
Physics with photons in ATLAS
Heberth Torres (TU Dresden)


Physics & games: Das Weihnachtsevent für Fellows

December 18th, 2020

!1



!2

ATLAS

CMS

LHCb

ALICE

ATLAS and CMS detectors 
built with three main 
purposes:


• Observing or excluding 
the Higgs boson, 


• Searching for physics 
beyond the Standard 
Model, 


• Precision measurements 
of Standard Model 
physics processes

LHC



The ATLAS detector
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44 m long 
25 m of diameter
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Detector

components

Plus a trigger: 
Online event filter



!5

A
TL

A
S-

C
O

N
F-

20
20

-0
24

30
Ju

ly
20

20
ATLAS CONF Note
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28th July 2020

Measurement of the production cross section of
isolated photon pairs in pp collisions at 13 TeV with

the ATLAS detector

The ATLAS Collaboration

A measurement of prompt photon-pair production in proton-proton collisions at
p
B = 13 TeV

is presented. The data were recorded by the ATLAS detector at the LHC with an integrated
luminosity of 139 fb�1. Events with two photons in the well-instrumented region of the detector
are selected, and the photons are required to be isolated and have ⇢T,W1(2) > 40 (30)GeV for the
leading (sub-leading) photon. The di�erential cross section as functions of several observables
for the diphoton system are measured in the fiducial volume and compared to theoretical
predictions from state-of-the-art Monte Carlo and fixed-order calculations. The measured
integrated cross section is compatible with the predictions from next-to-next-to-leading order
and multileg-merged calculations. Predictions from lower-orders in perturbative QCD fail to
agree with data within their estimated theoretical uncertainties. Agreement between measured
di�erential cross sections and the most accurate predictions is generally good where expected,
showing a clear necessity to take higher-order perturbative QCD corrections into account.

© 2020 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-024/
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Status: May 2020

ATLAS Preliminary

Run 1,2
p
s = 5,7,8,13 TeV

Theory

LHC pp
p
s = 13 TeV

Data 3.2 � 139 fb�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb�1

LHC pp
p
s = 7 TeV

Data 4.5 � 4.9 fb�1

LHC pp
p
s = 5 TeV

Data 0.025 fb�1

Standard Model Production Cross Section Measurements

Cross section 𝜎 
a measure of the probability for 
a specific process to take place


Nevt = IntLumi × 𝜎



• Helps understanding QCD,                                                            
background process for H→𝛾𝛾 and BSM searches


• Differential cross-sections measurement at 13 TeV,                                             
as a function of several observables:

- Individual photon pT𝛾 

- m𝛾𝛾, pT𝛾𝛾, Δ𝜙𝛾𝛾

- aT𝛾𝛾, 𝜙*𝛾𝛾, cos 𝜃*𝛾𝛾

Physics goal: 𝛾𝛾 production measurement

!7



𝛾 reconstruction in the EM calorimeter
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Number of secondary particles 
proportional to the particle energy 2.5. Calorimeters46 2.5. LES CALORIMÈTRES

Figure 2.13 – En haut : géométrie en accordéon du calorimètre électromagnétique. L’amplitude
des plis dans le tonneau varie avec la profondeur de manière à obtenir des modules projectifs.
L’angle des plis évolue également pour maintenir constante la largeur des gaps d’argon liquide. En
bas : agencement des couches d’absorbeur, d’argon liquide et des électrodes dans le calorimètre
électromagnétique.

fonctionnement d’ATLAS. Son utilisation implique cependant une température de fonctionnement
de 88 K : le tonneau (avec le solénoïde) et les bouchons sont ainsi placés dans trois cryostats, qui
s’ajoutent au bilan de matière en amont du calorimètre.

La figure 2.13 montre également que les couches du calorimètre s’agencent selon une géométrie
particulière en accordéon. Celle-ci a comme avantages décisifs sur la traditionnelle géométrie à
plaques parallèles une couverture complète en ⌅ sans aucun recouvrement ni espace mort, et une
extraction rapide des signaux (qui s’e�ectue par l’avant pour le premier compartiment, et par
l’arrière pour les deux autres). Dans le tonneau les vagues de l’accordéon sont suivant R, avec des
arêtes parallèles à l’axe du faisceau. Dans les bouchons les vagues sont suivant z, avec des arêtes
radiales.

Segmentation du calorimètre

Un des intérêts de la technologie à argon liquide avec électrodes de cuivre est la possibilité de
segmenter aisément le calorimètre par le dessin des électrodes et leur regroupement en cellules.
Ainsi trois compartiments longitudinaux sont présents pour |⇥| < 2,5, puis deux au-delà :
Le compartiment avant a pour fonction de reconstruire précisément le début des gerbes élec-

tromagnétiques, afin d’optimiser la réjection ⇤0/�. Il est pour cela segmenté très finement en
⇥ (généralement �⇥ ⇥ 0,0031). Il compte pour environ 4,3 X0 de matière.

Le second compartiment est conçu pour contenir l’essentiel des gerbes électromagnétiques,
avec environ 17 X0 de matière. Il a une granularité de �⇥ � �⌅ = 0,025 � 0,025.

Le compartiment arrière, très court (2 X0 de matière à ⇥ = 0), est utilisé pour la mesure de la
fin des gerbes électromagnétiques les plus énergétiques. Sa granularité en ⇥ est plus grossière
(0,05).

Le choix des segmentations dépend ainsi d’un compromis entre la précision de la reconstruction
des gerbes et le rôle dévolu à chaque couche d’une part, et le nombre de canaux de lecture d’autre
part, puisque la complexité de l’ensemble, les e�ets du bruit et de la diaphonie augmentent avec ce
nombre de voies de lecture. Le détail de la segmentation du calorimètre est donné dans la table 2.3.

Figure 2.14: Sketch of a transverse section of the barrel electromagnetic calorimeter. It shows the accordion-shape
lead liquid-argon layers.

particles, mainly electrons and positrons, ionize the liquid argon. Then, the electrons1018

produced in the ionization are collected in copper electrodes kept at a high voltage1019

potential in the middle of the liquid argon gap, generating a current that is measured.1020

The number of particles ionizing the argon is proportional to the energy of the1021

incident particle, and so is the measured charge and maximum current.1022

This kind of calorimeter is called sampling calorimeter; the lead in this case is1023

said to be the absorber material, while the LAr is the active material.1024

In this calorimeter, the structure of absorbers and electrodes has an accordion1025

geometry, as shown in Figures 2.14 and 2.15. This is a characteristic feature of1026

this calorimeter. This accordion geometry provides a full coverage in ⇥ without any1027

cracks.1028

Calorimeter geometry1029

The EM calorimeter consists of a barrel that covers the region |�| < 1.475, and two1030

end-cap components covering the regions 1.375 < |�| < 3.2. The barrel surrounds1031

the superconducting solenoid; it is 6.4 m long, and its inner and outer radii are 1.4 m1032

and 2 m respectively. Each end-cap wheel is 63 cm thick, and have inner and outer1033

radii of 33.0 cm and 2.1 m respectively.1034

This calorimeter has a fine granularity in � and ⇥ in the region |�| < 2.5, and1035

a coarser granularity in the rest of the end-caps. The calorimeter is also divided in1036

the longitudinal direction; there are three layers in the region |�| < 2.5, and two1037

layers in the rest. In addition, there is a thin LAr layer with electrodes before the1038

35

A lead - liquid argon accordion



𝛾 identification
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Photon Identification

Photon Identification with Shower Shapes

!0 candidate passing “loose”, failing “tight” selection
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Photon Identification with Shower Shapes

10

Photon candidate passing “tight” selection

S3

S2

S1

PS

γ !0
 Photon ID:
• based on longitudinal and lateral 
shower shape
• Cuts on 9 discriminant variables
• The fine granularity in S1 allow high 
rejection of photon pairs from π0

Photon Isolation – calo based 

10/1/10 Sandro De Cecco - LPNHE Uni. Paris 7 30 

Cone Ring: Isolation = E(R < 0.4; EM and HAD) 

– E(5!7 cells in EM) – E(leak) – E(UE correction) 

E(leak) : photon energy leakage outside 5!7 cells 

in EM, pT dependent, estimated from MC 

E(UE correction) : activity due to underlying event, 

estimated from data of low energy jets 

Loose !"

This definition corresponds 

to total energy from hadronic 

activity nearby the !  

!!close to partonic isolation 

+ track based isolation complementary 

information under study as well 

Calorimetric isolation:
• Sum of E⊥ of calo cells in a cone ΔR<0.4, 
excluding the cluster cells.
• Out-of-core energy leakage corrections.
• Ambient energy correction event per event (to 
reduce the effects of underlying event and pile-up).

Giovanni Marchiori Measurements of isolated prompt photons at ATLAS
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Photon calorimeter isolation

• ET
iso= !(calo cells) in cone                                , not in core cluster (5x7 cells)

• Subtract out-of-core leakage

• Subtract soft-jet activity from pileup and underlying event (after Cacciari, 
Salam and Sapeta, JHEP 04 (2010) 065)

• for events with 1 primary vertex: PYTHIA: 440 MeV, HERWIG: 550 MeV, DATA: 540 MeV

• correction increases linearly with # of primary vertices
8

Calorimeter Isolation
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(Uncalibrated) sum of cells outside of 5�7 central core:
In this case: �R =

�
�⇥2 + ��2 < .4

Need to correct for out-of-core leakage
Also need to account for non-perturbative effects....

M. Hance 14 / 44 Les Houches Winter Workshop- 16 February 2011

�R=
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experimental cut (3 GeV)

Cut: ETisol < 5 GeV

6

Photon ID based on longitudinal      
and lateral shower shape


Using 9 discriminant variables 
 
This identification is optimized 
using simulated events. 
The efficiency is also studies with 
simulation and corrected based 
real data information
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Figure 1: Sketch illustrating the isolation computation. The grid represents the electromagnetic calorime-

ter middle-cell granularity. The egamma candidate energy is mostly contained in the central white

∆η × ∆φ = 5 × 7 rectangle. A yellow cone of size ∆R = 0.4 is drawn around the candidate. In

the EtconeXX variables (no noise suppression), all cells within this cone are used, whereas in the

topoPosEMEtconeXX variables (with a topological noise suppression), cells belonging to 420 topo-

logical clusters (orange) are used.

Process RunNumber tags comments

Single electron 7 < ET < 80 GeV 107030 r2973 no pile-up

Single electron 80 < ET < 500 GeV 107033 r2955 ”

Single photon 7 < ET < 80 GeV 107020 r2973 ”

Single photon 80 < ET < 500 GeV 107023 r2955 ”

Z→ e+e− Pythia 106046 e815, s1272

Z→ e+e− Powheg+Pythia 108303 e825, s1272

Z→ e+e− Sherpa 114609 e931

Photon + jets Pythia (DP17) 115802 e825, s1299, r3068 µ̄ = 20

Photon + jets Pythia 115802 ” , ” , r3069 µ̄ = 30

Photon + jets Pythia 115802 ” , ” , r3070 µ̄ = 40

Photon + jets Pythia (DP35) 115803 ” , ” , r3068 µ̄ = 20

Photon + jets Pythia 115803 ” , ” , r3069 µ̄ = 30

Photon + jets Pythia 115803 ” , ” , r3070 µ̄ = 40

Photon + jets Pythia (DP70) 115804 ” , ” , r3068 µ̄ = 20

Photon + jets Pythia 115804 ” , ” , r3069 µ̄ = 30

Photon + jets Pythia 115804 ” , ” , r3070 µ̄ = 40

Photon + jets Alpgen (1 parton) 116390 e825 2 jets (ET > 20 GeV)

Photon + jets Alpgen (2 partons) 116391 ” ”

Photon + jets Alpgen (3 partons) 116392 ” ”

Photon + jets Alpgen (4 partons) 116393 ” ”

Photon + jets Alpgen (5 partons) 116394 ” ”

Di-photon Sherpa (2DP20) 126389 e1028, r3108 2 γ, pT > 20 GeV/c

gg→H→ γγ, Pohweg+Pythia 116870 e873

Table 1: List of the various Monte Carlo samples considered in this note. The simulation and reconstruc-

tion tags are s1310 and r3043, unless otherwise specified. For the last sample mH = 125 GeV/c2.

2

Fake photons from jets have hadronic activity 
around them


Calorimetric isolation:


• Sum of ET of calorimetric clusters in a cone 
ΔR<0.4, excluding the photon cells.

•Out-of-core energy leakage 
corrections.


• Ambient energy correction event per 
event (to reduce the effects of 
underlying event and pile-up).



Data sample and selection
• Full Run 2 data, 13 TeV 139 fb-1, collected by triggers:


- HLT_g35_loose_g25_loose for 2015+16

- HLT_g35_medium_g25_medium_L12EM20VH for 2017+18


• Selection (signal region)


• 5M data events at signal region

!11

ATLAS DRAFT

and from the underlying event (UE) are corrected for on an event-by-event based estimation using the158

ambient transverse energy density defined in the “jet-area” method [43]. This density is determined as the159

median energy density of jets in the two regions of |⌘ | < 1.5 and 1.5 < |⌘ | < 3 using the k
t

-algorithm [44]160

with radius R = 0.5. The resulting isolation variable E iso,0.2
T can be negative and photons with negative161

isolation values are kept. The background contribution decreases with the ET of the photon, therefore, an ET162

dependent isolation requirement is better suited than a constant one. The requirement E iso,0.2
T,�1(2)

< 0.05 ·ET,�1(2)163

is used in the signal region. It is relaxed to 0.05 · ET,�1(2) < E iso,0.2
T,�1(2)

< 0.15 · ET,�1(2) for photon candidates in164

the isolation control regions.165

4.2 Event selection166

The event selection is based on the properties of the leading (�1) and subleading (�2) photon candidates in167

each event. Requirements are applied on the transverse energy, the pseudorapidity, the isolation and the168

identification of the two photons as well as on their angular separation. The signal region is defined by169

the criteria summarised in Table 1. With these signal requirements approximately 4 709 000 events are170

selected in the data.171

Table 1: Overview of the signal selection at the particle level and at the detector level.
selection particle level detector level

ET ET,�1 > 40 GeV, ET,�2 > 30 GeV
�R �R�� > 0.4
⌘ |⌘�1(2) | < 1.37 or 1.52 < |⌘�1(2) | < 2.37

isolation E iso,0.2
T,�1(2)

< 0.09 · ET,�1(2) E iso,0.2
T,�1(2)

< 0.05 · ET,�1(2)
identification - both tight

Table 2: Overview of the signal selection at the particle level and at the detector level.
ET ET,�1 > 40 GeV, ET,�2 > 30 GeV
⌘ |⌘�1(2) | < 1.37 or 1.52 < |⌘�1(2) | < 2.37

identification both tight
isolation E iso,0.2

T,�1(2)
< 0.05 · ET,�1(2)

�R �R�� > 0.4

Table 3: Overview of the signal selection at the particle level and at the detector level.
selection particle level detector level

ET ET,�1 > 40 GeV, ET,�2 > 30 GeV
�R �R�� > 0.4
⌘ |⌘�1(2) | < 1.37 or 1.52 < |⌘�1(2) | < 2.37

isolation E iso,0.2
T,�1(2)

< 0.09 · ET,�1(2) E iso,0.2
T,�1(2)

< 0.05 · ET,�1(2)
identification - both tight

20th July 2020 – 23:55 6



Sample composition
• 60% → 𝛾𝛾 signal


• 36% → 𝛾-jet or jet-jet events with jets mis-identified as photons

Data-driven estimation


• 2.6% → Drell-Yan Z→ee events with electrons mis-identified as photons

Estimation based on simulation samples


• 0.6% → Pileup: Two gamma-jet events overlapping 

Data-driven estimation
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Jet background 

estimation
ABCD method, one photon example


• Signal events mostly present in bin A, 
and boxes B, C & D dominated by 
background events


• Relies on isolation-ID non-correlation  
for the background fake-𝛾  
i.e. assuming  
 
 
→ main source of uncertainty on final result
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based on EM shower shape,  
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Isolation: 
based on the ET sum of clusters 
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(Radius=0.2)

ATLAS DRAFT
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Figure 6: Photon isolation distribution for prompt photons, extracted from the Sherpa diphoton sample, and
mis-identified jets, extracted from data events in the non-Tight control region. These distributions correspond to
sub-leading photon candidates. The signal leakage of prompt photons into the background distribution has been
subtracted using Monte Carlo.

• C contains isolated photon candidates that fail the Tight criteria;405

• D contains those that fail both, the isolation and Tight criteria.406

Specifically, the isolation requirement in this analysis is E topocone20
T /E�

T < 0.05, where E topocone20
T is the407

calorimetric transverse energy isolation with cone size 0.2. Details about the definitions of the calorimetric408

isolation and the choice of the isolation cut are given in Section 3.3 and Appendix A, respectively.409

The target is to extract the number of signal photons in the signal region A, n�, A, based on the total number410

of photon candidates observed in the data sample for each region, nA, nB, nC and nD.411

Complete independence between the photon identification and isolation would imply that the number of412

photon candidates in the four regions satisfy the following condition for jet-background events:413

no, A

no, B
=

no, C

no, D
, (6)

where o refers to jet-background photon candidates. Thus, one would be able to compute the amount of414

background in the signal region as:415

nj, A = nj, B
nj, C

nj, D
. (7)

This condition is almost fully satisfied. The identification is based on the shape of the photon electromagnetic416

shower, i.e. the distribution of energy among the cells of the calorimeter within the photon cluster, while417

the isolation variable is the amount of transverse energy deposited in cell-clusters within a large cone418

around the photon, excluding the photon cluster itself, as shown in Fig. 4. Furthermore, in order to keep419

possible correlations low, only the identification variables based on the finely granulated first layer of EM420

calorimeter are used for defining the control regions. This is done by requiring the photon candidates in421

the non-Tight control regions to satisfy one of the Loose’ criteria (defined in details in Section 3.3). The422

small correlation between the variables based on the first EM layer and the isolation is lower than for the423

other identification variables based on the second EM layer or the hadronic calorimeter. Specifically in424

this analysis, the Loose02 criteria is used. Also, photon candidates in the non-isolated control regions are425

20th July 2020 – 19:26 18
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Sample composition result
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Unfolding

(Detector effect corrections)

• Detector level  
(experimental event counts)


• “Truth” or particle level  
(theory predictions)


Reconstruction and identification efficiency are 
taken into account in this step
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Uncertainties
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Source Relative uncertainty [%]

Background estimation 4.3

Riso�id

j 4.2
�� pile-up background 0.6

Riso

�j 0.5
Electron background 0.2

Photon isolation 4.0
Pile-up reweighting 3.5
Photon isolation 1.9

Photon identification 3.0
Other 4.1

Data-period stability 3.6
Luminosity 1.7
Trigger e�ciency 0.7
MC Sherpa/Pythia 0.6
Signal modelling of E

T,�1
0.2

MC statistical uncertainty 0.1
Unfolding method <0.1

Photon energy 0.5

Total systematic uncertainty 7.8
Data statistical uncertainty 0.3



Diphoton cross-section measurement

Results
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Integrated fiducial cross section [pb]
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NNLOJET NNLO
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ATLAS
-1 = 13 TeV, 139 fbs

Preliminary data
syst
stat

Integ. fid. cross section [pb] ��� ± syst ±stat

Sherpa MEPS@NLO 33.2 +7.7
�5.6 <0.1

Nnlojet NNLO 29.7 +2.4
�2.0 < 0.1

NLO 19.6 +1.6
�1.3 < 0.1

LO 5.0 +0.5
�0.5 < 0.1

Diphox NLO 20.8 +3.2
�2.9 < 0.1

Data 30.9 2.4 0.1



Result
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Summary
𝛾𝛾 production at 13 TeV characterized with high precision


• At high energy beyond previous result, 1 TeV invariant mass


• At very low invariant mass → challenging to model by theory predictions


• Fine binning exploiting detector resolution


• Compared with state of the art predictions
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Backup
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Theory predictions

!22

fixed order accuracy fragmentation QCD
res.

NP
e↵.�� +1j +2j +3j + � 4j gg ! �� �j jj

Diphox NLO LO - - - LO NLO � �
Nnlojet NNLO NLO LO - - LO � � � �
Sherpa NLO LO PS LO ME+PS PS X


