √2  
3. Maximize luminosity L 
	 Signal: 	 NS 	~ L  
	 Background:	NB 	~ L }

➛

➛ S ∼

√

L

Maximizing the Significance S

S ∼
1

√
σm







Analysis Necessities & Steps …

Photon reconstruction  
Photon identification  
Photon isolation  
Primary vertex  
Energy calibration  
Background modeling  
!
!
Event categories !
Limits & signal strength
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Photon & Object Reconstruction

Photons !
	 isolated EM clusters, identified using shower shape variables 
	 [use rack or calorimeter isolation cone ∆R < 0.2 or 0.4]  
 

	 converted (two matched tracks, or single with no inner layer hit) 	
	 and un-converted photon categories utilized

Jets !
	 reconstructed with R = 0.4 anti-kT algorithm  
	 [inputs noise-suppressed topological clusters …] !
	 pT > 25 (30) GeV in central (forward, 2.4 ≤ |η| ≤ 4.5) region,  
	 jet vertex fraction (JVF) to suppress pileup jets !
	 pile-up correction based on NPV, energy density, jet area 
	 b-tagging using NN-based combination of impact parameter  
	 and secondary vertex information
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The ATLAS Calorimeter ECAL:	 σ/E ≈ 10%/√E ⊕ 0.7% 
HCAL: 	 σ/E ≈ 50%/√E ⊕ 3%



Sketch of ECAL Barrel Module
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Figure 5.4: Sketch of a barrel module where the different layers are clearly visible with the ganging
of electrodes in f . The granularity in h and f of the cells of each of the three layers and of the
trigger towers is also shown.

5.2.2 Barrel geometry

The barrel electromagnetic calorimeter [107] is made of two half-barrels, centred around the z-
axis. One half-barrel covers the region with z > 0 (0 < h < 1.475) and the other one the region
with z < 0 (�1.475 < h < 0). The length of each half-barrel is 3.2 m, their inner and outer
diameters are 2.8 m and 4 m respectively, and each half-barrel weighs 57 tonnes. As mentioned
above, the barrel calorimeter is complemented with a liquid-argon presampler detector, placed in
front of its inner surface, over the full h-range.

A half-barrel is made of 1024 accordion-shaped absorbers, interleaved with readout elec-
trodes. The electrodes are positioned in the middle of the gap by honeycomb spacers. The size
of the drift gap on each side of the electrode is 2.1 mm, which corresponds to a total drift time
of about 450 ns for an operating voltage of 2000 V. Once assembled, a half-barrel presents no

– 114 –
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Figure 5.5: Photograph of a partly stacked bar-
rel electromagnetic LAr module. A total of six
out of seven outer support rings into which the
absorbers can be seen. The backbone behind
the outer support rings and the assembly bench
below the stacked modules are also visible.

Figure 5.6: Photograph showing a side view
of an electromagnetic end-cap LAr module (the
beam axis is vertical). The first acccordion ab-
sorber of each wheel is clearly visible, as well
as the summing boards, the mother-boards and
the cables.

discontinuity along the azimuthal angle f ; however, for ease of construction, each half-barrel has
been divided into 16 modules, each covering a Df = 22.5�. The total thickness of a module is at
least 22 radiation lengths (X0), increasing from 22 X0 to 30 X0 between |h | = 0 and |h | = 0.8 and
from 24 X0 to 33 X0 between |h | = 0.8 and |h | = 1.3.

At the inner and outer edges, each absorber is encased in the groove of a precision-machined
glass-fibre composite bar. The purpose of these bars is to accurately position each absorber with
respect to its neighbours and also to provide space for the connectors of the electrodes. The stacking
of these bars defines the cylindrical geometry of the half-barrel.

Seven stainless-steel outer rings support a half-barrel and provide it with the required rigidity.
Each ring is made of 16 ring-pieces corresponding to the 16 modules. All ring-pieces are identical
with an I-beam cross-section except for the two ring-pieces at the level of the cryostat rails. Simi-
larly, eight composite inner rings define the inner geometry of a half-barrel. Each inner ring is also
made of 16 identical ring-pieces. The absorber bars are screwed into these ring-pieces.

A module, as depicted in figures 5.4 and 5.5, has three layers or layers in depth (front, middle
and back as viewed from the interaction point). The front layer is read out at the low-radius side
of the electrode, whereas the middle and back layers are read out at the high-radius side of the
electrode. The readout granularity of the different layers is shown in table 1.3. In total, there are
3424 readout cells per module, including the presampler cells. The amount of dead material in
front of the presampler and between the presampler and the first calorimeter layer as well as the
thickness of each calorimeter layer are shown in figure 5.1 in units of X0.

The presampler [108] is a separate thin liquid-argon layer (11 mm in depth), which provides
shower sampling in front of the active electromagnetic calorimeter and inside the barrel cryostat.
This presampler layer is made of 64 identical azimuthal sectors (32 per half-barrel). Each sector
is 3.1 m long and 0.28 m wide, thus covering the half-barrel length and providing a coverage
in Dh⇥Df of 1.52⇥0.2. It is composed of eight modules of different size, with a length increasing

– 115 –



Shower Comparison …

Electromagnetic 
Shower

Hadronic 
Shower

Electromagnetic shower !
	 	 consists of visible electromagnetic energy only       !
	 	 is very compact (X0 ≈ 2 cm)        !
	 	 can be simulated with high precision since mostly       
	 	 electromagnetic processes need to be calculated       !
	 	 allows high accuracy calibration        
!
Hadronic shower !
	 	 consists of EM and hadronic energy (some invisible)       
	 	 is very large (λ0 ≈ 20 cm)        !
	 	 is difficult to simulate since it involves QCD        
	    

	 	 limits the accuracy for calibration        
(mostly due to large fluctuations)  

!
!
Examples show 50 GeV showers 
of an electron and a pion in iron … 



H ! �� candidate
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Photon Identification
● Hadronic background is suppressed using shower shape variables

● Converted and unconverted photons have the same selection criteria for “loose”
–  Based on the hadronic leakage behind the EM calorimeter and lateral leakage and lateral width in the 

middle layer of EM calorimeter
● “Tight” photon selection criteria are based on information from highly segmented front layer
– Especially powerful to discriminate against π0 

Prompt photon candidate  π0

 
candidate 

π0



Two main 
background sources: 
 
 

	 2γ-production: irreducible background   
 

	 	 σγγ ~ 2 pb/GeV and ΓH ~ MeV 
	 	 implies σ(mγγ)/mγγ ~ 1% 
 

	 γ-jet and di-jet production: reducible background     
 

	 	 σγj+jj  ~ 106 σγγ; jet rejection of > 103 needed

q

q

γ

γ
q

g

γ

γ

π0

qq ➛ γγ

qg ➛ jγ

Signal:  σ ⋅ BR = 50 fb [mH = 100 GeV] 
 

	 very demanding channel due to huge     
	 irreducible background ... 
   	 very harsh requirements on calorimeter performance 	  
	 [acceptance, E and θ-resolution, separation of γ from jets and π0]

2γ-Channel – Signal and Background



Di-Photon Invariant Mass Distribution

H ! ��: the rare-but-clean

Signature
2 energetic isolated photons

Small branching ratio, but good
signal yield

? ATLAS: Expect ⇠ 475 signal
events after all selections for
mH = 125GeV in current data

Good mass resolution ! clear
peak over smooth background

Main backgrounds
? irreducible (��) (30 pb)
? reducible (�jet) (200 pb)
? reducible (jetjet) (500µb)

! Need powerful �/jet separation
(O(104))

Kerstin Tackmann (DESY) Physics at the LHC (3) 14 / 37



Photon Reconstruction
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• from ATL-PHYS-PUB-2011-007. See also explicit formulae in Appendix A of Phys. Rev. D83, 052005 
(2011). The strip layer variables are computed from an array of cells that spans one or two rows in ϕ 
depending on the position in ϕ of the cluster barycenter.

Category Description Name Loose Tight
Acceptance |⌘| < 2.37, 1.37 < |⌘| < 1.52 excluded – X
Hadronic leakage Ratio of ET in the first sampling of the hadronic

calorimeter to ET of the EM cluster (used over the
range |⌘| < 0.8 and |⌘| > 1.37)

Rhad1 X X

Ratio of ET in all the hadronic calorimeter to ET of
the EM cluster (used over the range 0.8 < |⌘| < 1.37)

Rhad X X

EM Middle layer Ratio in ⌘ of cell energies in 3 ⇥ 7 versus 7 ⇥ 7 cells R⌘ X X
Lateral width of the shower w2 X X
Ratio in � of cell energies in 3⇥3 and 3⇥7 cells R� X

EM Strip layer Shower width for three strips around maximum strip ws 3 X
Total lateral shower width ws tot X
Fraction of energy outside core of three central strips
but within seven strips

Fside X

Di↵erence between the energy associated with the
second maximum in the strip layer, and the energy re-
constructed in the strip with the minimal value found
between the first and second maxima

�E X

Ratio of the energy di↵erence associated with the
largest and second largest energy deposits over the
sum of these energies

Eratio X

Table 5: Variables used for loose and tight photon identification cuts.
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Photon Reconstruction
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barycenter.
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• For explicit definitions see Appendix A of Phys. Rev. D83, 052005 (2011). The strip layer variables are 

computed from an array of cells that spans one or two rows in ϕ depending on the position in ϕ of the cluster 

barycenter.
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Hadronic Leakage
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Energy Ratio in EM Strip Layer
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Pile-Up Robustness

ATLAS detector performances for electrons and photons Quentin Buat

3. Electron and photon reconstruction

The reconstruction of electrons and photons in ATLAS is seeded by clusters in the ECAL with
transverse energy (ET) exceeding 2.5 GeV, measured in projective towers of 3⇥5 cells in h ⇥f in
the second layer of the ECAL. These clusters are matched with tracks that are reconstructed in the
ID and extrapolated to the calorimeter. If the matching cannot be performed, the clusters are classi-
fied as unconverted photon candidates. For clusters with matched tracks, those tracks are matched
to a reconstructed secondary vertex. If the matching is successful, the clusters are classified as
converted photon candidates, otherwise they are classified as electron candidates. Figure 1 shows
the fraction of the different categories of photon candidates as a function of the average number
of interactions per bunch crossing. The stability of this fraction illustrates the robustness of the
classification procedure with respect to the pileup effect.

Average interactions per bunch crossing
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Figure 1: Fraction of the different categories of photon candidates as a function of the average number of
interactions per bunch crossing [3].

The final energy measurement of the electron and photon candidates is performed using the
calorimeter energy only with a cluster size depending on the classification of the candidate and on
its pseudorapidity. For electron candidates, tracks associated with the electromagnetic clusters are
fitted using a Gaussian-Sum Filter [4], which allows for bremsstrahlung energy losses to be taken
into account, and provides a refined estimation of the track parameters.

4. Energy scale and resolution

The calibration of the ECAL is described in Ref. [5, 6]. The cluster energy computed from the
energies of the cells is calibrated with Monte Carlo (MC) based methods and has been validated
with test beam results. An in-situ calibration with collision data allows to determine the absolute
energy scale and inter-calibrates the different regions of the calorimeters for |h | < 4.9. Electrons
produced in Z decay are used and the results are cross-checked with electrons from W ! en and
J/Y ! ee events. The electron energy is parameterised as Emeas = E true(1+ai), where Emeas is
the energy measured by the calorimeter after the MC based calibration, E true is the true energy
and ai is the residual miscalibration in the region i. Figure 2 shows the a correction factors as

3



Finding Isolated Photons …

Photon Photon

Energy  
deposition

Energy  
deposition

Isolated Non-isolated



Proton-Proton Scattering at LHC

Hard interaction: qq, gg, qg fusion
Initial State Radiation (ISR)
Secondary Interaction
[“underlying event”]



Extreme Pile-up Event

Pileup%(PU)6
•  Beam%condition%yield%multiple%collisions%per%event6

o  <PU2012>%=%206
o  Beam%spot%with%~6cm6

24/07/20136Ma7hew%Kenzie6 266

CMS



Cell Based Calorimeter Isolation

04/12/2011 7

Photon Isolation
● Energy in the electromagnetic calorimeter in a cone of                         < 0.4

● Correction for out of core leakage applied
● Underlying event energy correction (pile-up dependent)
– Applied on event by event basis 

– With 1 primary vertex: 540 MeV / Unit Area

R=22

Cacciari et al  - JHEP 04 (2010) 065
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FIG. 1. The measured ambient transverse energy densities,
using the jet-area method, for events with at least one tight
photon. The ambient transverse energy contains contribu-
tions from both the underlying event and pileup. The broad
distribution reflects the large event-to-event fluctuations.

ulated events is centered at zero, with an RMS width of
around 1.5 GeV (which is dominated by electronic noise
in the calorimeter). In the following, all photon candi-
dates with Eiso

T < 3 GeV are considered to be experimen-
tally isolated. This criterion can be related to a cut on
the transverse isolation energy calculated at the parton
level in PYTHIA, in order to mimic the isolation criterion
implemented in JETPHOX. This parton-level isolation is
the total transverse energy of all partons that lie inside
a cone of radius R = 0.4 around the photon direction
and originated from the same quark emitting the photon
in either ISR or FSR. The efficiency of the experimental
isolation cut at 3 GeV for photons radiated off partons
in PYTHIA is close to the efficiency of a parton-level isola-
tion cut at 4 GeV. This cut on the parton-level isolation
is equivalent to the same cut on a particle-level isolation,
which measures the transverse energy in a cone of radius
R = 0.4 around the photon after hadronisation (with the
underlying event removed). The experimental isolation
criterion is expected to reject roughly 50% of background
candidates with transverse energy greater than 15 GeV.

About 110 thousand photon candidates satisfy the
tight identification criteria and have Eiso

T < 3 GeV:
around 74 thousand are reconstructed as unconverted
photons and 36 thousand as converted photons. The
transverse energy distribution of these candidates is
shown in Fig. 2. For comparison, the initial distribu-
tion of all photon candidates after the reconstruction and
preselection is also shown.
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FIG. 2. Transverse energy distribution of photon candidates
selected in data, after reconstruction and preselection (open
triangles) and after requiring tight identification criteria and
transverse isolation energy lower than 3 GeV (full circles).
The photon candidates have pseudorapidity |ηγ | < 1.37 or
1.52 ≤ |ηγ | < 1.81.

VI. SIGNAL EFFICIENCY

A. Reconstruction and preselection efficiency

The reconstruction and preselection efficiency, εreco, is
computed from simulated events as a function of the true
photon transverse energy for each pseudorapidity interval
under study. It is defined as the ratio between the num-
ber of true prompt photons that are reconstructed – af-
ter preselection – in a certain pseudorapidity interval and
have reconstructed Eiso

T < 3 GeV, and the number of true
photons with true pseudorapidity in the same pseudora-
pidity interval and with particle-level transverse isolation
energy lower than 4 GeV. The efficiency of the require-
ment Eγ

T > 15 GeV for prompt photons of true transverse
energy greater than the same threshold is taken into ac-
count in Section VIII.
The reconstruction and preselection efficiencies are cal-

culated using a cross-section-weighted mixture of direct
photons produced in simulated γ-jet events and of frag-
mentation photons produced in simulated dijet events.
The uncertainty on the reconstruction efficiency due to
the difference between the efficiency for direct and frag-
mentation photons, and the unknown ratio of the two
in the final sample of selected signal photons, are taken
into account as sources of systematic uncertainty in Sec-
tion IXA.
The average reconstruction and preselection efficiency

for isolated prompt photons with |ηγtrue| < 1.37 or 1.52 ≤
|ηγtrue| < 1.81 is around 82%; the 18% inefficiency is due
to the inefficiency of the reconstruction algorithms at low
photon transverse energy (a few %), to the inefficiency
of the isolation requirement (5%) and to the acceptance
loss from a few inoperative optical links of the calorimeter

Transverse isolation energy 
within R =0.4 from cell energies … 
energy in core excluded …

Pile-up and underlying event correction 
using ambient transverse energy density …

Event-by-event estimate of ambient transverse  
energy density using topological clusters …

To avoid correlations with ET of photon use 
median of jet transverse energy density in each event …



Topological Cluster Finding
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Reconstruct group of calorimeter  
cells topologically interconnected …

Algorithm:

Goal:

Select by energy significance … !
Seed cell: |Ecell| > 4σ noise  
Neighboring cells: |Ecell| > 2σ noise  !
Add All cells surrounding the cluster

Algorithm tries to  
match the shape of an EM shower …
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Out-of-Time Pile-up
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Isolation Based on Topological Clusters
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Photon Isolation
● Energy in the electromagnetic calorimeter in a cone of                         < 0.4

● Correction for out of core leakage applied
● Underlying event energy correction (pile-up dependent)
– Applied on event by event basis 

– With 1 primary vertex: 540 MeV / Unit Area

R=22

Cacciari et al  - JHEP 04 (2010) 065

 

Isolation cone

Fixed-size photon cluster 
and cone core

Topological Cluster

Topological Cluster



Consistent approach …
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