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Overview
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❖ Main goal of my PhD thesis: measurement of diphoton 
differential cross sections with the CMS detector 
✦ challenging from the experimental point of view

✦ stringent test of QCD higher-order calculations

✦ tight connection between analysis performance 

and understanding of detector and reconstruction algorithm details


!

❖ Several other activities in the context of the 
electromagnetic calorimeter (ECAL) group:

✦ pileup effect studies on ECAL reconstruction

✦ improved energy corrections scheme providing better resolution

✦ sampling calorimeter prototype construction 

and first test-beam measurements
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NNLO prediction: azimuthal angle between the two 
photons 

 Prediction uses Frixione isolation -> no fragmentation 
contribution. 

 Measurement: cone isolation.

D. de Florian, L. Cieri et al D. de Florian, L. Cieri et al 

arXiv:1110.2375 arXiv:1110.2375 

(JHEP 01 (2012) 133) (JHEP 01 (2012) 133) 

LHC-Higgs XS WG  YR2 LHC-Higgs XS WG  YR2 arXiv 1201.3084v1arXiv 1201.3084v1
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FIG. 2. Azimuthal angle ∆Φ(j1, j2) distribution between the
two hardest jets.

FIG. 3. R-separation R(j1, γ1) between the hardest jet and
the hardest photon.

it is crucial that NLO corrections are taken into account
for a precise estimation of the background.
The R-separation between the hardest jet and the

hardest photon as shown in Figure 3 exhibits large dif-
ferences in the shape at NLO for small values of the
R-separation. This can be explained by the underlying
kinematics. At LO, the pair of hard photon and hard jet
being close in R-space would have to be counterbalanced
with the soft photon and the soft jet. This is kinemat-
ically impossible at LO but appears at NLO due to the
additional radiation.
Figure 4 shows the invariant mass of the diphoton sys-

tem. Here as well, inclusion of the NLO corrections re-
sults in a kinematics-dependent, non-constant correction
factor. In particular, NLO corrections lead to an en-
hancement in the low mγγ regime. This behavior can be

FIG. 4. Invariant mass mγγ of the two photons.

explained by the larger final-state phase space available
at NLO. The increase of the perturbative uncertainty in
the high-mass tail can be understood to be due to the
growing relative importance of three-jet final states in
this region, thereby resulting in a leading order scale de-
pendence.

The substantial corrections to the shapes that we ob-
served in several different kinematic distributions are
well beyond the estimated uncertainties obtained at lead-
ing order. They highlight the importance of genuine
NLO QCD effects in photon-pair-plus-two-jet produc-
tion. To obtain background estimates in Higgs boson
studies from the candidate-plus-two-jet events sample,
multi-differential distributions are required. Those can
often not be extracted reliably from sideband data due
to lack of statistics, and our calculation provides for the
first time a sound theoretical prediction for the QCD in-
duced background in the highly important two-photon
channel. With the cuts as defined above, we observe
that the total cross section can be predicted at NLO to
an accuracy of about 10%. At present, our calculation is
restricted to the smooth cone isolation, which eliminates
photon-fragmentation contributions and therefore differs
from the fixed-cone isolation prescription typically used
in experimental studies. A more detailed phenomenolog-
ical study of higher-order QCD effects in diphoton-plus-
two-jet production and of the impact of photon isolation
issues will be presented in a subsequent paper.

We thank the other members of the GoSam collab-
oration for useful discussions. N.G. and G.H. want to
thank Thomas Hahn for technical support of the com-
puting resources, Gionata Luisoni for his help with Rivet
and Sherpa, and the University of Zurich for kind hospi-
tality while parts of this project were carried out. This
work was supported in part by the Schweizer National-

Diphoton production
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❖ Diphoton production probes 
perturbative QCD @ NNLO 
 

∙ theoretical calculation arXiv:1110.2375      
(Catani, Cieri, De Florian, Ferrera, Grazzini)
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BORN ONE FRAG TWO FRAGBOX

DIRECT FRAGMENTATION

Generator ME/PS Resumation Born 1-frag 2-frag Box

2�NNLO ME - NNLO - - LO
DIPHOX ME - NLO NLO NLO (LO)

+ GAMMA2MC ME - - - - NLO
RESBOS ME NNLL NLO LO - NLO
Sherpa ME+PS LL LO + up to 3 jets - - LO

Figure 1: Générateurs pour les processus ��+X.
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Comparison with theory predictions

➢ Properties of the theory calculations:

➢ Diphoton production diagrams:

At LO (photons back to back), 
this region is not populated: 

we can probe NNLO with excellent sensitivity

∙ Developments on γγ + 2 jets at NLO 
     arXiv:1308.3660 (Gehrmann, Greiner, Heinrich)
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Egamma ID Meeting 
22nd March 2012 

David Futyan 
Imperial College 

Probably the single most significant proposed change to photon ID 
 
 
 
 

 
Avoids double counting of information in each subdetector 
Signal photon footprint removal intrinsic to PF 
� But veto cones still needed in cases where the signal photon is not 

identified by the PF reconstruction 
Need to converge on implementation and veto definition: 

Recipe for using PF isolation (for electron case) presented by Florian: 
� https://indico.cern.ch/conferenceDisplay.py?confId=183356 
� Equivalent recipe for photons is being prepared (Vasu) 

Need to compare with implementation in globe from UCSD group 
 

 

Particle Flow Isolation 

��

Photon reconstruction

4

Chapter 4

Electromagnetic Calorimeter

4.1 Description of the ECAL
In this section, the layout, the crystals and the photodetectors of the Electromagnetic Calor-
imeter (ECAL) are described. The section ends with a description of the preshower detector
which sits in front of the endcap crystals. Two important changes have occurred to the ge-
ometry and configuration since the ECAL TDR [5]. In the endcap the basic mechanical unit,
the “supercrystal,” which was originally envisaged to hold 6×6 crystals, is now a 5×5 unit.
The lateral dimensions of the endcap crystals have been increased such that the supercrystal
remains little changed in size. This choice took advantage of the crystal producer’s abil-
ity to produce larger crystals, to reduce the channel count. Secondly, the option of a barrel
preshower detector, envisaged for high-luminosity running only, has been dropped. This
simplification allows more space to the tracker, but requires that the longitudinal vertices of
H → γγ events be found with the reconstructed charged particle tracks in the event.

4.1.1 The ECAL layout and geometry

The nominal geometry of the ECAL (the engineering specification) is simulated in detail in
the GEANT4/OSCAR model. There are 36 identical supermodules, 18 in each half barrel, each
covering 20◦ in φ. The barrel is closed at each end by an endcap. In front of most of the
fiducial region of each endcap is a preshower device. Figure 4.1 shows a transverse section
through ECAL.

y

z

Preshower (ES)

Barrel ECAL (EB)

Endcap

= 1.653

= 1.479

= 2.6
= 3.0

ECAL (EE)

Figure 4.1: Transverse section through the ECAL, showing geometrical configuration.

146
❖ Calorimeter cells clustered 

to reconstruct energy deposit

❖ Particle-Flow reconstruction 

algorithm combines information 
from all sub-detectors

❖ PbWO4 crystal 
electromagnetic calorimeter 

❖ Excellent energy resolution 
and granularity
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Shower width

γ
π0

Selection 
region

Background subtraction
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❖ Key concepts:

✦ shape of em shower 
✦ isolation energy 

❖ Variables de-correlated 
  ➠ sideband method 

❖ Background fraction from a template fit (GeV)1Iso
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❖ Background from boosted neutral 
mesons collimated diphoton decays, 
reconstructed as single photons

H → γγ sensitivity studies using RooStats
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Photon selection
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Photon identification :
- Electron rejection : the supercluster should not be matched to 

a hit in the pixel detector (not applied for conversion method)
- Selection on the transverse shape of the energy deposit in 

ECAL, required to be compatible with a single photon shower
- Isolation : in a cone ΔR<0.4 around the photon, use ∑ET of 

energy deposits in ECAL, HCAL and ∑pT of the charged 
particles measured in the tracker

Converted photons :
- Start from energy deposits in ECAL
- Track finding proceeds inward and outwards, taking 
into account electron energy loss by bremsstrahlung

- Select the e+/e- pair with the best vertex fit χ2

Reconstructing conversions
Here we use the ECAL-seeded conversion 
reconstruction.

• ECAL information can be used to seed a 
track-finding designed specifically to 
reconstruct conversion tracks.

• In the first step, we look for hits in the 
outer tracker layers which are consistent 
with an ECAL supercluster.  Tracks are built 
by looking inward and collecting hits.

• In the second step, we assume the 
innermost hit of the first track is the 
conversion vertex, and look outwards for 
hits from the second track.

• Track pairs are fitted to a common vertex 
imposing the constraint that they are 
parallel at the vertex, and the tracks are 
refit with the vertex constraint.

4

Monday, May 23, 2011

- Huge background of boosted neutral mesons decaying to two photons, reconstructed 
as a single one

- After identification, need to statistically subtract the background component
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Photon identification :
- Electron rejection : the supercluster should not be matched to 

a hit in the pixel detector (not applied for conversion method)
- Selection on the transverse shape of the energy deposit in 

ECAL, required to be compatible with a single photon shower
- Isolation : in a cone ΔR<0.4 around the photon, use ∑ET of 

energy deposits in ECAL, HCAL and ∑pT of the charged 
particles measured in the tracker

Converted photons :
- Start from energy deposits in ECAL
- Track finding proceeds inward and outwards, taking 
into account electron energy loss by bremsstrahlung

- Select the e+/e- pair with the best vertex fit χ2

Reconstructing conversions
Here we use the ECAL-seeded conversion 
reconstruction.

• ECAL information can be used to seed a 
track-finding designed specifically to 
reconstruct conversion tracks.

• In the first step, we look for hits in the 
outer tracker layers which are consistent 
with an ECAL supercluster.  Tracks are built 
by looking inward and collecting hits.

• In the second step, we assume the 
innermost hit of the first track is the 
conversion vertex, and look outwards for 
hits from the second track.

• Track pairs are fitted to a common vertex 
imposing the constraint that they are 
parallel at the vertex, and the tracks are 
refit with the vertex constraint.

4

Monday, May 23, 2011

- Huge background of boosted neutral mesons decaying to two photons, reconstructed 
as a single one

- After identification, need to statistically subtract the background component
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Analysis strategy
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➢ Goal: extract the fraction 
of prompt diphoton events

d�
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❖ Asymmetric selection on photon pT 
(40/25 GeV) enhancing contribution 
from higher-order corrections


❖ Fully data-driven templates 
for prompt photons and background


❖ Fit the PF isolation distribution in data, 
extracting purity of prompt diphotons


❖ Unfold to generator-level quantities, 
correct for selection efficiency


❖ Compare the results to theory

➢ Discriminating variable:  
photon component of 

particle-flow (PF) isolation 
(reconstructed energy 
deposits in the ECAL)
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Particle-Flow photon isolation
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❖ Particle-Flow (PF) event reconstruction 
✦ combines information from all subdetectors

✦ exploits full detector granularity

✦ unambiguous event interpretation 

in terms of particle candidates

Prompt photon 
⇣ 

only pileup, UE in 
the isolation cone

Photon footprint 
excluded from 
isolation sum

❖ Novel algorithm developed to use 
PF isolation in photon measurements 

❖ Paves the way for using PF in all CMS 
precision measurements with photons

❖ Has become the reference variable for photon purity estimation in CMS 
❖ Improvements propagated to global reconstruction code, 

being commissioned for LHC Run 2 data taking
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Signal template: random cone
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❖ Procedure (event-by-event):

✦ rotate the isolation cone 

in 𝜑 by a random angle

✦ check that no other 

photon or jet is nearby

✦ underlying activity does 

not change (same η)

✦ build the template from 

this isolation sum away 
from the photon candidate➢ Prompt photon template 

built in data with random cone: 
gauge pileup in an “empty” region 

of the detector

Prompt 
photon

Photon footprint 
excluded from 
isolation sum
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Signal template: random cone
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❖ Excellent performance thanks to the new technique 
❖ Removing photon footprint from the isolation cone very effectively

Prompt 
photon

Photon footprint 
excluded from 
isolation sum
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Photon selection
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Photon identification :
- Electron rejection : the supercluster should not be matched to 

a hit in the pixel detector (not applied for conversion method)
- Selection on the transverse shape of the energy deposit in 

ECAL, required to be compatible with a single photon shower
- Isolation : in a cone ΔR<0.4 around the photon, use ∑ET of 

energy deposits in ECAL, HCAL and ∑pT of the charged 
particles measured in the tracker

Converted photons :
- Start from energy deposits in ECAL
- Track finding proceeds inward and outwards, taking 
into account electron energy loss by bremsstrahlung

- Select the e+/e- pair with the best vertex fit χ2

Reconstructing conversions
Here we use the ECAL-seeded conversion 
reconstruction.

• ECAL information can be used to seed a 
track-finding designed specifically to 
reconstruct conversion tracks.

• In the first step, we look for hits in the 
outer tracker layers which are consistent 
with an ECAL supercluster.  Tracks are built 
by looking inward and collecting hits.

• In the second step, we assume the 
innermost hit of the first track is the 
conversion vertex, and look outwards for 
hits from the second track.

• Track pairs are fitted to a common vertex 
imposing the constraint that they are 
parallel at the vertex, and the tracks are 
refit with the vertex constraint.

4

Monday, May 23, 2011

- Huge background of boosted neutral mesons decaying to two photons, reconstructed 
as a single one

- After identification, need to statistically subtract the background component

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich
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Photon identification :
- Electron rejection : the supercluster should not be matched to 

a hit in the pixel detector (not applied for conversion method)
- Selection on the transverse shape of the energy deposit in 

ECAL, required to be compatible with a single photon shower
- Isolation : in a cone ΔR<0.4 around the photon, use ∑ET of 

energy deposits in ECAL, HCAL and ∑pT of the charged 
particles measured in the tracker

Converted photons :
- Start from energy deposits in ECAL
- Track finding proceeds inward and outwards, taking 
into account electron energy loss by bremsstrahlung

- Select the e+/e- pair with the best vertex fit χ2

Reconstructing conversions
Here we use the ECAL-seeded conversion 
reconstruction.

• ECAL information can be used to seed a 
track-finding designed specifically to 
reconstruct conversion tracks.

• In the first step, we look for hits in the 
outer tracker layers which are consistent 
with an ECAL supercluster.  Tracks are built 
by looking inward and collecting hits.

• In the second step, we assume the 
innermost hit of the first track is the 
conversion vertex, and look outwards for 
hits from the second track.

• Track pairs are fitted to a common vertex 
imposing the constraint that they are 
parallel at the vertex, and the tracks are 
refit with the vertex constraint.
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- Huge background of boosted neutral mesons decaying to two photons, reconstructed 
as a single one

- After identification, need to statistically subtract the background component

Background template: sideband
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❖ Fake photon template built in data 
with sideband technique: 
exploit small correlation between 
shower width and isolation sum

Shower width

γ

π0

Selection 
region

➢ Very good performance after 
effective photon footprint removal
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Event mixing at particle level
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Sideband photons

Isolation cones used to 
build the non-prompt template

❖ Low statistics for building two-dimensional background template: 
would need two sideband photons in the same event


❖ Product of one-dimensional templates would not describe 
the correlation between isolation sums 

❖ Solution is to use an event mixing strategy

PFCandidates 
(reconstructed 

particle candidates 
in the PF algorithm)
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Event mixing at particle level
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𝝆1 𝝆2

PFCandidates
Sideband photons

Isolation cones used to 
build the non-prompt template

❖ Template events chosen with 𝜌1 + 𝜌2 = 𝜌 measured in the event to be fitted

❖ Fully exploiting the rationale of the Particle-Flow reconstruction approach

❖ A leap forward in the use of Particle-Flow: 

Mixing had never been used before in this way for SM precision measurements

❖ Dramatic increase in template statistics 

in the most interesting region of the phase space
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Purity extraction
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❖ Prompt diphoton fraction extracted 
through two-dimensional template fit, 
measuring γγ, γ+jet, di-jet components 

❖ Differential measurement as a function 
of mγγ, pTγγ, cos θ*, Δ𝜑γγ 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Efficiency correction
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❖ The raw diphoton sad


M.Peruzzi (ETHZ) Diphoton differential cross sections at 7 TeV (SMP-13-001)  -   approval

Analysis strategy

4

Goal:
extract, on a statistical basis,

the number of events
with two prompt isolated photons

➢ Build data-driven templates
describing the shape of PF photon isolation

for prompt photons and fakes
(jets faking photons,

mostly isolated neutral mesons)

➢ Fit the isolation distribution in data,
extracting the purity of the prompt diphotons

➢ Unfold to gen-level quantities,
correct for selection efficiency

➢ Compare the results to theory

d�
dX =

NU
��

"·L·�X

PAS
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Efficiency correction

➢ The raw diphoton yield is corrected for efficiency:

1. Selection efficiency from diphoton MC

2. Data/MC scale factor from Z→ee

3. Data/MC scale factor from Z→μμγ, for pixel veto

Trigger efficiency w.r.t. selection is measured from Z→ee Tag & Probe:

·Electron/photon differences corrected (shower shapes)
·Exactly same technique used for H�γγ analysis

egg = etrigger ⇥ ereco&sel ⇥ CZ!e+e�
g1 ⇥ CZ!e+e�

g2 ⇥ CZ!µ+µ�g
g1 ⇥ CZ!µ+µ�g

g2

d�
dX =

NU
��

"·L·�X

Fit$to$probe$example$II$

8$

Example$of$fit$to$data.$
Signal:$Monte$Carlo$template$
convolved$with$a$Crystal$Ball$
func*on.$
Background:$error$func*on$*mes$
exponen*al.$
$
Top:$probe$electron$passing$(led)$
or$failing$(right)$the$medium$WP$
cutAbased$selec*on$criteria.$$
Bo_om:$Fit$to$all$probe$
candidates.$
$
Electrons$with$$
20$GeV/c$<$pT$<$30$GeV$
in$the$central$part$(|η|<0.8)$$
of$the$ECAL$barrel.$
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 0.2±alpha =  1.7 

 0.5±alphaFail =  70.0 
 5±alphaPass =  64 
 0.0010±betaFail =  0.0411 
 0.008±betaPass =  0.060 

 0.02±effBkg =  0.13 
 0.002±efficiency =  0.753 

 0.003±fSigAll =  0.909 
 0.03±mean = -0.471 

 0.4±n =  2.6 
 389±numTot =  151670 

 0.07±sigma =  0.55 

-1 L dt = 19.6 fb∫ = 8 TeV, sCMS Preliminary, 

❖ The measured diphoton yield is 
corrected for selection efficiency


❖ Efficiency measured in data from Z￫ee and  
Z￫μμγ events, with tag-and-probe methods:

Passing 
probes

Failing 
probes

All 
probes
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Theoretical predictions
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❖ Diphoton production diagrams:
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BORN ONE FRAG TWO FRAGBOX

DIRECT FRAGMENTATION

Generator ME/PS Resumation Born 1-frag 2-frag Box

2�NNLO ME - NNLO - - LO
DIPHOX ME - NLO NLO NLO (LO)

+ GAMMA2MC ME - - - - NLO
RESBOS ME NNLL NLO LO - NLO
Sherpa ME+PS LL LO + up to 3 jets - - LO

Figure 1: Générateurs pour les processus ��+X.

1

Comparison with theory predictions

➢ Properties of the theory calculations:

➢ Diphoton production diagrams:

❖ Properties of the theoretical calculations:

ADD
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Comparison with theory predictions

➢ Properties of the theory calculations:

➢ Diphoton production diagrams:
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NNLO-enhanced!
region

∙ NNLO prediction improves 
the data/theory agreement 

in the low mass region 
 

∙ SHERPA also shows

good agreement

➢ Very low systematic uncertainties ~ 10%, despite challenging conditions (pileup)

arXiv:1405.7225, 
submitted to EPJC
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NNLO-enhanced!
region

arXiv:1405.7225, 
submitted to EPJC
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NNLO-enhanced!
region

➢“Shoulder” around 
pT1+pT2 described by 
SHERPA and NNLO 

predictions 

arXiv:1405.7225, 
submitted to EPJC
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14 9 Summary

compared with

sNNLO(2gNNLO) = 16.2+1.5
�1.3 (scale) pb,

sNLO(DIPHOX + GAMMA2MC) = 12.8+1.6
�1.5 (scale)+0.6

�0.8 (pdf+aS) pb,

sNLO(RESBOS) = 14.9+2.2
�1.7 (scale) ± 0.6 (pdf+aS) pb,

sLO(SHERPA) = 15.2+3.2
�1.9 (scale) pb.

Figures 6, 7, 8 and 9 show the comparisons of the differential cross section between data and
the SHERPA, DIPHOX + GAMMA2MC, RESBOS, and 2gNNLO predictions for the four observables.

The NLO predictions of DIPHOX + GAMMA2MC are known to underestimate the data [11], be-
cause of the missing higher-order contributions. Apart from an overall normalization factor,
the phase space regions where the disagreement is the largest are at low mgg, low Dfgg. The
RESBOS generator shows a similar trend, with a cross section closer to the data than DIPHOX
+ GAMMA2MC; its prediction is improved at high Dfgg due to soft gluon resummation. With
higher-order diagrams included, 2gNNLO shows an improvement for the overall normaliza-
tion. It also shows a better shape description, especially at low Dfgg, but it still underestimates
the data in the same region. SHERPA generally reproduces rather well the shape of the data, to
a similar level as 2gNNLO. One can note that 2gNNLO and SHERPA predict the pgg

T shoulder
near Eg1

T + Eg2
T ⇠ 65 GeV observed in the data. This is expected since SHERPA includes up to

three extra jets at the matrix element level.

9 Summary

A measurement of differential cross sections for the production of a pair of isolated photons in
pp collisions at

p
s = 7 TeV has been presented. The data sample corresponds to an integrated

luminosity of 5.0 fb�1 recorded in 2011 with the CMS detector. To enhance the sensitivity to
higher-order diagrams, this measurement covers a phase space defined by an asymmetric ET
selection by requiring two isolated photons with ET above 40 and 25 GeV respectively, in the
pseudorapidity range |h| < 2.5, |h| /2 [1.44, 1.57] and with an angular separation DR > 0.45.

A data-driven method based on the photon component of the particle flow isolation has been
used to extract the prompt diphoton yield. The isolation is calculated so that the energy leakage
from the photon deposit inside the isolation cone is effectively subtracted.

The measured total cross section is

s = 17.2 ± 0.2 (stat.) ± 1.9 (syst.) ± 0.4 (lum.) pb

in agreement with the 2gNNLO prediction. The SHERPA and RESBOS predictions are compatible
with the measurement within the uncertainties, while DIPHOX + GAMMA2MC underestimates
the total cross section.

Differential cross sections for prompt diphoton production have been measured as a function
of the diphoton invariant mass mgg, the diphoton transverse momentum pgg

T , the azimuthal
angular separation Dfgg between the two photons, and the cosine of the polar angle q⇤ in the
Collins–Soper frame of the diphoton system. The 2gNNLO and SHERPA predictions show an
improved agreement with the data for the kinematic distributions with respect to the DIPHOX
+ GAMMA2MC and RESBOS predictions, especially in the low mgg, low Dfgg regions, which are
the most sensitive to higher-order corrections.

13

one or two partons into a photon at NLO. The direct box contribution, which is formally part
of the NNLO corrections since it is initiated by gluon fusion through a quark loop, is com-
puted at NLO with GAMMA2MC. The RESBOS NLO generator features resummation for Born
and box contributions, and effectively includes fragmentation of one quark/gluon to a single
photon at LO. The latter process is regulated to avoid divergences and does not include the
full fragmentation function. The RESBOS pgg

T spectrum benefits from a soft and collinear gluon
resummation at next-to-next-to-leading-log accuracy. 2gNNLO predicts the direct gg+X pro-
cesses at NNLO. The SHERPA sample is used after hadronization while DIPHOX + GAMMA2MC,
RESBOS, and 2gNNLO are parton-level generators only and cannot be interfaced with parton
shower generators.

The predictions have been computed for the phase space Eg1
T > 40 GeV, Eg2

T > 25 GeV, |hg| <
1.44 or 1.57 < |hg| < 2.5, DR(g1, g2) > 0.45. An isolation requirement is applied at the gener-
ator level. In SHERPA, the ET sum of stable particles in a cone of size DR = 0.4 has to be less
than 5 GeV (after hadronization). In DIPHOX, GAMMA2MC, and RESBOS the ET sum of partons
in a cone of size DR = 0.4 is required to be less than 5 GeV. In 2gNNLO, the smooth Frixione
isolation [35] is applied to the photons to suppress the fragmentation component:

EIso
T (DR) < e

✓
1 � cos(DR)
1 � cos(DR0)

◆n

, (4)

where EIso
T is the ET sum of partons in a cone of size DR, DR0 = 0.4, e = 5 GeV, and n = 0.05.

This criterion, tested with DIPHOX, is found to have a similar efficiency to the one used for
the other generators. A non-perturbative correction is applied to DIPHOX, GAMMA2MC, and
2gNNLO predictions to correct for the fact that those generators do not include parton shower
or underlying event contributions to the isolation cone. The fraction of diphoton events not
selected due to underlying hadronic activity falling inside the isolation cone is estimated using
the PYTHIA 6.4.22 [18] event generator with tunes Z2, D6T, P0, and DWT [20]. A factor of
0.95 ± 0.04 is applied to the parton-level cross section to correct for this effect.

Theoretical predictions are performed using the CT10 [36] NLO PDF set for SHERPA, DIPHOX +
GAMMA2MC, and RESBOS, and the MSTW2008 [37] NNLO PDF set for 2gNNLO. The DIPHOX
and GAMMA2MC theoretical uncertainties are computed in the following way: the factorization
and renormalization scales in GAMMA2MC are varied independently up and down by a factor
of two around mgg (configurations where one scale has a factor of four with respect to the other
one are forbidden). In DIPHOX, the factorization, renormalization and fragmentation scales are
varied in the same way. In RESBOS, the factorization and renormalization scales are varied
coherently by a factor of two. The maximum and minimum values in each bin are used to
define the uncertainty. In DIPHOX, GAMMA2MC, and RESBOS, the 52 CT10 eigenvector sets of
PDFs are used to build the PDF uncertainty envelope, also considering the uncertainty in the
strong coupling constant aS, determined according to the CT10 aS PDF set. In 2gNNLO, because
of CPU limitations, only the renormalization and factorization scales are varied coherently by
a factor of two up and down around mgg, and no PDF uncertainty is computed. The same
procedure is used in SHERPA, using the internal METS scale, where scales are defined as the
lowest invariant mass or negative virtuality in the core 2!2 configuration clustered using a
kT-type algorithm.

The total cross section measured in data for the phase space defined above is:

s = 17.2 ± 0.2 (stat.) ± 1.9 (syst.) ± 0.4 (lum.) pb,

❖ The measured integrated diphoton cross section is:

to be compared to:

❖ Best agreement with the NNLO calculation 
❖ ~10% final uncertainty is the result of a strong effort towards 

detailed detector understanding and algorithm optimization
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Amplitude reconstruction at high PU 

5/8/14 Alexey Drozdetskiy 

! Details: 
"  MinBias FullSim events 
"  Aging: 0 fb-1 

"  nPU=140 
"  PbWO4, “per crystal”  
"  BX: 25ns 
"  Readout: 40MHz 
"  “Signal”: 100 GeV 

! Shown: 
"  An example of a 250ns 

single crystal amplitude 
with in-time and out-of-
time PU contributions 

! For illustration:  
"  IT, OOT PU contribution, 

“signal” shape change, 
PU-subtraction options, 
etc. 

Work in progress
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Figure 1: Profile of the signal pulse from a crystal of the supermodule using an electron beam of 120 GeV. The
peaking time , the pedestal and the amplitude of the signal are shown.
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Out-of-time pileup in ECAL

❖ Energy deposition in ECAL crystals measured with a pulse shape fit 
❖ Dynamic pedestal subtraction used to subtract the noise 
❖ Level of pedestal influenced by previous energy depositions:


✦ pulse shape much longer than spacing between LHC bunches

✦ effect scales with pileup (detector occupancy increases)

Bias in reconstructed 
pulse amplitude

Pedestal level

Work in progress

Typical shape of signal seen by 
ECAL readout electronics
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ECAL simulation improvement

4.2 Effect of an extended out-of-time pileup window 9

4.2 Effect of an extended out-of-time pileup window

Figure 9 shows data/MC comparisons of SE

T

and the mean value of SE

T

versus the number
of reconstructed vertices using MC generated with an extended OOT PU window. In these
plots, the MC window for OOT PU is extended from (-50,+50 ns) to (-300,+50 ns). There is a
significant improvement in the level of agreement between data and MC when the extended
time window is used. The effect of pileup (both IT and OOT) on the ECAL reconstruction
is much greater in EE since the pileup density (average energy deposited per crystal by the
multiple minimum bias interactions in a typical event) is strongly eta-dependent [8].
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Figure 9: Data vs MC (default) vs MC [-300,+50] in the ECAL endcaps. Left: 1D SE

T

distribu-
tion, Right: profile distribution of SE

T

versus the number or reconstructed vertices per event.

Extending the OOT PU window in the Monte Carlo to (-300,+50 ns), larger than the time win-
dow used for the digitization of ECAL pulses simulates the effect of an infinite length bunch
train. The effect on SE

T

of finite length bunch trains can be seen in Figure 10. The plots in this
figure show, separately for EB and EE, the mean value of SE

T

versus the position of the col-
liding bunch pair within a bunch train. For the data, each bunch train consists of 36 colliding
bunches with 50 ns spacing. There is a minimum gap of 10 BX between bunch trains. Bunch
to bunch intensity variations are removed by dividing SE

T

by the number of reconstructed
vertices on an event-by-event basis. Events from all 38 bunch trains within each LHC orbit are
overlaid on the same plot.

For EE, one can see a clear dependence of the value of SE

T

on the bunch position within the
train. There is a positive bias at the front of the train, which reduces to an equilibrium value
after approximately 6 colliding bunches, and a negative bias at the end of the train, where only
out-of-time PU from earlier bunches in the train. These effects can be understood by referring
to the behaviour of the amplitude reconstruction algorithm as a function of the signal jitter as
shown in Figure 8. Note that the Monte Carlo, represented by the solid and dashed lines, does
not include these end-of-train effects.
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Figure 14: Plots of the ECAL isolation variable for data vs the default MC and a MC sample
with an extended OOT PU window (in this case extending from [-200,+50] ns) and with the
new noise model. The left-hand plot is for the ECAL barrel, and the right-hand plot is for the
ECAL endcaps.
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Figure 15: Plots of the R9 shower shape variable for data vs the default MC and a MC sample
with an extended OOT PU window (extending from [-300,+50] ns) and with the new noise
model. The left-hand plot is for the ECAL barrel, and the right-hand plot is for the ECAL
endcaps.

❖ The main reason was the OOT pileup 
❖ Simulation improved:


✦ benefit to all analyses using photons

✦ crucial to understand this effect in view of the next data taking (high pileup)

❖ Discrepancies between data and simulation observed in ECAL quantities:

Work in progress

Work in 
progress
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Photon energy corrections

Figure 1: Tracker material distribution in fraction of a radiation length vs. ⌘ [4].

The advantage of this formulation is to take explicitly into account the above mentioned correlation, at the price of
removing the ⌘ dependence of the residual correction (a feature that will be investigated further, later in the note).

The corrections are extracted from di-photon and di-electron particle gun samples generated in CMSSW 4 2 X,
where photons or electrons are generated with a flat distribution in ⌘, � and ET in the range 2 < ET < 250 GeV.

In the following sections, the energy corrections for photons and electrons will be presented. We will first extract
the supercluster energy corrections for low R9 photons and electrons, which will be validated with the particle gun
Monte Carlo. In order to reduce the tails in the energy measurement, crack-corrections are then included. This
leads to a correction scheme which will be tested and validated on H ! �� MC and Z ! e+e� MC and data.
We will then investigate the energy scale in the barrel fourth module with Z ! e+e� events. The uncertainties on
the energy measurement are then computed. Finally, some details on the implementation of the correction scheme
in CMSSW 5 X X will be given.

2 Energy corrections for photons

The energy assigned to a photon not interacting in the tracker volume is the energy of the 5 ⇥ 5 crystal matrix
centered around the seeding crystal; this was proved in test-beams to give the best estimate of the photon energy.
For photons converting into an e+e� pair, the assigned energy is the corrected cluster energy (using the scheme
described above) to take into account the energy not fully recovered by the clustering algorithm. To distinguish
between converted/unconverted photons the R9 variable is commonly used. The energy corrections will be applied
to photons only for R9 < 0.94 (0.95) in the barrel (endcap), where the photons are mostly converted. We restrict
therefore the extraction of the corrections to this range.4) Before the present study the energy of photons and
electrons were corrected using the same factors extracted from an electron gun Monte Carlo. This leads to an
overestimation of the photon energy (as we will see later). Here we extract the photon energy corrections from
photon gun Monte Carlo, with nominal detector geometry.

2.1 Extraction of the corrections from Photon Gun MC sample

The algorithm used to extract the f(��/�⌘, ⌘) correction bins the events in a two-dimensional matrix [��/�⌘, ⌘].
For each of the bins, a histogram of the variable Erec/Egen is constructed, where Erec is the reconstructed super-
cluster energy and Egen the generated energy. The reconstructed supercluster energy is taken to be the raw energy
(energy sum of all the RecHits in the supercluster) multiplied by the geometrical correction C(⌘) in the barrel,
while it is equal to the raw energy summed with the associated energy deposited in preshower for the endcap. The

4) We investigated the use of R9 as the variable to quantify the correction and found similar performance. We finally decided
to keep using ��/�⌘ .
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H → γγ sensitivity studies using RooStats
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Energy corrections
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Previous scheme to correct the supercluster energy:

Mauro Donegà - ETH

SuperCluster Corrections

3

The assumptions behind this formulation are:
-            is the single variable describing the shower development and it is well described in G4
- the second term is a minor extra correction

-                   and                    can be factorized

��/�⌘

(ET , �)��/�⌘

(not addressed in this talk)

The factorization seems sub-optimal:                    

describes the photon conversion originated in the 

material upstream the calorimeter which is     

dependent

��/�⌘

⌘

ET above ~20 GeV  is expected to be less correlated even in the 4T field

Thursday, August 4, 2011

The new factorization :

Mauro Donegà - ETH

Different approach
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❖ Photon energy corrections development:

✦ Photons can convert in the tracker material in front of ECAL

✦ Correlation between azimuthal energy spread and position in the detector


❖ New factorization of cluster energy corrections :

❖ Improvement in resolution, very robust method 

used as default both in trigger and offline reconstruction
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Figure 7: Erec/Egen most probable value as a function of E for different correction schemes, evaluated using a
photon MC sample

3 Energy corrections for electrons

The energy corrections are derived for electrons independently of the value of R9. For physics analysis, electrons
will be further classified as “golden”, “big brem”, “showering”, etc, making use also of tracking variables, and ad
hoc corrections, using the present scheme, will be re-derived.

The energy corrections derived in the present scheme will be used as default supercluster energy in CMSSW. They
will also be used at the HLT.

3.1 Extraction of the corrections from Electron Gun MC sample

The same approach used for photons has been applied to single electron gun Monte Carlo samples. The same
binning as in the photon case is used (see Appendix A). The only difference is that the R9 cut is removed. For
electrons, we are also interested in very low transverse energies, needed for the low mass H ! ZZ and H !WW
searches. A selection on the transverse energy ET > 5 GeV is required.

The dependence of the peak of the crystal ball fit on the brem variable before any correction is shown on Fig. 8. It
is very similar to the one observed on photons. The slopes of brem as a function of ⌘ are steeper for electrons than
for photons. This can be explained by their different interaction with matter making the electrons more sensitive to
the material. This translates into a more difficult task for the clustering algorithm to gather all the bremsstrahlung
clusters.

After correcting for f(��/�⌘, ⌘), the residual dependence of the energy scale as a function of ET in the barrel
and E in the endcap is shown on Fig. 9. This residual dependence is at the percent level for electrons (recall it
was at the per mil level for photons). This means that, even after correcting for the material with f(��/�⌘, ⌘),
a sizable amount of energy is still lost, suggesting that early bremsstrahlung are not fully recovered and that the
brem variable is probably not optimal to catch all the superclustering effects.

3.2 Validation on Electron Gun MC sample

In this section we apply the energy corrections described above, on the same electron gun MC sample. We examine
the Erec/Egen most probable value peak as a function of ET (Fig. 10), ⌘ (Fig. 11), ��/�⌘ (Fig. 12) and the E
(Fig. 13), and compare the following correction schemes:

• Before any correction is applied (i.e. raw energy times C(⌘) in the barrel, raw plus the preshower energy in
the endcap)

• The standard correction scheme f(Brem)⇥ F (ET , ⌘) previously implemented in CMSSW

• The new correction scheme f(Brem, ⌘)⇥ F (ET ) that will be used in the barrel
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Work in progress

Work in progress
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The concept: a simple geometry 

F. Nessi-Tedaldi, ETH CALOR 2014, Gießen, April 2nd, 2014 6 

!  Explore a concept that is mechanically simple, as it might 
help minimizing the costs and the construction complexity 

" Light extraction by WLS running along depolished chamfers 
 
 
 
 
 
 
 
 

passive absorber

heavy inorganic scintillator

wavelengthshifter

to photodetector

~ 25 X0

23

ECAL upgrade studies

❖ Joint ETHZ / INFN effort to build a 
sampling calorimeter prototype channel:

✦ CeF3 scintillating crystals, 

tungsten absorber plates

✦ wavelength-shifting fibers on channel 

corners to extract light to PMT readout

✦ BGO crystals for lateral 

shower energy containment

W-CeF3 sampling channel components 

F. Nessi-Tedaldi, ETH CALOR 2014, Gießen, April 2nd, 2014 22 

W-plates CeF3 samples 
produced by 
Tokuyama 

Dimensions: 
!  10 x (3 mm W + 1 cm CeF3) = 17 X0 as suitable for the 750 MeV e-  beam 

W-CeF3 channel  

Hamamatsu 
H6524 PMT 

NB: PMT and Kuraray 3HF single-clad 
fibers used for this test, not an option 
for HL-LHC calorimetry however 

!  Transverse size: 24 mm x 24 mm to 
optimize containment from 
surrounding, strongly tapered BGO 
crystals 

❖ Studies in the framework of the CMS ECAL Phase II upgrade project 
✦ radiation-induced damage of PbWO4 crystals, 

leading to loss of transparency and worsening performance

✦ need to upgrade the endcap region of ECAL 

for operation at HL-LHC
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Test-beam activity
❖ Involvement throughout design, 

construction and commissioning phases

❖ Very successful (and exciting) test-beam! 

Excellent experience gathered in Frascati

❖ First look at data looks really promising

Conclusion%

CERN,%April%30th,%2014% CMS%Calorimetry%Upgrade%Shashlik%mee.ng% 8%

!  All elements working 

!  Commissioning of setup well 
advanced 

!  Useful data being taken 

!  More news to come! 
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Conclusions and outlook

❖ Diphoton cross sections measurements probe QCD at NNLO 
❖ Data-driven techniques specially developed to make the analysis robust 

and reduce the systematic uncertainties 
❖ This work has paved the way for using PF isolation in 

precision SM measurements involving photons at CMS

❖ More to come: inclusion of jet information in the analysis, 

expected to be finalized in summer 

❖ Contributions in understanding ECAL reconstruction behaviour 
in high-pileup conditions


❖ Involvement in R&D studies for CMS ECAL upgrade, from design 
of a sampling calorimeter prototype channel to successful tests in an e- beam


