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Theoretical relevance

• tests of perturbative QCD predictions (prompt photons mainly produced in parton hard 
scattering)

• PDF fits: 

• dominant process (qg) involves gluons in the initial state ⇒ probe gp(x)

• photon + HF (c,b) jet dominated by g + c,b ⇒ probe cp(x), bp(x) (intrinsic b/c?)

• test understanding of detector performance and of QCD backgrounds to new physics 
(e.g. H→γγ)
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Signal is composed of “direct” and “fragmentation” components:
Direct part is dominated by Compton process at LHC (for all E“T)
Fragmentation part is expected to be significant at low E“T, less so at
high E“T
Isolation requirement is imposed from the beginning

Reduces QCD backgrounds
Also reduces fragmentation component in certain situations

Primary background is from real photons (e.g., ⇥0 � ��)
Also (small) backgrounds from real electrons
Background subtraction is a big part of the analysis, especially at low
E“T
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Background Estimates

To estimate the residual background: use isolation.

vs

Main challenge: modeling signal and background isolation profiles:
Stay data-driven as much as possible
Avoid biases from untuned MC
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Isolated prompt photons at hadron colliders
• Prompt photons: direct (from the hard scatter) + (parton) fragmentation

• direct: dominated by Compton at LHC, photon well separated from parton
• fragmentation: more important at low ET(γ); photon closer to hadrons

• Isolated: isolation criterion imposed from the beginning
• isolation energy = additional hadronic transverse energy near photon axis
• reduces fragmentation (~30% of total xsec at 15 GeV, <10% above 35 GeV)
• reduces main QCD backgrounds: photons from decays of π0/η in jets
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Isolated prompt photon measurements in ATLAS

• All published results based on pp collisions at √s = 7 TeV, 2010 data
• inclusive prompt photon xsection:

• Phys. Rev. D 83, 052005 (2011) (0.9 pb-1, 15 < ET(γ) < 100 GeV,   |η(γ)|<1.81)
• Phys. Lett. B 706, 150 (2011) (35 pb-1, 45 < ET(γ) < 400 GeV,  |η(γ)|<2.37)

• photon+jet xsection 
• Phys. Rev. D85, 092014 (2012) (37 pb-1, 25 < ET(γ) < 400 GeV,  |η(γ)|<1.37)

• inclusive diphoton xsection
• Phys. Rev. D85, 012003 (2012) (37 pb-1, ET(γ) > 16 GeV, |η(γ)|<2.37)

• Analysis of more recent data is ongoing (new results available soon)

• Results are compared to fixed-order NLO calculations (JetPhoX, DiPhox, 
ResBos) and (in some cases) LO+PS generators
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http://prd.aps.org/abstract/PRD/v83/i5/e052005
http://prd.aps.org/abstract/PRD/v83/i5/e052005
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http://www.sciencedirect.com/science/article/pii/S0370269311013633
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http://prd.aps.org/abstract/PRD/v85/i9/e092014
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ATLAS: A Toroidal LHC ApparatuS
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• Pb-LAr EM calorimeter
• very fine layer1 segmentation up to |η|=2.37 

(barrel/endcap crack: 1.37<|η|<1.52)
✓ γ energy/direction measurement
✓ π0/γ discrimination (shower shape)
• σE/E = (10-17%)(η) / √E (GeV) ⊕ (1.2%-1.8%)

Inner Detector

Transition Radiation Tracker

350k channel tracker
4mm (diameter) straws
TR detection: e/⇥±
discrimination
�36 hits on track
�130µm resolution

Semi-Conductor Tracker

6.3M channels
4 cylinders, 8 hits/track
�17µm resolution

Pixel Tracker

80M channels, 3 layers
�10µm resolution
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• Inner Detector (|η|<2.5)

• track charged particles
• measure transition radiation
✓ reconstruct γ conversions
✓ e/γ discrimination
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Photon reconstruction and identification
• Reconstruction seeded by ECAL cluster with E>2.5 GeV in 3x5 cells (ηxφ) in layer 2

• no matched track: unconverted γ (~2/3)
• matched to track(s) from γ conversion in ID: converted γ (~1/3)

• Reconstruction efficiency εreco from MC: ~80-85% in barrel (|η|<1.37), ~70% in 
endcap (1.52<|η|<2.37)
• Inefficiency largely due to malfunctioning connection links, fixed before 2011 run
• Systematic uncertainties from MCs with different: generators, material, fraction of 

fragmentation photons (~5%). Other uncertainties from energy scale and efficiency of 
isolation requirement (~4%)

• Photon identification: cuts on ECAL shower shape 
variables (neural net also deployed for H→γγ)
• different cuts for converted/unconverted photons
• εID from 60% (15 GeV) to >90% (>~50 GeV)
• uncertainties from data/MC comparison in control 

samples (5-10% at low ET in 2010; now reduced to 
2-3%, see ATLAS-CONF-2012-123)

• Trigger efficiency: ~(99.5±0.5)% for identified photons 
with ET above trigger threshold
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Photon reconstruction and identification

 Cuts on shower shape variables in the 
calorimeter: 
 Identification efficiencies from 60% (at 15 

GeV) to >90% (for ET
>~50 GeV). 

 Uncertainty from 5% to 2%
 Different cuts for converted and unconverted 

photons
 Cuts on calo strips layer to reject 0

 Trigger efficiency ~100% (<1% uncertainty) 
measured in data (bootstrap, lower threshold 
triggers)

 Seeded by a cluster in EM calo with energy in 3x5 cells (x) in 2nd layer > 2.5 GeV
 No matched track : unconverted 
 Matched to track(s) from  conversion in ID : converted . Single track conversions also

 Reconstruction efficiency ε  reco (from MC): ~80-85%  in  the  barrel  (|η|<1.37),  ~70%  in  
the  endcap  (1.52<|η|<2.37)

 Inefficiency (malfunctioning connection links) recovered in 2011 winter shutdown

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-123
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-123
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Shower Evolution - Strips

The layer 1 (strips) provide excellent eta resolution, and allow increased
discrimination of single photons from ⇥0’s
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Look for two local maxima, or wider showers in � or ⇤
Usually measured over the equivalent of a few cells at layer 2
� Largely uncorrelated with isolation variables
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Photon/π0 discrimination

• S3

• S2 
(middle)

• S1 
(strips)

• Pre-
sampler
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Photon/�0 Discrimination

Single Photon �0 Candidate
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single γ candidate π0 candidate

✓ loose and tight photon ID criteria based on shower shapes in calorimeters 
η
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• ETiso= Σ(calo cells) in cone                                        , not in core cluster (5x7 cells)
• Subtract out-of-core leakage
• Subtract soft-jet activity from pileup and underlying event (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

• O(0.5 GeV) shift observed between data and MC ⇒ use data-driven isolation templates if possible
• slightly different isolation variable used in 2011/2012 analyses; data-MC shift ~100 MeV
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Need to correct for out-of-core leakage
Also need to account for non-perturbative effects....
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signal cut: ETiso<3 GeV
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Signal extraction

• Purity rapidly increases from 50% (15 GeV) to >95% (>100 GeV)
• Main systematic uncertainties from: MC inputs (up to ~10%); bkg control regions (up to 6%) 
• Results cross-checked with isolation template fit (signal template: e from W/Z in data; bkg 

template: photons failing the tight ID criteria). Results agree within few %
• Isolated electron contamination estimated from data and MC control samples
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4.1 Correction for signal leakage and background correlation176

The presence of signal in the control regions is not completely negligible: the ratio of the signal in region177
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 cK from MC (cB,cC ~few%)
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Inclusive isolated prompt photon cross section

• Two analyses with different luminosities
• 0.88 pb -1 analysis: 15 < ET(γ) < 100 GeV,   

|η(γ)| in: [0,0.6)  [0.6,1.37)  [1.52, 1.81)
• 35 pb -1 analysis: 45 < ET(γ) < 400 GeV,                                  

|η(γ)| in: [0,0.6)  [0.6,1.37)  [1.52, 1.81)  [1.81, 2.37)

• Complementary ET(γ) ranges, fragmentation only affects low-ET measurement
• Very similar analysis techniques
• Additional cross section systematic uncertainties:

• unfolding: bin-by-bin vs SVD or iterative (Bayesian): <2% difference, within non-closure error
• luminosity: uncertainty down from 11% to 3.5% (3.9% in 2011)

• NLO pQCD predictions by JetPhoX 1.2.2 (Eur. Phys. J. C21 (2001) 303) with CTEQ 6.6 PDFs 
[MSTW 2008: 3-5% difference] and scales set to ET(γ)
• parton isolation energy < 4 GeV in cone ΔR = 0.4 

• uncertainties: vary PDF eigenvalues (4% → 2%), scales between .5 and 2 ET(γ) (20% → 8%), 
isolation cut between 2 and 6 GeV: ±2%
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Inclusive photon cross section

11

• Results systematically limited across full ET range
• The two measurements are consistent in the overlapping ET, η bins
• Data/(NLO pQCD) comparison:
• experimental uncertainty comparable to theoretical one
• disagreement (ratio data/theory<1) below 35 GeV, good agreement above
• similar trend with other PDF sets (MSTW2008, NNPDF 2.0)

Phys. Rev. D 83, 052005 (2011)
Phys. Lett. B 706, 150 (2011)
ATL-PHYS-PUB-2011-013
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Figure 1: Measured (dots) and expected (shaded area) inclusive prompt photon production cross-sections

(left), and their ratio to theory (right), as a function of the photon ET and in the range |η| < 0.6, 0.6 ≤
|η| < 1.37, 1.52 ≤ |η| < 1.81 and 1.81 ≤ |η| < 2.37. The CTEQ 6.6 PDF is used in the JETPHOX

theoretical computation (the full theoretical error is shown).
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Figure 2: Measured (dots) and expected (shaded area) inclusive prompt photon production cross-sections

(left), and their ratio to theory (right), as a function of the photon ET and in the range |η| < 0.6, 0.6 ≤
|η| < 1.37, 1.52 ≤ |η| < 1.81 and 1.81 ≤ |η| < 2.37. The MSTW 2008 PDF is used in the JETPHOX

theoretical computation (the full theoretical error is shown).
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Inclusive photon cross section

12

]
-1

 [
p
b
 G

e
V

T
 /
 d

E
σd

-210

-110

1

10

210

310

410 -1
 Ldt = 35 pb∫Data 2010 

-1
 Ldt = 0.88 pb∫Data 2010 

R=0.4)<4GeV∆(iso
TE

JETPHOX NLO (w.o. scale unc.)

CTEQ 6.6

MSTW 2008

NNPDF 2.0

|<0.6η|
ATLAS

+Xγ→p+p

=7TeVs

d
a

ta
th

e
o

ry

0.5

1

1.5

d
a

ta
th

e
o

ry

0.5

1

1.5

 [GeV]TE
50 100 150 200 250 300 350 400

d
a

ta
th

e
o

ry

0.5

1

1.5

]
-1

 [
p
b
 G

e
V

T
 /
 d

E
σd

-210

-110

1

10

210

310

410 -1
 Ldt = 35 pb∫Data 2010 

-1
 Ldt = 0.88 pb∫Data 2010 

R=0.4)<4GeV∆(iso
TE

JETPHOX NLO (w.o. scale unc.)

CTEQ 6.6

MSTW 2008

NNPDF 2.0

|<1.37η|≤0.6
ATLAS

+Xγ→p+p

=7TeVs

d
a

ta
th

e
o

ry
0.5

1

1.5

d
a

ta
th

e
o

ry

0.5

1

1.5

 [GeV]TE
50 100 150 200 250 300 350 400

d
a

ta
th

e
o

ry

0.5

1

1.5

Figure 4: Measured and expected inclusive prompt photon production cross-sections as a function of

the photon ET for several sets of PDFs. The ratio of the different theoretical predictions to data are

also shown: CTEQ6.6(top), MSTW08(middle) and NNPDF2.0(bottom). The data points show the full

experimental uncertainty, whereas the scale uncertainties are not included for the NLO predictions (∼
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Photon+jet cross section

• Similar dataset (2010 data, 37 pb-1) and ingredients as for 
inclusive analysis, but:

• consider only photons in barrel (|ηγ|<1.37), 25<ETγ<400 GeV

• require one jet (ΔRγj>1.0): |yj|<1.2 (central), 1.2<|yj|<2.8 
(forward) or 2.8<|yj|<4.4 (very forward)

• same-sign (ηγyj>0) and opposite-sign (ηγyj<0) cross 
sections measured separately vs ETγ (similar to D0, Phys, 
Lett. B666, 435 (2008)) ⇒ explore configurations with 
different contribution from fragmentation photons

• use anti-kT (R=0.4) jets with pTj>20 GeV

• Experimental systematic uncertainty:
• 15%- 8% in central jet, same-sign configuration
• 40% to 22% in very forward jet, opposite-sign case
• significant contribution from photon simulation (PYTHIA vs 

HERWIG, varying frag./direct between 0 and 100%)
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different developments of the showers in each case.
Applying these selection criteria suppresses backgrounds
from jets misidentified as photons. The photon transverse
isolation energy Eiso

T is required to be lower than 3 GeV.
Less than 0.2% of events have more than one photon
candidate passing the selection criteria. In such events
the leading-ET photon is retained.

B. Jet selection

Jets are reconstructed starting from three-dimensional
topological clusters built from calorimeter cells, using the
infrared- and collinear-safe anti-kt algorithm [38] with a
radius parameter R ¼ 0:4. The jet four-momenta are con-
structed from a sum over their constituents, treating each as
an ðE; ~pÞ four-vector with zero mass. The jet four-momenta
are then recalibrated using a jet energy scale correction as
described in Ref. [26]. The calibration procedure corrects
for instrumental effects, such as inactive material and non-
compensation, as well as for the additional energy due to
multiple pp interactions within the same bunch crossing
(pile-up). Jets with calibrated transverse momenta greater
than 20 GeV are retained for this measurement.

To reject jets reconstructed from calorimeter signals not
originating from a pp collision, the same jet quality crite-
ria used in Ref. [26] are applied here. These cuts suppress
fake jets from calorimeter noise, cosmic rays and beam-
related backgrounds.

Jets overlapping with the candidate photon, or with an
isolated electron produced from W or Z decay, are not
considered. For this reason, if the jet axis is within a
cone of radius 0.3 around the photon, the jet is discarded.
Similarly, if the jet axis is within a cone of radius 0.3
around any electron that passes the tight identification
criteria [25] and that has calorimeter isolation, Eiso

T , less
than 4 GeV, the jet is discarded.

The average jet multiplicity after the previous re-
quirements is between 1.3 and 2.0, increasing with E!

T. In
events with multiple jet candidates, the leading-pT jet is
chosen. In order to retain the event, the leading jet is
required to have rapidity jyjetj< 4:4. The leading jet axis
is also required not to lie within a cone of radius R ¼ 1:0
around the photon direction.

The contamination in the selected sample from pile-up
jets is estimated to be negligible, which is consistent with
the low pile-up conditions of the 2010 data-taking, when,
on average, only two minimum-bias events per bunch
crossing are expected.

C. Distribution of photon transverse energy
in selected events

The number of events after photon and jet selections is
213003. 96314 events have been collected with the 20 GeV
trigger and have 25 GeV< E!

T $ 45 GeV, 116689 events
have been collected with the 40 GeV trigger and have
E!
T > 45 GeV. In 57% of the events the jet is central

(32%=25% are in the same/opposite-sign configuration),
in 37% of the events the jet is forward (24%=13% are in the
same/opposite-sign configuration), and in 6% of the events
the jet is very forward (4%=2% are in the same/opposite-
sign photon). The photon candidate is reconstructed as
unconverted in 68% of the events and as converted in the
remaining 32%. The transverse energy distribution of the
photon candidates in the selected sample is shown in Fig. 1.

V. BACKGROUND SUBTRACTION AND SIGNAL
YIELD ESTIMATION

A non-negligible residual contribution of background is
expected in the selected photonþ jets sample, even after
the application of the tight identification and isolation
requirements. The dominant background is composed of
dijet events in which one jet is misidentified as a prompt
photon, with a tiny contribution from diphoton andW=Zþ
jets events. In more than 95% of background dijet events,
the misidentified jet contains a light neutral meson that
carries most of the jet energy and decays to a collimated
photon pair. The background yield in the selected sample is
estimated in situ using a two-dimensional sideband
technique as in Ref. [10] and then subtracted from the
observed yield. In the background estimate, the photon is
classified as:
(i) Isolated, if Eiso

T < 3 GeV;
(ii) Nonisolated, if Eiso

T > 5 GeV;
(iii) Tight, if it passes the tight photon identification

criteria;
(iv) Nontight, if it fails at least one of the tight require-

ments on four shower-shape variables computed
from the energy deposits in a few cells of the first
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Figure 29: Ratio of the fragmentation over the total photon composition for the same sign (left) and

opposite sign (right) angular configurations.
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Giovanni Marchiori Measurements of isolated prompt photons at ATLAS

Photon+jet xsection

• Theoretical predictions with JetPhoX 1.3 
with CT10 PDFs
• (parton) isolation<4 GeV in cone R=0.4, 

scales set to ETγ

• corrected for hadronization/UE (using 
Pythia and Herwig, various tunes): 
corrections ~1 (0.9 at very low ETγ)

• Systematic uncertainties
• scales (ETγ/2⟷2ETγ): 10%-40%
• PDF eigenvalues: 5%-10%
• parton isolation cut (2%-10%)
• non perturbative corrections (3%-20%)
• largest uncertainties for very forward jets

• MSTW2008/NNPDF2.1: similar results, 
within the total uncertainty

• Data vs theory: agreement for all 
configurations, same trend (theory>data) at 
low ETγ as for inclusive cross section
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FIG. 3 (color online). Top graphs: experimental (black dots) and theoretical (blue line) photonþ jet production cross sections, for
the three same-sign (left column) and the three opposite-sign (right column) angular configurations. The black error bars represent the
total experimental uncertainty. The blue bands show the total uncertainties on the theoretical predictions obtained with JETPHOX.
Bottom graphs: ratio between the measured and the predicted cross sections. The blue bands show the theoretical uncertainties while
the error bars show the experimental uncertainties on the ratio. First row: jyjetj< 1:2. Second row: 1:2 " jyjetj< 2:8. Third row:
2:8 " jyjetj< 4:4.
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Giovanni Marchiori Measurements of isolated prompt photons at ATLAS

Photon+jet xsection: testing LO+PS generators

• The measurement has been used to test the main full event generators used in 
ATLAS (with the corresponding ATLAS tune - errors are stat. only)
• PYTHIA6, only hard scattering photons (qg→qγ + qqbar→gγ)
• PYTHIA6, hard-scattering + brem photons (QCD 2→2 + photon emission in PS)
• Sherpa (ME for photon + emission of up to 4 real partons)

• Pure hard scattering sample clearly lacks the fragmentation component
• Good agreement with PYTHIA6 hard+brem photons and Sherpa (central jets, 

opposite-sign)
15
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Photon+jet cross section

The main full event generators used in ATLAS has been stressed comparing the 
predictions in the different configurations against data (errors are statistical only) : 

 pure hard scattering photons (qg->qgamma + qqbar->ggamma) in PYTHIA 6
 hard scattering + brem photons (from quark radiation in QCD 2->2) in PYTHIA 6 
 Sherpa 

 Pure hard scattering sample is clearly missing the fragmentation component (central jet, 
opposite-side configuration) 
 Good agreement with PYTHIA6 hard+brem photons and SHERPA



Giovanni Marchiori Measurements of isolated prompt photons at ATLAS

Photon+jet xsection: testing LO+PS generators

• Moving to configurations with larger contribution from fragmentation
• disagreement with PYTHIA6 gets worse
• agreement with Sherpa remains even in the other 5 cases
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Photon+jet cross section

 The trend in the previous slide is even more visible when looking at the very forward 
jet, opposite side configuration where the fragmentation contribution is larger

 pure hard scattering photons sample in PYTHIA 6 is unreliable 
 hard  scattering  +  brem  photons  in  PYTHIA  6  is  not  working  properly  in  this  ‘extreme’  
configuration (although better than in the previous case)
 Sherpa is performing rather nicely over all configurations



Giovanni Marchiori Measurements of isolated prompt photons at ATLAS

Di-photon cross section: background subtraction
• three alternative methods based on photon isolation (and photon identification)

• 2x2D sideband: extension of 2D sidebands method to the case of 2 photons: for events 
with leading candidate in signal region, a second 2D plane is used for subleading candidate

• 2D fit to isolation energies of both photon candidates
• 4x4 matrix (method exploited by CDF and D0)

• in all methods, isolation templates or efficiencies are measured on data (isolated 
electrons from W/Z and non-tight control sample)
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Di-photon cross section : background subtraction methods

 4x4 matrix : This is a technique used already by CDF and D0 : 

 set a cut (E
T

isol
< 3 GeV) and classify the events in 4 categories. 

PP/PF/FP/FF : these numbers are connected to the true number of 

/-jet/jet-/jet-jet through an efficiency matrix E

 the key point here is that these efficiencies are measured on data 

from the tight/non-tight isolation distributions

 Extend the 2D sidebands method to the case of 2 photon 

candidates

 For events with the leading candidates in A region a second 2D 

matrix is used for the second candidate

 After a bit of algebra

 2D isolation template fits :

 isolation templates for , 
-j and jet-jet events are built 

from data (using electrons 

and the non-tight control 

sample sample)

Phys. Rev. D 85, 012003(2012)
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Di-photon cross section : background subtraction methods

 4x4 matrix : This is a technique used already by CDF and D0 : 

 set a cut (E
T

isol
< 3 GeV) and classify the events in 4 categories. 

PP/PF/FP/FF : these numbers are connected to the true number of 

/-jet/jet-/jet-jet through an efficiency matrix E

 the key point here is that these efficiencies are measured on data 

from the tight/non-tight isolation distributions

 Extend the 2D sidebands method to the case of 2 photon 

candidates

 For events with the leading candidates in A region a second 2D 

matrix is used for the second candidate

 After a bit of algebra

 2D isolation template fits :

 isolation templates for , 
-j and jet-jet events are built 

from data (using electrons 

and the non-tight control 

sample sample)

Phys. Rev. D 85, 012003(2012)
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where the weight wðkÞ for the kth event is

wðkÞ ¼ WðkÞ
!!"

ðkÞ
1 "ðkÞ2 ; (4)

and the sum over k is carried out on the events in a given
bin of the variable of interest (m!!, pT;!!, !#!!). The
result is shown in Fig. 3, by the solid circles.

The main sources of systematic errors are (i) the defini-
tion of the NONTIGHT control sample: þ12%

%9% ; (ii) the nor-

malization of the NONTIGHT sample: þ0
%2% ; (iii) the statistics

used to compute the Eiso
T distributions, and hence the

precision of the matrix coefficients: &9%. Effects (i) and
(ii) are estimated as explained in Sec. VA. Effect (iii) is
quantified by increasing and decreasing the ", f parameters
by their statistical errors and recomputing the signal yield:
the variations are then added in quadrature.

2. Two-dimensional fit

From all the di-photon events satisfying the TIGHT se-
lection (sample TT), the observed 2-dimensional distribu-
tion FobsðEiso

T;1; E
iso
T;2Þ of the isolation energies of the leading

and subleading photons is built. Then, a linear combination
of four unbinned probability density functions (PDFs),
F!!, F!j, Fj!, Fjj, describing the 2-dimensional distribu-
tions of the four final states, is fit to the observed distribu-
tion. For the !!, !j, j! final states, the correlation between
Eiso
T;1 and Eiso

T;2 is assumed to be negligible; therefore, the

2-dimensional PDFs are factorized into the leading and
subleading PDFs. The leading and subleading photon
PDFs F!1

, F!2
are obtained from the electron extrapola-

tion, as described in Sec. VB. The background PDF Fj2 for
!j events is obtained from the NONTIGHT sample on the
subleading candidate, for events where the leading candi-
date satisfies the TIGHT selection. The background PDF Fj1
for j! events is obtained in a similar way. Both background
PDFs are then smoothed with empirical parametric func-
tions. The PDF for jj events cannot be factorized, due to the
sizable correlation between the two candidates. Therefore,
a 2-dimensional PDF is directly extracted from events
where both candidates belong to the NONTIGHT sample,
then smoothed.

The four yields in the TT sample come from an ex-
tended maximum likelihood fit of

NTTFobsðEiso
T;1; E

iso
T;2Þ

¼ NTT
!!F!1

ðEiso
T;1ÞF!2

ðEiso
T;2Þ þ NTT

!j F!1
ðEiso

T;1ÞFj2ðEiso
T;2Þ

þ NTT
j! Fj1ðEiso

T;1ÞF!2
ðEiso

T;2Þ þ NTT
jj FjjðEiso

T;1; E
iso
T;2Þ:

Figure 4 shows the fit result for the full TT data set.
The yields in the TITI sample are evaluated by multi-

plyingNTT
!! by the integral of the 2-dimensional signal PDF

in the region defined by Eiso
T;1 < 3 GeV and Eiso

T;2 < 3 GeV.
The procedure is applied to the events belonging to each

bin of the observables m!!, pT;!!, !#!!. The result is
displayed in Fig. 3, by the open triangles.
The main sources of systematic uncertainties are

(i) definition of the NONTIGHT control sample: þ13%
%0% ;

(ii) signal composition: &8%; (iii) effect of material
knowledge on signal: þ1:6%

0% ; (iv) signal PDF parameters:

&0:7%; (v) jet PDF parameters: &1:2%; (vi) di-jet PDF
parameters: &1%; (vii) signal contamination in the
NONTIGHT sample: þ1:2%

0% . Effect (i) is estimated by chang-

ing the number of released strips cuts, as explained in
Sec. VA. Effect (ii) has been estimated by artificially
setting the fraction of fragmentation photons to 0% or to
100%. Effect (iii) has been quantified by repeating the e !
! extrapolation based on Monte Carlo samples with a
distorted geometry. Effects (iv, v) have been estimated by
randomly varying the parameters of the smoothing func-
tions, within their covariance ellipsoid, and repeating the
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FIG. 4 (color online). Projections of the 2-dimensional PDF fit
on transverse isolation energies of the two photon candidates:
leading photon (top) and subleading photon (bottom). Solid
circles represent the observed data. The continuous curve is
the fit result, while the dashed-dotted curve shows the !!
component. The dashed line represents the background compo-
nent of the leading and subleading photon sample, respectively.
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4x4 matrix

true yields

observed number of 
diphoton candidates 

passing/failing 
ETiso<3 GeV cut 

2D fit2x2D sidebands

E = efficiency matrix
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Giovanni Marchiori Measurements of isolated prompt photons at ATLAS

Di-photon signal yield

• Select events with two photons in pseudorapidity acceptance (|ηγ|<2.37), ETγ>16 
GeV (trigger: 15 GeV), passing tight ID, isolated (ETiso<3 GeV), ΔRγγ>0.4

• Three methods give consistent results with comparable syst. uncertainty (~15%)
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electron and photon Eiso
T distributions are (i) the electron

Eiso
T in the bulk of the distribution is slightly larger, because

of bremsstrahlung in the material upstream of the calo-
rimeter; (ii) the photon Eiso

T distribution exhibits a larger
tail because of the contribution of the photons from frag-
mentation, especially for the subleading photon. Such
differences are quantified with W! ! e!!, Z ! eþe#,
and "" Monte Carlo samples by fitting the Eiso

T distribu-
tions with crystal ball functions [18] and comparing the
parameters. Then, the electron/photon differences are
propagated to the selected electrons from collision data.
The result is shown by the continuous lines in Fig. 2,
agreeing well with the Eiso

T distributions obtained from
the NONTIGHT sample subtraction (circles).

C. Signal and background isolation in
events with two photon candidates

In events with two photon candidates, possible correla-
tions between the two isolation energies have been inves-
tigated by studying the signal and background Eiso

T
distributions of a candidate (‘‘probe’’) under different iso-
lation conditions of the other candidate (‘‘tag’’). The signal
Eiso
T shows negligible dependence on the tag conditions. In

contrast, the background Eiso
T exhibits a clear positive

correlation with the isolation transverse energy of the
tag: if the tag passes (or fails) the isolation requirement,
the probe background candidate is more (or less) isolated.
This effect is visible especially in di-jet final states, which
can be directly studied in collision data by requiring both
photon candidates to be NONTIGHT, and is taken into ac-
count in the jet background estimation (Sec. VIA).

This correlation is also visible in the ‘‘di-jet-like’’
Monte Carlo sample.

VI. BACKGROUND SUBTRACTION
AND SIGNALYIELD DETERMINATION

The main background to selected photon candidates
consists of hadronic jets. This is reduced by the photon
TIGHT selection described in Sec. III B. However a signifi-
cant component is still present and must be subtracted. The
techniques to achieve this are described in Sec. VIA.

Another sizable background component comes from
isolated electrons, mainly originating from W and Z de-
cays, which look similar to photons from the calorimetric
point of view. The subtraction of such a contamination is
addressed in Sec. VI B.

The background due to cosmic rays and to beam-gas
collisions has been studied on dedicated data sets, se-
lected by special triggers. Its impact is found to be
negligible.

A. Jet background

The jet background is due to photon-jet and di-jet final
states. This section describes three methods, all based on

the isolation transverse energy, Eiso
T , aiming to separate the

TITI sample into four categories:

NTITI
"" ; NTITI

"j ; NTITI
j" ; NTITI

jj ;
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FIG. 3 (color online). Differential "" yields in the TITI
sample (NTITI

"" ), as a function of the three observables m"",
pT;"", !#"", obtained with the three methods. In each bin, the
yield is divided by the bin width. The vertical error bars display
the total errors, accounting for both the statistical uncertainties
and the systematic effects. The points are artificially shifted
horizontally, to better display the three results.
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and f0 can be computed from the observed quantities to be

f0 ¼ N0
A"N0sig

A

NA"N0sig
A =!0

. The parameter " is defined as the fraction

of photon-jet events in which the jet fakes the leading

photon, " ¼ NTITI
j#

NTITI
#j þNTITI

j#
, whose value is taken from the

PYTHIA photon-jet simulation.
The counts NA, NB, NC, ND, N

0
A, N

0
B, N

0
C, N

0
D, and hence

the yield, can be computed for all events entering a given
bin of m##, pT;##, !$##. The result is displayed in Fig. 3,
by the open squares.

The main source of systematic error is the definition of
the NONTIGHT sample: it induces an error of þ7%

"10% . The
other effects come from the uncertainties of the parameters
entering Eq. (6). The main effects come from: (i) variation
of c01: $4%; (ii) variation of ": $3%; (iii) variations of
Rbkg, R0bkg: þ0%

"1:5% . The variations of c1, c2, c
0
2 have negli-

gible impact.

B. Electron background

Background from isolated electrons contaminatesmostly
the selected converted photon sample. The contamination in
the di-photon analysis comes from several physical chan-
nels: (i) eþe" final states from Drell-Yan processes, Z !
eþe" decay,WþW" ! eþe"% "%; (ii) #e$ final states from
di-boson production, e.g. #W$ ! #e$%, #Z ! #eþe".
The effect of the Z ! eþe" contamination is visible in
Fig. 3 in the mass bin 80<m## < 100 GeV.

Rather than quantifying each physical process sepa-
rately, a global approach is chosen. The events recon-
structed with ##, #e, and ee final states are counted,
thus obtaining counts N##, N#e, and Nee. Only photons
and electrons satisfying a TIGHT selection and the calori-
metric isolation Eiso

T < 3 GeV are considered, and elec-
trons are counted only if they are not reconstructed at the
same time as photons. Such counts are related to the actual
underlying yields Ntrue

## , Ntrue
#e , Ntrue

ee , defined as the number
of reconstructed final states where both particles are cor-

rectly classified. Introducing the ratio fe!# ¼ Ne!#

Ne!e
be-

tween genuine electrons that are wrongly and correctly

classified, and likewise f#!e ¼ N#!e

N#!#
for genuine photons,

the relationship between the N and Ntrue quantities is
described by the following linear system:

N##

N#e

Nee

0
BB@

1
CCA ¼

1 fe!# ðfe!#Þ2

2f#!e ð1þ fe!#f#!eÞ 2fe!#

ðf#!eÞ2 f#!e 1

0
BB@

1
CCA

'
Ntrue

##

Ntrue
#e

Ntrue
ee

0
BB@

1
CCA (7)

which can be solved for the unknown Ntrue
## .

The value of fe!# is extracted from collision data, as

fe!# ¼ N#e

2Nee
, from events with an invariant mass within

$5 GeV of the Z mass. The continuum background is
removed using symmetric sidebands. The result is fe!# ¼
0:112$ 0:005ðstatÞ $ 0:003ðsystÞ, where the systematic
error comes from variations of the mass window and of
the sidebands. This method has been tested on ‘‘di-jet-
like’’ and Z ! eþe" Monte Carlo samples and shown to
be unbiased. The value of f#!e is taken from the ‘‘di-jet-
like’’ Monte Carlo: f#!e ¼ 0:0077. To account for imper-
fect modelling, this value has also been set to 0, or to 3
times the nominal value, and the resulting variations are
considered as a source of systematic error.
The electron contamination is estimated for each bin of

m##, pT;##. and !$##, and subtracted from the di-photon
yield. The result, as a function of m##, is shown in Fig. 6.
The fractional contamination as a function of pT;## and
!$## is rather flat, amounting to (5%.
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• Isolated electron bkg (W/Z, DY, ..) 
subtracted solving a matrix equation using 
measured e⟷γ fake rates
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Isolated di-photon xsection

• Theoretical predictions obtained with 
• DIPHOX: fully NLO (including 

fragmentation) + LO box (technically, 
NNLO, but large gluon flux..)

• ResBos: NLO + fragmentation@LO + 
NNLL resummation of soft gluon ISR

• Scales set to Mγγ, PDFs = CTEQ6.6
• (parton) isolation cut = 4 GeV in dR=0.4

• Systematic uncertainties on theory:
• scale variations (50-200%)
• PDF eigenvalues
• isolation cut (2-6 GeV): 5%

• MSTW2008: increase by 10%, within 
CTEQ errors

• Data/theory: fair agreement (with some 
exceptions), but rather large 
uncertainties ⇒ need more data (not 
yet systematically limited)

19

As the evaluation of !RA" , fBTi ,Mi" may strongly depend
on the simulation modeling, two additional Monte Carlo
samples have been used, the first with more material
modeled in front of the calorimeter, and the second with
a different generator (SHERPA): the differences on the com-
puted signal rates are !þ 10% and & þ5% respectively,
and are treated as systematic errors.

VIII. CROSS-SECTION MEASUREMENT

The di-photon production cross section is evaluated
from the corrected binned yields n", divided by the inte-
grated luminosity

R
Ldt ¼ ð37:2% 1:3Þ pb'1 [8]. The

results are presented as differential cross sections, as func-
tions of the three observables m##, pT;##, !$##, for a
phase space defined by the fiducial acceptance cuts in
Sec. VII. In Table I, the differential cross section is quoted
for each bin, with its statistical and systematic uncertainty.
In Table II, all the considered sources of systematic errors
are listed separately.

The experimental measurement is compared with theo-
retical predictions from the DIPHOX [21] and ResBos [22]
NLO generators in Figs. 7–9. The DIPHOX and ResBos
evaluation has been carried out using the NLO fragmenta-
tion function [23] and the CTEQ6.6 parton density function

(PDF) set [24]. The fragmentation, normalization and fac-
torization scales are set equal to m##. The same fiducial
acceptance cuts introduced in the signal definition
(Sec. VII) are applied. Since neither generator models the
hadronization, it is not possible to apply a requirement on

EisoðpartÞ
T : the closest isolation variable available in such

generators is the ‘‘partonic isolation,’’ which is therefore
required to be less then 4 GeV. The computed cross section
shows a weak dependence on the partonic isolation cut:
moving it to 2 or 6 GeV produces variations within 5%,
smaller than the theoretical systematic errors.
The theory uncertainty error bands come from scale and

PDF uncertainties evaluated fromDIPHOX: (i) variation of
renormalization, fragmentation, and factorization scales:
each is varied to 1

2m## and 2m##, and the envelope of all
variations is assumed as a systematic error; (ii) variation of
the eigenvalues of the PDFs: each is varied by %1%, and
positive/negative variations are summed in quadrature
separately. As an alternative, the MSTW 2008 PDF set
has been used: the difference with respect to CTEQ6.6 is an
overall increase by !10%, which is covered by the
CTEQ6.6 total systematic error.
The measured distribution of d%=d!$## (Fig. 9) is

clearly broader than the DIPHOX and ResBos predictions:
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• scale uncertainty: 10-28%
• PDF uncertainty: 2-15%
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Isolated di-photon xsection

• Hints of disagreement at low Δφ (in addition to low mγγ) as well as Δφ~π (expected limitation 
of fixed order calculation)

• Qualitative agreement with results by CMS and Tevatron
• Recent NNLO calculation (2γNNLO) should reduce disagreement at low Δφ (2011/2012 data 

will tell...)
20

• scale uncertainty: ~10-40%
• PDF uncertainty: ~1-40%

• scale uncertainty: ~6-25%
• PDF uncertainty: ~1-7%

As the evaluation of !RA" , fBTi ,Mi" may strongly depend
on the simulation modeling, two additional Monte Carlo
samples have been used, the first with more material
modeled in front of the calorimeter, and the second with
a different generator (SHERPA): the differences on the com-
puted signal rates are !þ 10% and & þ5% respectively,
and are treated as systematic errors.

VIII. CROSS-SECTION MEASUREMENT

The di-photon production cross section is evaluated
from the corrected binned yields n", divided by the inte-
grated luminosity

R
Ldt ¼ ð37:2% 1:3Þ pb'1 [8]. The

results are presented as differential cross sections, as func-
tions of the three observables m##, pT;##, !$##, for a
phase space defined by the fiducial acceptance cuts in
Sec. VII. In Table I, the differential cross section is quoted
for each bin, with its statistical and systematic uncertainty.
In Table II, all the considered sources of systematic errors
are listed separately.

The experimental measurement is compared with theo-
retical predictions from the DIPHOX [21] and ResBos [22]
NLO generators in Figs. 7–9. The DIPHOX and ResBos
evaluation has been carried out using the NLO fragmenta-
tion function [23] and the CTEQ6.6 parton density function

(PDF) set [24]. The fragmentation, normalization and fac-
torization scales are set equal to m##. The same fiducial
acceptance cuts introduced in the signal definition
(Sec. VII) are applied. Since neither generator models the
hadronization, it is not possible to apply a requirement on

EisoðpartÞ
T : the closest isolation variable available in such

generators is the ‘‘partonic isolation,’’ which is therefore
required to be less then 4 GeV. The computed cross section
shows a weak dependence on the partonic isolation cut:
moving it to 2 or 6 GeV produces variations within 5%,
smaller than the theoretical systematic errors.
The theory uncertainty error bands come from scale and

PDF uncertainties evaluated fromDIPHOX: (i) variation of
renormalization, fragmentation, and factorization scales:
each is varied to 1

2m## and 2m##, and the envelope of all
variations is assumed as a systematic error; (ii) variation of
the eigenvalues of the PDFs: each is varied by %1%, and
positive/negative variations are summed in quadrature
separately. As an alternative, the MSTW 2008 PDF set
has been used: the difference with respect to CTEQ6.6 is an
overall increase by !10%, which is covered by the
CTEQ6.6 total systematic error.
The measured distribution of d%=d!$## (Fig. 9) is

clearly broader than the DIPHOX and ResBos predictions:

]
-1

 [p
b 

G
eV

γγ
/d

m
σd -110

1

ATLAS

-1 Ldt=37 pb∫=7 TeV, sData 2010, 

>0.4
γγ

R∆ < 4 GeV, 
iso(part)

T
>16 GeV, Eγ

T
p

|<1.52γη|<2.37 excluding 1.37<|γη|

measured (stat)
 syst)⊕measured (stat 

DIPHOX
ResBos

(d
at

a-
M

C
)/

M
C

-1

-0.5

0

0.5

1

DIPHOX

 [GeV]γγm
0 20 40 60 80 100 120 140 160 180 200 220

(d
at

a-
M

C
)/

M
C

-1

-0.5

0

0.5

1
ResBos

FIG. 7 (color online). Differential cross-sectiond%=dm## of di-
photon production. The solid circles display the experimental
values, the hatched bands display the NLO computations by
DIPHOX and ResBos. The bottom panels show the relative differ-
encebetween themeasurementsand theNLOpredictions.Thedata/
theory point in the bin 0<m## < 30 GeV lies above the frames.
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more photon pairs are seen in data at low !!"" values,
while the theoretical predictions favor a larger back-to-
back production (!!"" ’ #). This result is qualitatively in
agreement with previous measurements at the Tevatron
[5,6]. The distribution of d$=dm"" (Fig. 7) agrees within
the assigned uncertainties with both the DIPHOX and
ResBos predictions, apart from the region m"" < 2Ecut

T

(Ecut
T ¼ 16 GeV being the applied cut on the photon trans-

verse momenta): as this region is populated by events with
small !!"", the poor quality of the predictions can be
related to the discrepancy observed in the !!"" distribu-
tion. The result for d$=dpT;"" (Fig. 8) is in agreement with
both DIPHOX and ResBos: the maximum deviation, about
2$, is observed in the region 50< pT;"" < 60 GeV.

IX. CONCLUSIONS

This paper describes the measurement of the production
cross section of isolated di-photon final states in proton-
proton collisions, at a center-of-mass energy

ffiffiffi
s

p ¼ 7 TeV,
with the ATLAS experiment. The full data sample col-
lected in 2010, corresponding to an integrated luminosity
of 37:2" 1:3 pb#1, has been analyzed.

The selected sample consists of 2022 candidate events
containing two reconstructed photons, with transverse

momenta pT > 16 GeV and satisfying tight identification
and isolation requirements. All the background sources
have been investigated with data-driven techniques and
subtracted. The main background source, due to hadronic
jets in photon-jet and di-jet events, has been estimated with
three computationally independent analyses, all based on
shower shape variables and isolation, which give compat-
ible results. The background due to isolated electrons from
W and Z decays is estimated with collision data, from the
proportions of observed ee, "e, and "" final states, in the
Z-mass region and elsewhere.
The result is presented in terms of differential cross

sections as functions of three observables: the invariant
mass m"", the total transverse momentum pT;"", and the
azimuthal separation !!"" of the photon pair. The experi-

mental results are comparedwithNLOpredictions obtained
with DIPHOX and ResBos generators. The observed spec-
trum of d$=d!!"" is broader than the NLO predictions.
The distribution of d$=dm"" is in good agreement with

both the DIPHOX and ResBos predictions, apart from the
lowmass region. The result for d$=dpT;"" is generally well

described by DIPHOX and ResBos.
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2011 (7 TeV) and 2012 (8 TeV) data analysis

• much larger data samples provided by LHC in 2011 and 2012
• much larger single and diphoton statistics ⇒ theory can be probed over larger ET range

• improved detector/accelerator understanding
• lumi uncertainty down from 11% to ~2%
• EM scale uncertainty down from 3% to 1%
• photon ID uncertainty down from 5-10% to 2-3% (several data-driven measurements 

from Z→llγ, electrons from Z→ee and photon-enriched samples of known purity)
➡more precise data/theory comparison (limited by theory? need for NNLO calculations?)
• diphoton and inclusive photon xsections w/ full 2011 statistics in the pipeline

21
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Using single photon data in PDF fits

• Rojo, D’Enterria, Nucl. Phys. B 860, 311 (2012) + following studies
• includes ATLAS single photon and photon+jet measurements
• isolated photon data reduces error on g PDF up to 15%
• using current photon+jet xsection, g PDF uncertainty reduced by <~5%

• with 5% experimental uncertainties could reduce g PDF uncertainty by about ~15% 
at high x and u,d PDF uncertainty by up to ~25% at low x

22
19/25QCD @LHC2012, MSU, Aug'12                                                                David d'Enterria (CERN)

LHC LHC gg
isolisol

 data: Impact on gluon PDF data: Impact on gluon PDF

■  LHC-7 TeV isolated-photons have impact for 5·10-3 < x < 0.1, all Q2 

■  Gluon NLO PDF uncertainty reduced by up to ~20%

[D.d'E & J.Rojo, NPB 860 (2012) 311]

23/25QCD @LHC2012, MSU, Aug'12                                                                David d'Enterria (CERN)

gg
isolisol

-jet with reduced errors: Impact on gluon PDF-jet with reduced errors: Impact on gluon PDF

■  Assume g-jet with 5% experimental uncertainties ...

■  Impact on gluon PDF: 

[D.d'E&J.Rojo,Stockton-Marchiori-Koletsou-Carminati]

■  Gluon NLO PDF uncertainty reduced by about ~15% at high x

24/25QCD @LHC2012, MSU, Aug'12                                                                David d'Enterria (CERN)

u-quark

d-quark

u-bar

d-bar

gg
isolisol

-jet with reduced errors: Impact on u,d PDF-jet with reduced errors: Impact on u,d PDF

■  Assume g-jet with 5% experimental uncertainties ...

■  Impact on u,d PDF: 

[D.d'E&J.Rojo,Stockton-Marchiori-Koletsou-Carminati]

■  u,d NLO PDF uncertainty reduced by up to ~25% at low x
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Conclusion

• 2010 data collected by ATLAS has been used to provide a first set of basic photon 
measurements (single photon, photon+jet and di-photon xsection)
• photon reconstruction and identification have been commissioned 
• good efficiency (reco ~85%, ID ~95%), high purity (>95%) above 100 GeV

• reconstruction inefficiencies recovered in winter 2011 shutdown
• tools developed for SM photon xsections have been successfully applied also to 

searches (Higgs, exotics..)

• In general, fair/good agreement is observed between measured cross sections and 
NLO predictions 
• still rather large uncertainties, both theory and experiment
• some tensions at low ET in inclusive photon and photon+jet xsection
• hints of possibly large discrepancies in di-photon xsection in some phase-space regions

• Among the full event generators used in ATLAS, Sherpa is the one currently giving 
the best agreement with photon xsections

• 2011 data analyses are being finalized, with improved systematic uncertainties

• A corresponding reduction of theoretical uncertainties (NNLO?) is desirable to obtain 
more precise comparisons
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Isolation template fit

• Fit isolation distribution in data with sum of signal and background templates

25

Background Estimates
Strong desire to extract the isolation profile of the background directly
from data.

Signal should be well understood, but background modeling in MC
may not be as good.

To model the background - reverse some photon ID cuts:
Cuts on the strip (layer-1) variables are good candidates
Not strongly correlated with isolation
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M. Hance 18 / 44 Les Houches Winter Workshop- 16 February 2011
bkg template: data driven, from photon 
candidates failing a few strip shape 
variables (weakly correlated with ETiso)
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signal template: data driven, from 
electrons from W→eν and Z→ee
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Photon+jet purity
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Photon+jet systematic uncertainties (examples)

27
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6. Summary of the systematic errors on the measured cross section
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FIG. 11. Summary of systematic uncertainties on the measured cross sections as a function of the photon ET in the di↵erent
photon and jet configurations.
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FIG. 11. Summary of systematic uncertainties on the measured cross sections as a function of the photon ET in the di�erent
photon and jet configurations.
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Photon+jet: theory xsection uncertainties
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Photon+jet: NP corrections (example)
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Diphoton xsection uncertainties

• stat and syst comparable

• main systematic uncertainties:

• bkg control sample (non-tight photons)

• ID efficiency

• reco efficiency (material uncertainty)

30

applicable at lower E!
T and for converted photons. The

main sources of systematic uncertainty are (i) the system-
atic error on the shift factors; (ii) the knowledge of the
detector material; (iii) the failure to detect a conversion,
therefore applying the wrong TIGHT identification.

Rather than computing an event-level identification
efficiency for each bin of each observable, the photon
efficiency can be naturally accommodated into the event
weights described in Sec. VIA 1, by dividing the weight
wðkÞ of Eq. (4) by the product of the two photon efficiencies:

NII
i ¼

X

k2bin$i

wðkÞ

½"TjIð#!
1 ; ET

!
1Þ"TjIð#

!
2 ; ET

!
2Þ&ðkÞ

; (10)

where the sum is extended over all events in the TT sample
and in the ith bin. Here the identification efficiencies of the
two photons are assumed to be uncorrelated—which is
ensured by the separation cut!R> 0:4, and by the binning
in #! and ET

T.

The event efficiency, "TTi ¼ NTITI
i

NII
i

, is essentially flat at

'60% in!$!!, and increases withm!! and pT;!!, ranging
from '55% to '80%. Its total systematic error is '10%,
rather uniform over the m!!, pT;!!, !$!! ranges.

C. Reconstruction, acceptance, isolation, and unfolding

The efficiency "RA% accounts for both the reconstruction
efficiency and the acceptance of the experimental selec-
tion. It is computed for each bin of Xtrue, with Monte Carlo
di-photon events generated with PYTHIA in the fiducial
acceptance, as the fraction of events where both photons
are reconstructed, pass the acceptance cuts and the calori-
metric isolation. The value of "RA% ranges between 50% and
60%. The two main sources of inefficiency are the local
ECAL readout failures ('$18%) and the calorimetric
isolation ('$20%).

The energy scale differences between Monte Carlo and
collision data—calibrated on Z ! eþe$ events—are taken
into account. The uncertainties on the energy scale and
resolution are propagated as systematic errors through the
evaluation: the former gives an effect between þ3% and
$1% on the signal rate, while the latter has negligible
impact.

In Monte Carlo, the calorimetric isolation energy, Eiso
T ,

needs to be corrected to match that observed in collision
data. The correction is optimized on TIGHT photons, for
which the background contamination can be removed (see
Sec. VA), then it is applied to all photons in the
Monte Carlo sample. The Eiso

T difference observed between
Monte Carlo simulation and collision data may be entirely
due to inaccurate GEANT4/detector modeling, or it can also
be a consequence of the physical model in the generator
(e.g. kinematics, fragmentation, hadronization). From the
comparison between collision data and simulation, the two
effects cannot be disentangled. To compute the central
values of the results, the difference between simulation

and collision data is assumed to be entirely due to the
detector simulation. As a cross-check, the opposite case
is assumed: that the difference is entirely due to the gen-
erator model. In this case, the particle-level isolation

EisoðpartÞ
T should also be corrected, using the EisoðpartÞ

T !
Eiso
T relationship described by the detector simulation.

This modifies the definition of fiducial acceptance, and
hence the values of "RA% , resulting in a cross-section varia-
tion of '$ 7%, which is handled as an asymmetric sys-
tematic uncertainty.
The fraction of events ‘‘below threshold,’’ fBTi , is com-

puted from the same PYTHIA signal Monte Carlo sample,

TABLE I. Binned differential cross sections d&=dm!!,
d&=dpT;!!, d&=d!$!! for di-photon production. For each
bin, the differential cross ection is quoted with its statistical
and systematic uncertainties (symmetric and asymmetric, re-
spectively). Values quoted as 0.000 are actually less than
0.0005 in absolute value.

m!! [GeV] d&=dm!! [pb/GeV]

0–30 0:20) 0:05 þ0:05
$0:03

30–40 1:8) 0:3 þ0:4
$0:3

40–50 2:3) 0:3 þ0:6
$0:4

50–60 1:83) 0:24 þ0:36
$0:28

60–70 0:74) 0:17 þ0:19
$0:13

70–80 0:45) 0:15 þ0:11
$0:09

80–100 0:40) 0:06 þ0:08
$0:08

100–150 0:079) 0:022 þ0:025
$0:025

150$ 200 0:026) 0:009 þ0:006
$0:004

pT;!! [GeV] d&=dpT;!! [pb/GeV]

0–10 4:5) 0:4 þ0:9
$0:6

10–20 2:2) 0:3 þ0:5
$0:4

20–30 0:94) 0:22 þ0:28
$0:24

30–40 0:62) 0:16 þ0:21
$0:14

40–50 0:26) 0:10 þ0:10
$0:09

50–60 0:36) 0:09 þ0:09
$0:05

60–80 0:06) 0:03 þ0:03
$0:03

80–100 0:048) 0:019 þ0:009
$0:010

100–150 0:003) 0:004 þ0:003
$0:002

150–200 0:000) 0:002 þ0:000
$0:000

!$!! [rad] d&=d!$!! [pb/rad]

0.00–1.00 4:9) 1:1 þ1:5
$1:1

1.00–2.00 8:9) 1:8 þ2:5
$1:9

2.00–2.50 24) 4 þ6
$4

2.50–2.80 56) 8 þ12
$9

2.80–3.00 121) 13 þ24
$17

3.00–3.14 173) 16 þ36
$29
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Measured xsection (15-100 GeV, |η|<0.6)

31
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TABLE III. The measured isolated prompt photon production cross section, for 0.00 ≤ |ηγ | < 0.60. The systematic uncertainties
originating from the purity measurement, the photon selection, the photon energy scale, the unfolding procedure and the
luminosity are shown. The total uncertainty includes both the statistical and all systematic uncertainties, except for the
uncertainty on the luminosity.

Measured JETPHOX

E γ
T dσ

dE
γ
T

stat syst syst syst syst syst total dσ
dE

γ
T

total

(purity) (efficiency) (en. scale) (unfolding) (luminosity) uncertainty uncertainty

[GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV]

[15, 20) 5.24 ±0.11 +0.52
−0.88 ±0.81 +0.51

−0.46 ±0.11 ±0.58 +1.3
−1.4 6.8 +1.4

−0.9

[20, 25) 1.88 ±0.05 +0.18
−0.20 ±0.21 +0.14

−0.14 ±0.04 ±0.21 ±0.36 2.38 +0.45
−0.30

[25, 30) 0.88 ±0.03 ±0.07 ±0.08 +0.09
−0.08 ±0.02 ±0.10 +0.16

−0.15 1.01 +0.17
−0.13

[30, 35) 0.461 ±0.016 +0.029
−0.019 ±0.035 +0.045

−0.046 ±0.009 ±0.05 ±0.07 0.50 +0.10
−0.04

[35, 40) 0.254 ±0.011 +0.017
−0.015 ±0.019 +0.027

−0.025 ±0.005 ±0.028 ±0.04 0.28 +0.04
−0.03

[40, 50) 0.115 ±0.005 +0.008
−0.006 ±0.007 +0.009

−0.009 ±0.0023 ±0.013 +0.017
−0.016 0.127 +0.018

−0.014

[50, 60) 0.050 ±0.003 +0.003
−0.002 ±0.003 +0.006

−0.005 ±0.001 ±0.005 +0.008
−0.007 0.052 +0.007

−0.006

[60, 100) 0.0120 ±0.0007 +0.0007
−0.0005 ±0.0006 +0.0013

−0.0012 ±0.0002 ±0.0013 +0.0019
−0.0018 0.0121 +0.0014

−0.0012

TABLE IV. The measured isolated prompt photon production cross section, for 0.60 ≤ |ηγ | < 1.37. The systematic uncertainties
originating from the purity measurement, the photon selection, the photon energy scale, the unfolding procedure and the
luminosity are shown. The total uncertainty includes both the statistical and all systematic uncertainties, except for the
uncertainty on the luminosity.

Measured JETPHOX

E γ
T dσ

dE
γ
T

stat syst syst syst syst syst total dσ
dE

γ
T

total

(purity) (efficiency) (en. scale) (unfolding) (luminosity) uncertainty uncertainty

[GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV]

[15, 20) 5.9 ±0.2 +1.8
−0.5 ±1.0 +0.6

−0.5 ±0.1 ±0.6 +2.3
−1.4 8.5 +1.7

−1.3

[20, 25) 2.23 ±0.07 +0.49
−0.18 ±0.28 +0.16

−0.16 ±0.04 ±0.24 +0.6
−0.4 3.0 +0.5

−0.4

[25, 30) 1.05 ±0.03 +0.16
−0.06 ±0.10 +0.10

−0.10 ±0.021 ±0.12 +0.24
−0.19 1.28 +0.18

−0.16

[30, 35) 0.52 ±0.02 +0.06
−0.03 ±0.04 +0.05

−0.05 ±0.011 ±0.06 +0.11
−0.09 0.64 +0.11

−0.09

[35, 40) 0.313 ±0.014 +0.029
−0.021 ±0.024 +0.035

−0.032 ±0.006 ±0.034 +0.06
−0.05 0.344 +0.052

−0.039

[40, 50) 0.146 ±0.006 +0.014
−0.011 ±0.009 +0.013

−0.013 ±0.003 ±0.016 +0.025
−0.022 0.161 +0.022

−0.019

[50, 60) 0.062 ±0.004 +0.005
−0.004 ±0.003 +0.006

−0.006 ±0.001 ±0.007 +0.010
−0.009 0.065 +0.009

−0.007

[60, 100) 0.0138 ±0.0008 +0.0013
−0.0009 ±0.0007 +0.0016

−0.0014 ±0.0003 ±0.0015 +0.0025
−0.0022 0.0154 +0.0019

−0.0015
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Measured xsection (15-100 GeV, 0.6≤|η|<1.37)
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TABLE III. The measured isolated prompt photon production cross section, for 0.00 ≤ |ηγ | < 0.60. The systematic uncertainties
originating from the purity measurement, the photon selection, the photon energy scale, the unfolding procedure and the
luminosity are shown. The total uncertainty includes both the statistical and all systematic uncertainties, except for the
uncertainty on the luminosity.

Measured JETPHOX

E γ
T dσ

dE
γ
T

stat syst syst syst syst syst total dσ
dE

γ
T

total

(purity) (efficiency) (en. scale) (unfolding) (luminosity) uncertainty uncertainty

[GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV]

[15, 20) 5.24 ±0.11 +0.52
−0.88 ±0.81 +0.51

−0.46 ±0.11 ±0.58 +1.3
−1.4 6.8 +1.4

−0.9

[20, 25) 1.88 ±0.05 +0.18
−0.20 ±0.21 +0.14

−0.14 ±0.04 ±0.21 ±0.36 2.38 +0.45
−0.30

[25, 30) 0.88 ±0.03 ±0.07 ±0.08 +0.09
−0.08 ±0.02 ±0.10 +0.16

−0.15 1.01 +0.17
−0.13

[30, 35) 0.461 ±0.016 +0.029
−0.019 ±0.035 +0.045

−0.046 ±0.009 ±0.05 ±0.07 0.50 +0.10
−0.04

[35, 40) 0.254 ±0.011 +0.017
−0.015 ±0.019 +0.027

−0.025 ±0.005 ±0.028 ±0.04 0.28 +0.04
−0.03

[40, 50) 0.115 ±0.005 +0.008
−0.006 ±0.007 +0.009

−0.009 ±0.0023 ±0.013 +0.017
−0.016 0.127 +0.018

−0.014

[50, 60) 0.050 ±0.003 +0.003
−0.002 ±0.003 +0.006

−0.005 ±0.001 ±0.005 +0.008
−0.007 0.052 +0.007

−0.006

[60, 100) 0.0120 ±0.0007 +0.0007
−0.0005 ±0.0006 +0.0013

−0.0012 ±0.0002 ±0.0013 +0.0019
−0.0018 0.0121 +0.0014

−0.0012

TABLE IV. The measured isolated prompt photon production cross section, for 0.60 ≤ |ηγ | < 1.37. The systematic uncertainties
originating from the purity measurement, the photon selection, the photon energy scale, the unfolding procedure and the
luminosity are shown. The total uncertainty includes both the statistical and all systematic uncertainties, except for the
uncertainty on the luminosity.

Measured JETPHOX

E γ
T dσ

dE
γ
T

stat syst syst syst syst syst total dσ
dE

γ
T

total

(purity) (efficiency) (en. scale) (unfolding) (luminosity) uncertainty uncertainty

[GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV]

[15, 20) 5.9 ±0.2 +1.8
−0.5 ±1.0 +0.6

−0.5 ±0.1 ±0.6 +2.3
−1.4 8.5 +1.7

−1.3

[20, 25) 2.23 ±0.07 +0.49
−0.18 ±0.28 +0.16

−0.16 ±0.04 ±0.24 +0.6
−0.4 3.0 +0.5

−0.4

[25, 30) 1.05 ±0.03 +0.16
−0.06 ±0.10 +0.10

−0.10 ±0.021 ±0.12 +0.24
−0.19 1.28 +0.18

−0.16

[30, 35) 0.52 ±0.02 +0.06
−0.03 ±0.04 +0.05

−0.05 ±0.011 ±0.06 +0.11
−0.09 0.64 +0.11

−0.09

[35, 40) 0.313 ±0.014 +0.029
−0.021 ±0.024 +0.035

−0.032 ±0.006 ±0.034 +0.06
−0.05 0.344 +0.052

−0.039

[40, 50) 0.146 ±0.006 +0.014
−0.011 ±0.009 +0.013

−0.013 ±0.003 ±0.016 +0.025
−0.022 0.161 +0.022

−0.019

[50, 60) 0.062 ±0.004 +0.005
−0.004 ±0.003 +0.006

−0.006 ±0.001 ±0.007 +0.010
−0.009 0.065 +0.009

−0.007

[60, 100) 0.0138 ±0.0008 +0.0013
−0.0009 ±0.0007 +0.0016

−0.0014 ±0.0003 ±0.0015 +0.0025
−0.0022 0.0154 +0.0019

−0.0015
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Measured xsection (15-100 GeV, 1.52≤|η|<1.81)
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TABLE V. The measured isolated prompt photon production cross section, for 1.52 ≤ |ηγ | < 1.81. The systematic uncertainties
originating from the purity measurement, the photon selection, the photon energy scale, the unfolding procedure and the
luminosity are shown. The total uncertainty includes both the statistical and all systematic uncertainties, except for the
uncertainty on the luminosity.

Measured JETPHOX

E γ
T dσ

dE
γ
T

stat syst syst syst syst syst total dσ
dE

γ
T

total

(purity) (efficiency) (en. scale) (unfolding) (luminosity) uncertainty uncertainty

[GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV] [nb/GeV]

[15, 20) 2.9 ±0.1 +0.8
−0.3 ±0.5 +0.3

−0.3 ±0.1 ±0.3 +1.1
−0.7 3.1 +0.6

−0.5

[20, 25) 1.12 ±0.04 +0.15
−0.08 ±0.16 +0.08

−0.08 ±0.02 ±0.12 +0.27
−0.24 1.10 +0.20

−0.15

[25, 30) 0.47 ±0.02 +0.06
−0.04 ±0.05 +0.05

−0.04 ±0.01 ±0.05 +0.11
−0.09 0.46 +0.07

−0.06

[30, 35) 0.240 ±0.013 +0.028
−0.016 ±0.023 +0.025

−0.026 ±0.005 ±0.026 +0.052
−0.045 0.233 +0.037

−0.030

[35, 40) 0.142 ±0.009 +0.018
−0.010 ±0.012 +0.014

−0.013 ±0.0032 ±0.016 +0.030
−0.026 0.126 +0.020

−0.015

[40, 50) 0.062 ±0.004 +0.005
−0.004 ±0.005 +0.006

−0.006 ±0.0013 ±0.007 +0.011
−0.010 0.058 +0.008

−0.007

[50, 60) 0.0237 ±0.0025 +0.0026
−0.0028 ±0.0019 +0.0024

−0.0022 ±0.0005 ±0.003 ±0.005 0.0243 +0.0033
−0.0027

[60, 100) 0.0066 ±0.0005 +0.0005
−0.0003 ±0.0005 +0.0008

−0.0007 ±0.0002 ±0.0007 +0.0013
−0.0012 0.0057 +0.0007

−0.0006
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Systematic uncertainties (45-400 GeV analysis)
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Table 1: List of systematic uncertainties used for the cross-section estimation. Correlated sources of
systematic uncertainties have been consistently treated. The last column lists the uncertainties on the
theoretical perdictions that are used to compare the measured cross-section to.

Systematic Reco. E⇥. ID E⇥. Yield Unfolding Theory
Finite Statistics per bin < 2%
Generator 1% < 1% ⌅ 1% 3%
ET Resolution < 1%
Photon ID < 5%
Photon Isolation < 1%
Signal Leakage 2% � 8%
Background Correlations < 4%
Energy Scale 2% � 8%
Material 1% � 4% 1% � 2% < 1%
Soft-jet Energy Density 3% � 7%
Transverse Energy Leakage 1% � 4%
Hard/Brem Composition 1% < 1% 1% � 7%
OTX 0.2%
Photon Isolation Cut 3% � 4%
Intrinsic Precision 1% � 3%
Photon Sample Selection 0.5%
Conv/Unconv. Photon Ratio < 1%
Scale uncertainty 10% � 20%
PDFs 2% � 5%
Parton level Isolation < 2%

• the dependence on the ET distribution predicted by PYTHIA. This is studied with pseudo-experiments,272

using PYTHIA and HERWIG simulated samples. The observed bias is below 1% in the majority of273

ET bins and all pseudorapidity regions and below 3% in all but one bin. For simplicity, the system-274

atic uncertainty is taken to be 3%. Another potential source of systematic uncertainty comes from275

the low-ET cut on the transverse-energy distribution. Only the lowest ET-bin could be a⇥ected by276

this and the e⇥ect is found to be negligible.277

• the uncertainty on the energy resolution, which may a⇥ect bin-to-bin migrations between adjacent278

ET bins. It is at a level of < 1% in all ET bins and pseudorapidity regions.279

The full list of systematic uncertainties that enter the final uncertainty in the estimated cross-section is280

shown in table 1.281

7 Comparison with theoretical predictions282

The expected isolated prompt-photon production cross-section as a function of the photon transverse283

energy has been estimated, separately for the various photon pseudorapidity ranges under study, by284

means of the JETPHOX Monte Carlo program [16, 17]. This implements a full NLO QCD calculation285

of both the direct and fragmentation contributions to the total cross-section. A parton-level isolation cut286

has been used for this computation. It requires a total transverse energy below 4 GeV from the partons287

produced with the photon inside a cone of radius �R =
�
��2 + �⇥2 = 0.4 in � ⇥ ⇥ around the photon288

direction.289
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Inner detector (charged particle tracking)
• Transition Radiation Tracker

• 350k channels
• 4mm (diameter) straws
• TR ⇒ e/π discrimination
• ≈36 hits/track
• ≈130 μm resolution

• Semi-Conductor Tracker
• 6.3M channels
• 4 cylinders, 8 hits/track
• ≈17μm resolution

• Pixel Tracker
• 80M channels, 3 layers
• ≈10 μm resolution

35

✓Converted γ reconstruction
✓e/γ discrimination

Inner Detector

Transition Radiation Tracker

350k channel tracker
4mm (diameter) straws
TR detection: e/⇥±
discrimination
�36 hits on track
�130µm resolution

Semi-Conductor Tracker

6.3M channels
4 cylinders, 8 hits/track
�17µm resolution

Pixel Tracker

80M channels, 3 layers
�10µm resolution
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Giovanni Marchiori Measurements of isolated prompt photons at ATLAS
Marco Delmastro! Photon physics at the LHC with the ATLAS detector! 16!

"  EM Barrel : (|$|<1.475) [Pb-LAr] 
"  EM End-caps : 1.4<|$|<3.2 [Pb-LAr] 
"  Hadronic End-cap: 1.5<|$|<3.2 [Cu-LAr] 
"  Forward Calorimeter: 3.2<|$|<4.9 [Cu,W-Lar] 

ATLAS liquid argon calorimeters

36

  EM Barrel : (|η|<1.475) [Pb-LAr] 
  EM End-caps : 1.4<|η|<3.2 [Pb-LAr] 
  Hadronic End-cap: 1.5<|η|<3.2 [Cu-LAr] 
  Forward Calorimeter: 3.2<|η|<4.9 [Cu,W-Lar] 

Calorimetry

EM Calorimeter
PB-LAr Accordion
�E/E =

�
10%/

⌅
E
⇥
⇥ .7%

.025�.025 cells (� � ⇥)
Angular res.: 50 mrad /

⌅
E

Hadronic Calorimeter
Fe-scintillator for |�| < 1.7

�E/E =
�

50%/
⇥

E
⇥
� 6%

Cu-LAr for 1.5 < |�| < 3.2
�E/E =

�
50%/

⇥
E
⇥
� 3%
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Calorimetry

EM Calorimeter
PB-LAr Accordion
�E/E =

�
10%/

⌅
E
⇥
⇥ .7%

.025�.025 cells (� � ⇥)
Angular res.: 50 mrad /

⌅
E

Hadronic Calorimeter
Fe-scintillator for |�| < 1.7

�E/E =
�

50%/
⇥

E
⇥
� 6%

Cu-LAr for 1.5 < |�| < 3.2
�E/E =

�
50%/

⇥
E
⇥
� 3%
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✓Reject fake photons (mostly from π0 in jets) based on shower shape
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Discriminating variables for photon ID

37

Middle layer (S2) variables!

ES2
XY is the summed 

energy of S2 cells in a 
window of size X×Y 
(�×� units)!

Lateral width (physical units) 
calculated in a window of size 3×5 
(�×� units)!

containment in �! containment in �!

Et
had 1 is the energy in the 

first layer of the hadronic 
calorimeter behind EM 
cluster!

Hadronic leakage!
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Discriminating variables for photon ID

38

Front Layer (Strip, S1) Variables!

Asymmetry between 1st and 2nd maxima!
Containment in �!
E(±n) is the sum of E in ±n strips about max!

Width (cell units) using 2 strips about max.!

Width (cell units) using ~ 40 strip 
cells, 20 in � and 2 in �.!

ES1
min is the energy of the strip cell 

with least energy between the 1st and 
and 2nd maxima!

γ! π0!
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Calorimeter Isolation

.1

.1

�

⇥

Isolation [GeV]
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Isolation [GeV]
-5 0 5 10 15 20 25 30 35
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tri

es
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210

310

410

510
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710

Data 2010
)γSimulation (fake 

)γSimulation (isolated prompt 
)γSimulation (non-iso prompt 

ATLAS
-1Ldt = 878 nb∫ = 7 TeV,  s

(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....
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Selected data/MC comparison

39

Shower Evolution - Layer 2

The layer 2 (primary calorimeter sampling layer) shower shape cuts require
compact clusters consistent with single photons:
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Energy distribution - width in � (R�)
Energy distribution - width in ⇥ (R⇥)
Leakage into hadronic calorimeter
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Shower Evolution - Strips

The layer 1 (strips) provide excellent eta resolution, and allow increased
discrimination of single photons from ⇥0’s

Peak-to-trough in strips Spread of Energy in Strips

ratioE
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ATLAS Preliminary
-1Ldt = 15.8 nb∫ = 7 TeV,  s

|<2.37η|≤1.8

Look for two local maxima, or wider showers in � or ⇤
Usually measured over the equivalent of a few cells at layer 2
� Largely uncorrelated with isolation variables
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Photon ID efficiency in 2011

• Much better data/MC 
agreement in 2011 
after MC corrections

40
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CMS measurements

• Inclusive photon cross section (Phys. Rev. 
D84 052011 (2011))
• ET(γ) > 25 GeV
• |η(γ)| in: [0,0.9)  [0.9,1.44)  [1.57, 2.1)  [2.1, 2.5)
• particle-level isolation of 5 GeV

• Di-photon cross section (JHEP 1201 (2012) 
133)
• ET(γ) > 23, 20 GeV
• |η(γ)|<1.44 or 1.56<|η(γ)|<2.5
• particle-level isolation of 5 GeV
• dRγγ>0.45

41

March 30, 2012 Philippe Gras CEA/IRFU 10

Results: isolated prompt photon cross section

Results of the two 
methods are combined 
using the Best Linear 
Unbiased Estimate 
method

March 30, 2012 Philippe Gras CEA/IRFU 20

Diphoton: mass
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March 30, 2012 Philippe Gras CEA/IRFU 12

Comparison with theory

1.57 < |h| < 2.1 2.1 < |h| < 2.5

March 30, 2012 Philippe Gras CEA/IRFU 11

Comparison with theory

0 < |h| < 0.9 0.9 < |h| < 1.44

CMS single photon

42
March 30, 2012 Philippe Gras CEA/IRFU 11

Comparison with theory

0 < |h| < 0.9 0.9 < |h| < 1.44

March 30, 2012 Philippe Gras CEA/IRFU 12

Comparison with theory

1.57 < |h| < 2.1 2.1 < |h| < 2.5



Giovanni Marchiori Measurements of isolated prompt photons at ATLAS

March 30, 2012 Philippe Gras CEA/IRFU 22

Diphoton: diphoton transverse momentum

CMS diphotons

43

March 30, 2012 Philippe Gras CEA/IRFU 18

Diphoton: azimuthal angle between the two photons

March 30, 2012 Philippe Gras CEA/IRFU 18

Diphoton: azimuthal angle between the two photons

March 30, 2012 Philippe Gras CEA/IRFU 24

Diphoton: scattering angle
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PDF reweighting (JETPHOX + NNPDF)
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10/25QCD @LHC2012, MSU, Aug'12                                                                David d'Enterria (CERN)

PDF reweighting via JETPHOX + NNPDF2.1PDF reweighting via JETPHOX + NNPDF2.1

■  JETPHOX 1.3.0 NLO pQCD code.

■  NNPDF21_100.LHgrid (100 replicas) interfaced via LHAPDF5.8.5

■  BFG-II parton-to-photon FFs (but suppressed by isolation cuts).

■  All scales set to default: µ
R
= µ

F
= µ

FF
 = E

T
g 

■  Exp. kinematics+isolation cuts & p
T
 binnings for 30+ systems:

     100 replicas direct-g NLO:  ~ 7h CPU / 1M evts (~5 days for 20 Mevts !)

    100 replicas frag-g NLO:    ~10h CPU / 1M evts (~1 week for 20 Mevts !)

■  NNPDF2.1 reweighting technique:

  (1) Compute ds
NLO

/dp
T
 for 100 replicas, compare to ds

exp
/dp

T

  (2) c2   (syst.⊕stat. uncert., no err. matrices) per replica:

  (3) Obtain associated “weight” 

        for each replica:

  (4) Obtain new effective number of replicas:

  (5) Obtain reweighted PDF replicas:

 [R.D.Ball et al. NPB 849 (2011) 112]

×30 !


