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Giovanni Marchiori Measurements of isolated prompt photons at ATLAS

Isolated prompt photon: inclusive production 
cross-section measurement at ATLAS

• Two measurements presented, in pp collisions at √s = 7 TeV

• Phys. Rev. D 83, 052005 (2011)

• 15 < ET(γ) < 100 GeV,   |η(γ)| in: [0,0.6)  [0.6,1.37)  [1.52, 1.81)

• (0.88±0.10) pb-1, 10 GeV-threshold photon trigger

• ATLAS-CONF-2011-058 (atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-058)

• 45 < ET(γ) < 400 GeV,  |η(γ)| in: [0,0.6)  [0.6,1.37)  [1.52, 1.81)  [1.81, 2.37)

• (34.6±1.2) pb-1, 40 GeV-threshold photon trigger

• Complementary ET(γ) ranges, fragmentation only affects low-ET measurement

• Very similar analysis techniques 
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A few words about Kun

• Master at USTC

• Came to LPNHE May-June 2011 with Yanwen for a pre-thesis stage

• Stayed at LPNHE till mid Feb. 2012 - now at USTC for a few months

• Started his co-tutorship Ph.D. at UPMC (Paris-6) in September 2011

• Worked hard on

• photon efficiency

• photon trigger optimization for 2012 running

• ATLAS authorship qualification work (trigger software development/debugging)

• unfolding of SM diphoton cross section with ATLAS 2011 data
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Motivation

• Prompt photons = photons not originated from hadron decays 

• Measurements with prompt photons (examples):

• inclusive γ/γγ and γ+jet xsections: tests of pQCD, extract gluon PDF

• diphoton resonances: search for Higgs, Graviton, ...

• Photon identification (ID): discriminate against large bkg from jets (π0→γγ)

• Photon (identification) efficiency needed to compute xsections and compare 
them to predictions (pQCD; SM vs fermiophobic Higgs; ...) 3

Marco Delmastro! Photon physics at the LHC with the ATLAS detector! 13!

Theoretical relevance

• QCD is the dominant prompt photon production mechanism

• a test of perturbative QCD predictions using a measurement without jets

• qg process gives the dominant contribution to the total amplitude

• probe the gluon content of the proton

• Understand QCD backgrounds to new physics (eg: H→γγ) (not the specific 
purpose of the analysis presented here..)

Inclusive Isolated Prompt Photons
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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

M. Hance 3 / 26 Direct Photons- October 6, 2010
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Given the intense theoretical effort that has 
gone into two-loop calculations with more than 
a single kinematic variable, it is obviously ben- 
eficial to have concrete examples where the new 
advances have already impacted phenomenology. 
The background to Higgs decay discussed here is 
one such example. Another recent example was 
presented in the talk by Anastasiou [3], where an 
exact calculation [10] of next-to-next-to-leading- 
order (NNLO) inclusive Higgs production [11] 
was described. The choice of Higgs physics as 
among the first applications stems from both its 
importance for the future of particle physics as 
well as the relative simplicity of the infrared di- 
vergences encountered in the calculations. Once 
algorithms are set up for dealing more generally 
with NNLO infrared divergent phase space many 
more applications will certainly appear [1]. 

2. T H E  D I - P H O T O N  B A C K G R O U N D  

The background to the Higgs search in the 
di-photon mode consists of two pieces. The 
'reducible' background arises when photons are 
faked by jets, or more generally by hadrons, es- 
pecially ~°s. This background can be efficiently 
suppressed by photon isolation cuts, where events 
are rejected based on the hadronic energy near 
the photons [8,9,12-14]. The 'irreducible' back- 
ground, which we focus on here, arises from the 
underlying QCD process where quarks emit pho- 
tons either directly or through fragmentation. 

The process pp ---* ~/TX proceeds at lowest 
order via quark annihilation, qq --+ 7% The 
NLO corrections to this subprocess have been in- 
corporated into a number of Monte Carlo pro- 
grams [15,16]; the most up-to-date, DIPHOX [17], 
also includes fragmentation contributions. 

The largest of the contributions that have not 
yet been incorporated into DIPH0X are the NLO 
corrections to gluon fusion into a di-photon pair. 
Although the one-loop gluon fusion contribution 
(fig. 1) is formally of higher order in the QCD 
coupling than the tree-level process q~ ~ 77, it 
is enhanced by the large gluon distribution in the 
proton at small x, so that it becomes numerically 
comparable [15-19]. To reduce the uncertainty on 
the total 77 production rate, a calculation of the 
gg ---* 77 subprocess at its next-to-leading-order 
is required, even though it is formally N3LO as far 
as the whole process pp ---+ ~/~/X is concerned. A 

2 and 3 contributions should number of other ~8 ~8 
eventually also be included, although they are ex- 
pected to be less significant [4]. 

3. G L U O N  F U S I O N  AT NLO 

3.1. Ma t r i x  E lements  and  Singulari t ies  
The NLO correction to gluon fusion involves 

diagrams of the type shown in fig. 2. The two- 
loop virtual contributions (a) were recently com- 
puted [5], as summarized in the talk by De Fre- 
itas [2]. The real emission contributions (b) are 
obtained from a permutation sum [16] over contri- 
butions to the one-loop five-gluon amplitude [20]. 

g 

Figure 2. Sample NLO diagrams contributing to 
gluon fusion into two photons: (a) virtual and (b) 
real emission contributions. 

F 
Figure 1. A leading order diagram contributing 
to gluon fusion into two photons. 

Both the virtual and real corrections have been 
evaluated for zero quark mass. In the range of 
di-photon invariant masses M ~  relevant for the 
light Higgs search (90-150 GeV) this is an excel- 
lent approximation: the masses of the five light 
quarks are negligible, while the top quark contri- 
bution is tiny for M ~  << 2mr  ,.~ 350 GeV. 



Marco Delmastro! Photon physics at the LHC with the ATLAS detector! 36!

Photon ID in ATLAS
• Exploit segmentation of electromagnetic calorimeter
• Based on 9 discriminating “shower shape” variables

4
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ATLAS: A Toroidal LHC ApparatuS

6

• Pb-LAr EM calorimeter
• very fine layer 1 segmentation up to 

|η|=2.37
✓γ energy/direction measurement
✓π0/γ discrimination (shower shape)

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

M. Hance 6 / 44 Les Houches Winter Workshop- 16 February 2011

• Inner Detector (|η|<2.5)
• track charged particles
• measure transition radiation
✓ reconstruct γ conversions
✓e/γ discrimination

Giovanni Marchiori Measurements of isolated prompt photons at ATLAS

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

7

Photon/�0 Discrimination

Single Photon �0 Candidate

M. Hance 9 / 44 Les Houches Winter Workshop- 16 February 2011

single γ candidate π0 candidate

✓ loose and tight photon ID criteria based on shower shapes in calorimeters 
η
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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

γ candidate

π0 candidate



Measuring the photon identification efficiency

• No abundant, clean source of photons to measure efficiencies with 
tag&probe technique (unlike e,μ leptons: Z→ll)
• cleanest source: radiative Z decays (Z→llγ) 

But: low stat (requires > fb-1), limited pTγ

• analysis of 2010 data (37 pb-1): efficiency 
from simulation

• correct (“fudge”) shower shape distributions 
by average data-MC difference observed in 
photon-enriched samples

• large systematic uncertainties (up to ~15%)
• 2011 dataset: ~ 5 fb-1

• start to have enough radiative Z decays (for 
ETγ<50 GeV)

• analyses not statistically limited ⇒ need to 
reduce systematic uncertainties to few % level

5

7

photon transverse energy (a few %), to the inefficiency
of the isolation requirement (5%) and to the acceptance
loss from a few inoperative optical links of the calorimeter
readout [49].

B. Identification efficiency

The photon identification efficiency, εID, is similarly
computed as a function of transverse energy in each pseu-
dorapidity region. It is defined as the efficiency for recon-
structed (true) prompt photons, with measured E iso

T < 3
GeV, to pass the tight photon identification criteria de-
scribed in Section VB. The identification efficiency is
determined from simulation after shifting the photon
shower shapes by “shower-shape correction factors” that
account for the observed average differences between the
discriminating variables’ distributions in data and MC.
The simulated sample used contains all the main QCD
signal and background processes. The average differences
between data and simulation are computed after apply-
ing the tight identification criteria. The typical size of
the correction factors is 10% of the RMS of the distribu-
tion of the corresponding variable in data, with a max-
imum of 50% of the RMS for the variable (Rη) where
the simulation is in worse agreement with the data. The
corresponding correction to the MC efficiency is typically
around −3% and is always between −5% and zero. The
photon identification efficiency after all selection criteria
(including isolation) are applied is shown in Fig. 3 and in
Table I, including the systematic uncertainties that are
discussed in more detail in Section IXA. The efficiencies
for converted photons are, on average, 3-4% lower than
for unconverted photons with the same pseudorapidity
and transverse energy.

TABLE I. Isolated prompt photon identification efficiency in
the intervals of the photon pseudorapidity and transverse en-
ergy under study.

Eγ
T Identification Efficiency

[GeV] [%]

0.00 ≤ |ηγ | < 0.60 0.60 ≤ |ηγ | < 1.37 1.52 ≤ |ηγ | < 1.81

[15, 20) 63.3± 6.6 63.5± 6.9 72.2± 8.4

[20, 25) 73.5± 6.1 73.5± 6.8 81.6± 8.3

[25, 30) 80.2± 5.4 80.8± 5.7 86.7± 6.6

[30, 35) 85.5± 4.5 85.3± 4.8 90.4± 5.9

[35, 40) 85.2± 3.9 89.3± 4.3 92.3± 5.0

[40, 50) 89.2± 3.3 92.1± 3.6 93.5± 4.6

[50, 60) 91.3± 3.1 94.1± 2.8 93.9± 3.6

[60, 100) 92.2± 2.6 94.8± 2.6 94.2± 2.9

As a cross-check, photon identification efficiencies are
also inferred from the efficiencies of the same identifica-
tion criteria applied to electrons selected in data from W
decays. Events containing W → eν candidates are se-
lected by requiring: a missing transverse energy greater
than 25 GeV (corresponding to the undetected neutrino);
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FIG. 3. Efficiency of the tight identification criteria as a func-
tion of the reconstructed photon transverse energy for prompt
isolated photons. Systematic uncertainties are included.

an opening azimuthal angle larger than 2.5 radians be-
tween the missing transverse energy vector and any en-
ergetic jets (ET > 15 GeV) in the event; an electron
transverse isolation energy in a cone of radius 0.4 in the
η−φ space smaller than 0.3 times the electron transverse
momentum; and a track, associated to the electron, that
passes track-quality cuts, such as the minimum require-
ment on the measured transition radiation in the TRT
and the requirement of the presence of hits in the sili-
con trackers. These selection criteria, which do not rely
on the shape of the electron shower in the calorimeter,
are sufficient to select a W → eν sample with a purity
(measured using a calorimeter isolation technique similar
to that described in Section 6.1 of Ref [50]) greater than
95%. The identification efficiency of converted photons
is taken from the efficiency for selected electrons to pass
the tight photon selection criteria. This approximation is
expected to hold to within 3% from studies of simulated
samples of converted isolated prompt photons and of iso-
lated electrons fromW decays. For unconverted photons,
the electrons in data are used to infer shower-shape cor-
rections. These corrections are then applied to uncon-
verted photons in simulation, in order to calculate the
unconverted photon efficiency from Monte Carlo. The
results from the electron extrapolation method are con-
sistent with those from the simulation, with worse preci-
sion due to the limited statistics of the selected electron
sample.



Data-driven measurements of the photon ID 
efficiency in ATLAS

• Radiative Z decays

• select Z→llγ sample using requirements on leptons and kinematics of llγ

• gamma candidate = clean probe to measure efficiency

• Matrix method

• select a photon-enriched sample with events passing photon triggers (very 
loose selection)

• estimate residual bkg contamination in selected sample, both before and 
after application of ID criteria, using a discriminant variable for which the 
different signal and background efficiencies are known

• Electron extrapolation

• select pure sample of electrons from Z→ee (with T&P) 

• “transform” electron shower shapes into photon shower shapes

6



March 5, 2012 – 14 : 25 DRAFT 4

– mu staco nPixHits + mu staco nPixelDeadSensors > 166

– mu staco nSCTHits + mu staco nSCTDeadSensors � 667

– mu staco nPixHoles + mu staco nSCTHoles < 368

– let N=(mu staco nTRTOutliers+mu staco nTRTHits); then69

If |mu staco eta|<1.9 then N>5 && mu staco nTRTOutliers/N <0.970

If |mu staco eta|�1.9 && N>5 then mu staco nTRTOutliers/N <0.9.71

• impact parameter with respect to primary vertex and impact parameter significance:72

– |mu staco id z0 exPV| < 10 mm.73

– |mu staco id d0 exPV|/
p

mu staco id cov d0 exPV <10.74

• isolation: mu staco ptcone20/mu staco pt < 0.1.75

The two-dimensional distribution of the µµ� and µµ invariant masses in data events passing the76

previous criteria is shown in Fig. 2. FSR events (where the photon is radiated from the Z: Mµµ� ⇡77

MZ ,Mµµ < MZ) and ISR events (where the photon is radiated before the Z decays to µµ: Mµµ� >78

MZ ,Mµµ ⇡ MZ) are clearly visible.79
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Figure 2: 2-D distributions of Mµµ� and Mµµ from the photon candidates after all selection Z ! µµ�
selection criteria except those on Mµµ� and Mµµ. Events from FSR and ISR processes are clearly visible.

Since photon candidates from ISR are largely a↵ected by the Z+jet background, where a jet is80

misidentified as a photon, only FSR events are used in this analysis: this allows us to obtain a very81

pure photon control sample. Therefore we require 80 < Mµµ� < 96 GeV and 40 < Mµµ < 83 GeV.82

Finally, we observe that the identification e�ciency is lower for photon candidates too close to one83

of the muons from the Z, as can be seen in Fig. 3, where we plot the events and e�ciency as a function84

of the minimum distance in the ⌘ � � plane between the photon and each of the two muons, �Rmin =85

min(�R1,�R2), �Ri =
p

(⌘µi � ⌘�)2 + (�µi � ��)2. We attribute this ine�ciency to the muon energy86

a↵ecting the reconstructed photon shower shape. We require �Rmin > 0.2 to avoid using photons a↵ected87

by this e↵ect.88

The 2-D (⌘, ET) distributions of the photon candidates in Z ! µµ� events selected in data are shown89

in Fig. 4.90

Photon efficiency from radiative Z decays
• single electron or muon triggers
• good electron or muon (in tracker, EM calorimeter/muon spectrometer)

• originating from primary vertex
• isolated (reject leptons from heavy flavor decays)
• not too close to the photon (avoid bias on photon shower shapes)

• ETγ,l>15 GeV 
• 80 < Mllγ < 96 GeV
• 40 < Mll < 83 GeV  

• ~11k probes in total
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Figure 4: 2-D distributions of ET and ⌘ for photon candidates selected in data after the full Z ! µµ�
selection is applied. Top: unconverted photons. Bottom: converted photons.

Photon efficiency from radiative Z decays

• Typical probe ET/eta distribution peaks at low ET:

• Residual bkg from Z+jets; estimated from 
template fit to Mllγ using MC templates

• purity typically > 98%; error on efficiency when assuming P=1: 1-1.5%

• Results consistent for l=e,μ ⇒ combined. Statistically limited (plots later)
8
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Description of the matrix method  

● Using track isolation(pt_nucone30) as discriminating variable                                         
solve system of 4 equations in 4 unknowns to extract number of true photons in 

sample after isolation requirement, passing(NT

pass
) or failing(NT

fail
) tight ID cuts.           

(S = signal = prompt photons and  B = fake prompt photons(jets))   

●        and        are obtained from DP MC sample

●        and       are obtained in data sample enriched with fake photons

    * reversing narrow strips variables cuts

       

Photon efficiency from matrix method

• After selecting photon-enriched sample (photon triggers: very loose cuts on few 
shower shapes), use track isolation as discriminating variable to count signal (S) 
and background (B) that pass/fail the identification (T) criteria

• System of 4 equations in 4 unknowns (if track iso efficiencies are known)

• Prompt photon track iso efficiencies from signal MC (systematic uncertainty from 
data/MC efficiency difference for electrons from Z→ee)

• Background track iso efficiencies from data control sample enriched with jets 
(systematic uncertainty from closure tests on MC) 9
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solve system of 4 equations in 4 unknowns to extract number of true photons in 

sample after isolation requirement, passing(NT

pass
) or failing(NT

fail
) tight ID cuts.           

(S = signal = prompt photons and  B = fake prompt photons(jets))   
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Ingredients for efficiency measurement with matrix 
method

• Track isolation efficiencies

• Efficiency of trigger preselection 
(from MC; to be checked with 
radiative Z decays at low ET)
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Trigger efficiency factor from corrected MC sample     

● Efficiency measurement potentially biased by trigger preselection. A correcting 
factor is needed to multiply previous efficiency to compare with efficiency measured 
with other methods not biasing the photon shower shapes (radiative Z and Z 
extrapolation)                                                                                                                
* factor: ratio of ID efficiency without/with trigger requirement  in simulated DP        
   sample after applying “fudge factor” correction.

       Unconverted                                                                                                             
               photons

       Converted                                                                                                                 
           photons       
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Conclusion

• Prompt photon identification efficiency measured with 2 data-driven methods

• radiative Z decays ⇒ precise at low ET (limited at high ET by statistics)

• matrix method ⇒ precise at high ET (limited at low ET by purity uncertainty)

• Results from 2 methods consistent within few %

• can reduce systematic uncertainties significantly wrt 2010 analyses

• MC estimates typically within 5% from data results

• confirms validity of 2010 results based on MC efficiencies (with 
conservatively large systematic uncertainties)
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and          from DP simulated sample  

● Central values from truth reconstructed isolated photons

  * DP 17 ( Et > 20 GeV)                                                                                                 
  * DP 35 ( Et > 45 GeV)                                                                                                 
  * DP 70 ( Et > 90 GeV)                                                                                                 
  * DP 140 ( Et > 150GeV)                                                                                              
  * DP 280 ( Et > 290GeV)                                                                                              
  * DP 500 ( Et > 510GeV)

● Systematic uncertainties:

  * Possible data/MC discrepancies:                                                                                

        * from the difference between ε s  in Z->ee data and MC                                        

        * plots are shown in next slide    

  * difference between ε s  for 1 / 2 track conversion                                                       

        * only for converted photons                                                                                  

        * from difference between ε s for unconverted and converted photons
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and          from DP simulated sample  

● Track isolation efficiency from probe electrons in Z->ee data and MC passing or not 
the unconverted/converted photon identification

 unconverted photon 

  converted photon
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and          from bkg-enriched data sample  

● Select photon candidates in data by reversing narrow strips variables cuts                           

* four variables:  ΔΕ , fside , Ws3 and Eratio                                                                      

* relaxed-tight cut: ID tight cuts except above narrow-strips variables cuts                

 

   * signal leakage correction (see next slide )                      

● Systematic uncertainty:                                                                                                        

* bias on  ε b checked with simulated JF MC samples: comparing the difference of  ε b             

     obtained with truth match and with the same procedure used in data                                 
      JF17(Et >20GeV) + JF35(Et>45GeV) + JF70(Et>90GeV) + JF140(Et>150GeV)         
      + JF240(Et>250GeV) + JF500(Et>510GeV)       

              

                         

failpass

pass
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• region 3+4 contains the candidates that fail the cuts on the narrow-strip variables178
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cutsvariables

Figure 3: A graphical illustration of photon candidate classification in the data sample. Candidates in
region 3 and region 4 on the graph are used to estimated the track isolation e�ciencies for background
"b

p and "b
f after having subtracted residual signal photons.

Candidates in region 3 pass the relaxed-tight cuts but fail the criteria on the narrow-strip variables.179

The candidates in this region are used to estimate the fake photon track isolation e�ciency for fake candi-180

dates that pass tight identification criteria (region 1). Candidates in region 4, which fail both relaxed-tight181

and narrow-strip cuts, are used to estimate the track isolation e�ciency of fake photons failing the tight182

identification criteria (region 2+3+4). The signal contribution to the control regions 3 and 4 is signifi-183

cantly suppressed, but a residual contamination exists. It is estimated using prompt photon MC samples184

to determine the fraction of signal in regions 3 and 4 with respect to the signal in region 1, and subtracted185

from the data yields as described below.186

We introduce a few definitions according to Fig. 3:187

• NA: total number of photon candidates in region 3.188

• NB: total number of photon candidates in region 4.189

• "p: fraction of photon candidates that are isolated in the tracker after passing tight criteria (region190

1).191

• " f : fraction of photon candidates that are isolated in the tracker after failing tight criteria (region192

2+3+4).193

• "b+
p : fraction of photon candidates in region 3 that are isolated in the tracker.194

• "b+
f : fraction of photon candidates in region 4 that are isolated in the tracker.195

We also remind the previous definitions of:196

• NT
pass: total number of photon candidates that pass tight criteria (region 1).197

• NT
f ail: total number of photon candidates that fail tight criteria (region 2+3+4).198

The previous quantities are determined on data.199

From the prompt photon MC sample we extract the following quantities for true prompt photons:200

• fp: fraction of prompt photons that leak into region 3.201

• f f : fraction of prompt photons that leak into region 4.202

• "s
p: track isolation e�ciency for prompt photons in region 1.203

• "s
f : track isolation e�ciency for prompt photons in region 2+3+4.204
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The previous quantities are determined on data.199

From the prompt photon MC sample we extract the following quantities for true prompt photons:200

• fp: fraction of prompt photons that leak into region 3.201

• f f : fraction of prompt photons that leak into region 4.202

• "s
p: track isolation e�ciency for prompt photons in region 1.203

• "s
f : track isolation e�ciency for prompt photons in region 2+3+4.204
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• "s+
p : track isolation e�ciency for prompt photons in region 3.205

• "s+
f : track isolation e�ciency for prompt photons in region 4.206

The fractions fp and f f are shown in Fig. 4 for unconverted candidates and in Fig. 5 for converted207

candidates.208
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Figure 4: Fractions of real prompt photons in the background control regions (i.e. failing narrow-strip
cuts) passing ( fp) or failing ( f f ) the relaxed-tight criteria for unconverted photons. The results are derived
from prompt photon simulated samples.

The track isolation e�ciency for fake photons passing or failing relaxed-tight cuts are "b
p and "b

f ,209

respectively. They relate to the quantities defined previously through the following equations. The total210

number of signal photons in regions 1-2-3-4, NS
total, can be evaluated as:211

NS
total = NS

pass + NS
f ail = NT

pass ⇤ P + NT
f ail ⇤ F = NT

pass ⇤
"p � "b

p

"s
p � "b

p
+ NT

f ail ⇤
" f � "b

f

"s
f � "b

f

(11)

The first term on the right side of the equation is the number of real photons passing tight criteria, while212

the second term is the number of real prompt photons failing the tight criteria. With the total number of213

signal events in the data sample, we can get the number of real prompt photon events in regions 3 and214

4 using the fractions of true photons in these two regions from the signal simulation. We subtract the215

signal leakage from both the numerators and denominators to obtain "b
p and "b

f .216

"b
p =

NA ⇤ "b+
p � NS

total ⇤ fp ⇤ "s+
p

NA � NS
total ⇤ fp

(12)

217

"b
f =

NB ⇤ "b+
f � NS

total ⇤ f f ⇤ "s+
f

NB � NS
total ⇤ f f

(13)
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• region 3+4 contains the candidates that fail the cuts on the narrow-strip variables178

3 4
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1: pass tight cuts
2: pass narrow-strip variable cuts but fail
relaxed-tight cuts

3: pass relaxed-tight but fail narrow-strip cuts

4: fail relaxed-tight and fail narrow-strip
cutsvariables

Figure 3: A graphical illustration of photon candidate classification in the data sample. Candidates in
region 3 and region 4 on the graph are used to estimated the track isolation e�ciencies for background
"b

p and "b
f after having subtracted residual signal photons.

Candidates in region 3 pass the relaxed-tight cuts but fail the criteria on the narrow-strip variables.179

The candidates in this region are used to estimate the fake photon track isolation e�ciency for fake candi-180

dates that pass tight identification criteria (region 1). Candidates in region 4, which fail both relaxed-tight181

and narrow-strip cuts, are used to estimate the track isolation e�ciency of fake photons failing the tight182

identification criteria (region 2+3+4). The signal contribution to the control regions 3 and 4 is signifi-183

cantly suppressed, but a residual contamination exists. It is estimated using prompt photon MC samples184

to determine the fraction of signal in regions 3 and 4 with respect to the signal in region 1, and subtracted185

from the data yields as described below.186

We introduce a few definitions according to Fig. 3:187

• NA: total number of photon candidates in region 3.188

• NB: total number of photon candidates in region 4.189

• "p: fraction of photon candidates that are isolated in the tracker after passing tight criteria (region190

1).191

• " f : fraction of photon candidates that are isolated in the tracker after failing tight criteria (region192

2+3+4).193

• "b+
p : fraction of photon candidates in region 3 that are isolated in the tracker.194

• "b+
f : fraction of photon candidates in region 4 that are isolated in the tracker.195

We also remind the previous definitions of:196

• NT
pass: total number of photon candidates that pass tight criteria (region 1).197

• NT
f ail: total number of photon candidates that fail tight criteria (region 2+3+4).198

The previous quantities are determined on data.199

From the prompt photon MC sample we extract the following quantities for true prompt photons:200

• fp: fraction of prompt photons that leak into region 3.201

• f f : fraction of prompt photons that leak into region 4.202

• "s
p: track isolation e�ciency for prompt photons in region 1.203

• "s
f : track isolation e�ciency for prompt photons in region 2+3+4.204
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Signal leakage correction  

● Fraction of true photons in bkg control sample passing or failing relaxed-tight criteria

● Signal leakage correction procedure: solve three equations to obtain 3 unknowns           
total real photons in passing and failing tight criteria

   subtract signal leakage from numerator and denominator

   equations are nonlinear, iterative procedure is used with inputs:                                   
         * from DP MC:                                                          

           * from  JF MC at the beginning:                more and more precise values             
           are solved during iteration (3~5 steps)    

…....(1)

…....(2)

…....(3)
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Bias on       and         in JF Monte Carlo    

● In JF MC, compare the difference of        and        obtained with the truth match and 
the procedure used in data(bkg control sample and subtract signal leakage by using 
iteration)

 unconverted photons

 converted photons

●  These difference is independent with E
T
 within statistical error. The average 

difference is taken as systematic uncertainty for each |η| region passing or not tight 

criteria..


