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Introduction to photon measurements

• Photons are colourless probes, well suited to test QCD at hadron collisions


• Clean signature


• Test resummation, pQCD and EW corrections, gluon PDF, …


• Fixed-order calculations available up to NNLO for γ+X and γγ


• Background to Higgs boson studies and searches for new phenomena


• New resonances (scalar, graviton, Z’), SUSY, …


• Measurements of isolated γ (13 TeV, 3.2 fb-1), γγ and γγγ (8 TeV, 20 fb-1)
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See also talk by Mark Stockton on 𝛾+jets
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Measurement strategy

• Main background from jets (with e.g. 𝜋0) rejected by ID cuts and isolation


• Finely segmented EM calorimeter  
(|η| < 2.37, excluding 1.37 < |η| < 1.56)


• Isolation corrected by photon, UE and  
pileup contributions


• Data-driven background subtraction using  
ID and isolation (also e → γ, usually small)


• Correction for detector effects, unfolding 
to particle-level (bin-by-bin)


• Systematic uncertainties dominant in most  
of the phase-space


• Efficiencies measured in data. e.g. photon ID:
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γ π0

category. The correlation between the isolation and identification variables is taken to be negligible (Rbg =
1.0) based on studies in simulated background samples and on data in a background-dominated region [3].
The signal leakage fractions and electron-background events are estimated using the MC samples described
in Section 3.1.

The method allows the extraction of the number of true three-photon signal events (N���), the number of
events where at least one, two and three candidates are true jets and the tight and isolation e�ciencies for
fake photon candidates from jets (“fake rates”). The number of events in each category is expressed as a
function of the following parameters: signal, electron- and jet-background yields, signal leakage fractions,
fake rates, and R

bg. Then, the system of 64 independent equations is grouped into 21 dependent equations
which are solved iteratively using a �2 minimisation procedure. The size of each bin of the observables
under study is chosen to have a su�ciently large number of events to apply this method bin-by-bin. The
statistical uncertainty of the signal and jet background-enriched regions is propagated to the estimation of
the three-photon signal yield via pseudo-experiments.

The signal purity, defined as N

���/NSR, where NSR is the number of selected events in the signal region, is
found to be (55±5)% (stat), with a value of ⇡ 45% (⇡ 60%) at low (high) E

�
T. The fractions of �� j, � j j and

j j j events are (33±2)% (stat), (5±2)% (stat) and (0.2±0.2)% (stat) respectively. Systematic uncertainties
are assigned to the modelling of the non-tight and non-isolated signal leakage fractions and to the value
of R

bg (see Section 7).

6 Unfolding to particle level

The production cross section for three isolated photons is measured as functions of E

�1
T , E

�2
T , E

�3
T , ���1�2 ,

���1�3 , ���2�3 , |�⌘�1�2 |, |�⌘�1�3 |, |�⌘�2�3 |, m

�1�2 , m

�1�3 , m

�2�3 and m

���. The fiducial phase-space region
is listed in Table 1. The predictions of the MC generators at particle level are defined using those particles
with a lifetime ⌧ longer than 30 ps; these particles are referred to as “stable”. The particles associated
with the overlaid pp collisions are not considered. The particle-level isolation requirement on the photons
is built by summing the transverse energy of all stable particles, except for muons and neutrinos, in a
cone of size �R = 0.4 around the photon direction. The contribution from the UE is subtracted using
the same procedure as applied to the data at the reconstruction level [41]. The data distributions after
background subtraction are unfolded to the particle level using bin-by-bin correction factors determined
using the signal MC sample. The correction factors take into account the e�ciency of the event and photon
selection criteria and the small migration e�ects. Of the signal events reconstructed in a given bin, the
fraction that are generated in the same bin is typically found to be > 93%. The data distributions are
unfolded to the particle level via the formula

d�
dA

(i) = N

sig(i)C(i)
�A(i) L ,

where for a given bin i, (d�/dA) is the di�erential cross section as a function of observable A, N

sig is the
number of background-subtracted data events, C is the correction factor, L is the integrated luminosity
and �A is the width of the bin. The correction factors are computed using the MC sample of events as
C(i) = N

MC
part (i)/N

MC
reco(i), where N

MC
part (i) is the number of events which satisfy the kinematic constraints

of the phase-space region at the particle level, and N

MC
reco(i) is the number of events which fulfil all the

selection criteria at the reconstruction level. The correction factors vary between 1.5 and 3.3 as functions
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Inclusive isolated photons at 13 TeV
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Candidate with ET = 1.3 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-08/
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Inclusive isolated photons at 13 TeV

• 2015 dataset: 3.2 fb-1 at 13 TeV


• Selection (also at particle level):


• ET > 125 GeV (trigger)


• Isolation: ETiso < 4.8 GeV + 4.2e-3 * ET


• Jet background subtracted with  
2D sidebands methods (ID, iso)


• Other sources (e.g. e → γ) negligible


• Inclusive cross-section and dσ/dET in 4 η regions


• Syst uncertainties dominant for ET < 600 GeV


• Energy scale and resolution: 2-5%, larger for 1.56 < |η| < 1.81


• Photon ID and background subtraction typically 1-2%
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Inclusive isolated photons at 13 TeV

• Comparison with NLO JETPHOX and MC generators (Pythia, Sherpa)


• dσ/dET over 5 orders of magnitude


• Shape well described by MC, except 
for ET > 500 GeV in the regions |η| < 1.37


• Adequate description by NLO calculation


• Differences up to 10-15%, covered by 
theoretical uncertainties (scale)


• Calls for higher order calculation!
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observed between data and the predictions of up to 10–15% depending on E�T and |⌘�|; since the theoretical
uncertainties are 10–15% and cover those di↵erences, it is concluded that the NLO pQCD predictions
provide an adequate description of the measurements.

The measured cross sections are larger than those at
p

s = 8 TeV [20] by approximately a factor of two
at low E�T (E�T ⇠ 125 GeV) and by approximately an order of magnitude at the high end of the spectrum
in each region of |⌘�|. Such increases in the measured cross section are expected from the increase in the
centre-of-mass energy. The experimental uncertainties of the measurements at

p
s = 8 and 13 TeV are

comparable. For both centre-of-mass energies the NLO theoretical uncertainties are of similar size and
comparable to the di↵erences between the predictions and the data; since, in addition, the experimental
uncertainties are smaller than those di↵erences, the inclusion of NNLO pQCD corrections might improve
the description of the two sets of measurements.

The measured fiducial cross section for inclusive isolated-photon production in the phase-space region
given by E�T > 125 GeV and |⌘�| < 2.37 (excluding the region of 1.37 < |⌘�| < 1.56) and isolation
Eiso

T < Eiso
T,cut(E

�
T) is

�meas = 399 ± 13 (exp.) ± 8 (lumi.) pb,

where “exp.” denotes the sum in quadrature of the statistical and systematic uncertainties and “lumi.”
denotes the uncertainty due to that in the integrated luminosity, details of which are listed in Table 2.

The fiducial cross section predicted at NLO in pQCD by Jetphox using the MMHT2014 PDFs is

�NLO = 352+36
�29 (scale) ± 3 (PDF) ± 6 (↵s) ± 4 (non-perturb.) pb,

which is 12% lower than the measurement, but consistent within the experimental and theoretical uncer-
tainties.
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Inclusive isolated photons at 13 TeV

• Comparison with NLO JETPHOX and MC generators (Pythia, Sherpa)


• dσ/dET over 5 orders of magnitude


• Shape well described by MC, except 
for ET > 500 GeV in the regions |η| < 1.37


• Adequate description by NLO calculation


• Differences up to 10-15%, covered by 
theoretical uncertainties (scale)


• Calls for higher order calculation!
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Comparison with NNLO calculations of pp → γ + X

• NNLO calculation: Campbell et al, PRL 118, 222001 (2017), 1802.03021


• Scale uncertainties halved


• Overall good agreement. Small discrepancies in the forward bin for 8 TeV, 
cancel out when taking the ratio to 13 TeV data
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Photon pair production at 8 TeV

• Integrated cross-section and differential as a function of 6 variables:


• Larger dataset (20 fb-1), reduced uncertainties and new variables w.r.t. to 
previous result at 7 TeV (better sensitivity to soft-gluon emission)


• ET > 40 GeV, 30 GeV; ΔR > 0.4; ETpart,iso < 11 GeV


• Jet and electron backgrounds from 
template fit to calo isolation

9

Inclusive Photon pair production @8 TeV     

Measured total fiducial cross section and differential cross cross sections                 
as a function of the following variables: m�� , pT,�� , ���� , | cos ✓⇤⌘|, aT,�

⇤
⌘

Where: 
• aT=transverse component of pT,!! wrt the thrust axis 
•    

•

| cos ✓⇤⌘| = tanh(|�⌘�� |/2)

�⇤
⌘ = tan((⇡ �����)/2) sin ✓

⇤
⌘

Phase-space region: 
•                                                 with     
•   
•  

E�
T,1 > 40 GeV, E�

T,2 > 30 GeV

|⌘� | < 2.37 (excluding 1.37 < |⌘� | < 1.56)

�R�� > 0.4

Eiso

T

< 11 GeV

Cross sections compared to different QCD predictions
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Photon pair production at 8 TeV

• Syst. uncertainties dominated by photon ID (2.5%), isolation modelling (2%) 
and efficiency (1.5%), background control region def. (+1.5%-1.7%)


• Compared to calculations up to NNLO or NLO + PS / gluon-resummation:
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Table 1: Estimated sample composition in the inclusive signal region using the two-dimensional template fit and
the matrix method. Both the statistical and total systematic uncertainties are listed.

Process Event fraction [%]
Two-dimensional template fit Matrix method

�� 75.3 ± 0.3 (stat) +2.6
�2.8 (syst) 73.9 ± 0.3 (stat) +3.1

�2.7 (syst)

�j 14.5 ± 0.2 (stat) +2.7
�2.8 (syst) 14.4 ± 0.2 (stat) +2.0

�2.4 (syst)

j� 6.0 ± 0.2 (stat) +1.4
�1.5 (syst) 5.8 ± 0.1 (stat) ± 0.6 (syst)

jj 1.6 ± 0.2 (stat) +0.9
�0.4 (syst) 2.4 ± 0.1 (stat) +0.6

�0.5 (syst)

ee 2.6 ± 0.2 (stat) +0.9
�0.4 (syst) 3.5 ± 0.1 (stat) ± 0.4 (syst)

interactions. A correction for the underlying event is performed using the same techniques applied to the
reconstructed calorimeter isolation but based on the four-momenta of the generated particles. The e↵ect
of the experimental isolation requirement used in the data is close to the particle-level requirement of
Eiso,part

T < 11 GeV, included in the fiducial region definition.

The estimated numbers of diphoton events in each bin are corrected for detector resolution, reconstruction
and selection e�ciencies using an iterative Bayesian unfolding method [52, 53]. Simulated diphoton
events from the Sherpa sample are used to construct a response matrix that accounts for ine�ciencies and
bin-to-bin migration e↵ects between the reconstructed and particle-level distributions. The bin purity,
defined from the MC signal samples as the fraction of reconstructed events generated in the same bin, is
found to be about 70% or higher in all bins. After five iterations the results are stable within 0.1%.

The contribution from the Higgs-boson production and subsequent decay into two photons to the meas-
ured cross sections is expected to be at the few-percent level around 120 < m�� < 130 GeV and negligible
elsewhere. Although this process is neglected in the event generation, no correction is applied given its
small magnitude.

The cross section in each bin is computed from the corrected number of diphoton events in the bin
divided by the product of the integrated luminosity [29] and the trigger e�ciency. Tabulated values of
all measured cross sections are available in the Durham HEP database [54]. The measured fiducial cross
section is:

�fid.
tot = 16.8 ± 0.1 (stat) ± 0.7 (syst) ± 0.3 (lumi) pb = 16.8 ± 0.8 pb. (1)

The uncertainties represent the statistical (stat), the systematic (syst) and the luminosity (lumi) uncer-
tainties. The systematic component receives contributions from the uncertainties in the signal yield ex-
traction, signal selection e�ciency, including the trigger e�ciency (see Section 3), and the unfolding
of the detector resolution. The uncertainty in the photon identification e�ciency ranges between 0.2%
and 2.0% per photon, depending on ET, ⌘ and on whether the photon is reconstructed as unconverted or
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Photon pair production at 8 TeV

• Uncertainties typically < 5% per bin, up to 25% in few bins with low stats


• Sherpa 2.2.1 with ME+PS at NLO describes the data well


• Impact of IR emissions (aT and ɸ*) well reproduced by gluon resummation
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Production of three photons at 8 TeV

• Integrated cross-section and differential as a function of ET1,2,3, Δɸγγ and 
Δηγγ, mγγ and m3γ


• ET > 27, 25, 15 GeV; m3γ > 50 GeV; ΔR > 0.45; ETiso,part > 10 GeV


• Jet background subtracted by 2D sideband method (ID and iso); 
e → γ from MC, checked with data around mZ 
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• Stat uncertainty: ~9%. Syst: ~13%


• ID eff. (7.9%)


• Correlation between ID and iso (7.7%)


• Iso modelling (5.8%)


• Compared to NLO (MCFM with BFG II frag.) 
and NLO+PS (MG5_aMC@NLO+Pythia)


• Scale uncertainty: 10-12%


• Underestimate the data by ~ factor 2


• Would benefit from NNLO

Production of three photons at 8 TeV
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Production of three photons at 8 TeV

• Differential cross-section as a function of ET1,2,3, Δɸγγ and Δηγγ, mγγ and m3γ


• Stat 20-50% in some bins. Dominates for ET1,2 > 50 GeV or ET3 > 30 GeV


• Syst: 15-10%


• Significant discrepancies between data and theory at low ET and low inv. 
masses. Adequate description of Δηγγ, less so of Δɸγγ 
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Summary

• Measurements of cross-sections of pp → up to 3 photons


• Reach ~1 TeV in ET and mγγ 


• Differential measurements of several variables


• Precision of few % in many cases, similar or better than theory errors


• Comparisons with calculations up to NNLO or NLO+PS


• Some discrepancies but overall agreement with data ok (less so for 3γ)


• Looking forward to improved calculations and updated measurements
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Photon pair production at 8 TeV
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Three photon production at 8 TeV
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