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Introduction/motivation
● The top quark’s interactions are of central interest at LHC since many 

new physics scenarios involve top quarks.

● Effective field theory (EFT) provides one consistent framework towards 

model independence if new physics resides at high energy with no new 

particles in the final state.

● Top quark pair production with an additional vector gauge boson (ttV) 

provides competitive constraints on many leading EFT operators due to 

good access to weakly constrained observables, e.g. charge 

asymmetries, spin correlations and neutral top couplings.

● It is also to important to validate the ttV Monte Carlo generators with 

data since they play a crucial role for many LHC searches.

● Presenting two measurements, both using 13 TeV c.m.e. and 36/fb of 

data. 
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tt + Z /W

Introduction to tt̄ + (Z ,W , �)
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Direct measurements of tt̄� only had low sensitivity at the Tevatron
(O(3�)), and tt̄+(Z ,W ) was not possible before the LHC era.

The main interest stems from the fact that the observed yields and
measured cross-sections could be altered by new physics, e.g. strongly
coupled higgs models for tt̄+(Z ,W ) and composite or excited tops
for tt̄�.

Inclusive cross-sections are a first systematic step to constrain the
new physics models, providing input to e.g. e↵ective theory modeling.
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Phys. Rev. D 99, 072009 (2019)

• For all channels signal (SR) and background
control regions (CR) are separated using 
number of jets and b-tags during the fit.

• For ttZ (OS) this separation is taken even 
further and three BDTs are separately trained 
for each region (1b5j, 1b6j and 2b6j). 
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tt + Z /W

Signal region Main selection Main
background

Background 
treatment

SS dileptons (ttW) ≥ 2 b-tags, 
dedicated MVAs 
for lepton ID

Fake leptons, 
charge-flips

Data-driven

Trileptons (ttZ) ≥ 3 jets, ≥ 1 b-tag WZ, fake leptons CR, data-driven

Tetraleptons (ttZ) ≥ 1 b-tag ZZ, fake leptons CR 

OS dileptons (ttZ) BDT O(10) inputs Ttbar, Z+HF Data-driven, fit BDT

Phys. Rev. D 99, 072009 (2019)

• In the fit all final-state channels participates 
simultaneously, however

• different channels have different backgrounds, each 
one with a dedicated estimation method.
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Example background 
distributions

55

SS e-mu WZ in 3L
0b3j

ZZ in 4L

Ttbar in OS Z+HF in OS

tt + Z /W

Z+HF fixed 
by the fit to  
lower bins 
of the BDT 
output
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Systematics

● Inclusive cross sections are 
extracted using a single 
profiled likelihood fit to 24 
signal regions, 14 control 
regions, and three BDT 
outputs.

● Systematic and statistical 
uncertainties are of similar 
size.

6

tt + Z /W
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Signal and control regions 

7

SS and trilepton 
regions targeting 
ttW

tt + Z /W
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OS targeting ttZ

Signal and control regions tt + Z /W

Full range of the BDT fitted 
which is important for 
consistently fixing the large 
backgrounds.
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3L and 4L regions targeting ttZ

Signal and control regions tt + Z /W

Signal clearly visible by eye in many of the 
regions.



tt+Z/W/! in ATLAS, Jörgen Sjölin, Blois 2018 10

Example signal distributions

10

SS

3L
4L

tt + Z /W

OS
Fake lep. large in SR 
for ttW

Strong variable in 
the BDT ranking

Important 
variable for 
top couplings

(Phys. Rev. Lett. 41 (1978) 1581)
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Results

11

EFT coefficients 
related to neutral 
couplings, using 
only the 3L and 4L
regions.

tt + Z /W

µttZ = 1.08 ± 0.14 (Theory 12%)
µttW = 1.44 ± 0.32 (Theory 12%)
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12
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Jörgen Sjölin (Stockholm University) tt̄+boson (except Higgs) results at the LHC September 15, 2015 3 / 23

● Inclusive and differential measurements 
performed in fiducial volumes, ET(!)>25 
GeV, |△R(l,!)|>1 and |eta(!)|<2.37 
using the top pair lepton+jets and 
dilepton selected final-states.

● Two event level NN are used in the fit for 
the inclusive cross-sections.

● In lepton+jets the NN is enhanced with a 
dedicated NN !-tagger.

12

Eur. Phys. J. C  (2019) 79:382
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Example pre-fit input distribution

13

L+jets
L+jets

Dileptons Dileptons

Hadronic fake 
photon uses a 
data-driven
method 
where partial 
photon ID 
and isolation 
are flipped.

tt +γ
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Photon tagger and event NN

14

Photon tagger

l+jet NN Dilepton NN

Photon tagger based on 
shower shapes and calibrated 
in data with Z events

tt +γ
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Inclusive fiducial cross-section

15

  382 Page 16 of 41 Eur. Phys. J. C           (2019) 79:382 

Fig. 8 The measured fiducial
cross-sections normalized to
their corresponding NLO SM
predictions [10] for the five
individual channels and for the
single-lepton and dilepton
channels, as well as the
combination of all channels.
The statistical uncertainties are
the inner error bars, while the
total uncertainties are the outer
error bars. The NLO prediction
for the inclusive fiducial
cross-section is represented by
the dashed vertical line, and the
theoretical uncertainties are
represented by the shaded bands

Emiss
T . Additional uncertainties originate from the modelling

of its soft term [61].
The uncertainty in the combined 2015+2016 integrated

luminosity is 2.1%. It is derived, following a methodology
similar to that detailed in Ref. [62], and using the LUCID-2
detector for the baseline luminosity measurements [63], from
calibration of the luminosity scale using x-y beam-separation
scans.

The uncertainty associated to the modelling of pile-up in
the simulation is assessed by varying the reweighting of the
pile-up in the simulation within its uncertainties.

8.4 Systematic uncertainties of the measured differential
cross-section

Systematic uncertainties for unfolding arise from the detec-
tor response description, signal modelling, and background
modelling. The systematic uncertainties due to background
modelling and the detector response are evaluated by varying
the input detector-level pre-fit distributions, unfolding them
with corrections based on the nominal signal sample, and cal-
culating the difference of the resulting unfolded distributions
with respect to the nominal one. The systematic uncertain-
ties due to signal modelling are evaluated by varying the
signal corrections, i.e. the migration matrix Mkj , the effi-
ciency ϵk and the fraction fout, j as defined in Sect. 7.3, with
which the nominal input detector-level pre-fit distributions
are unfolded, and calculating the difference of the resulting
unfolded distributions with respect to the nominal one. The
statistical uncertainties of the signal and background MC

Table 5 Summary of the effects of the groups of systematic uncer-
tainties on the fiducial cross-section in the single-lepton and dilepton
channels. Due to rounding effects and small correlations between the
different sources of uncertainty, the total systematic uncertainty is dif-
ferent from the sum in quadrature of the individual sources

Source Single lepton (%) Dilepton (%)

Signal modelling ± 1.6 ± 2.9

Background modelling ± 4.8 ± 2.9

Photon ± 1.1 ± 1.1

Prompt-photon tagger ± 4.0 –

Leptons ± 0.3 ± 1.3

Jets ± 5.4 ± 2.0

b-tagging ± 0.9 ± 0.4

Pile-up ± 2.0 ± 2.3

Luminosity ± 2.3 ± 2.3

MC sample size ± 1.9 ± 1.7

Total systematic uncertainty ± 7.9 ± 5.8

Data sample size ± 1.5 ± 3.8

Total uncertainty ± 8.1 ± 7.0

samples are also considered. The covariance matrix Ci j for
each of these systematic uncertainties is estimated as σi ×σ j ,
where σi and σ j are the symmetrized uncertainties for bin i
and bin j of the unfolded distribution. The covariance matrix
for the statistical uncertainty of data is calculated by the
unfolding algorithm [54].

123

tt +γ

µtt! = 1.06 ± 0.06 (Theory 15-20%)
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Unfolded differential cross-sections

l+jets

Dileptons

tt +γ



Conclusions

● Measurements of production of top pairs with associated 
bosons is a very active field at the LHC.

● Activity strongly driven by the ability to directly constrain EFT 
operators in the top sector.

● Focus towards making measurements less model dependent 
(using well defined fiducial volume) and stronger (unfolded 
differential).

● The measurements are becoming systematics limited which 
in turn influences the optimization of the analyses.

tt+Z/W/! in ATLAS, Jörgen Sjölin, Blois 2018 17
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TABLE XI. The definitions and ranking of input variables for the BDT in the OS dilepton analysis. Jets and leptons are ordered in
descending order of pT. Only the first eight jets are considered when calculating the input variables.

Ranking

Definition 6j1b 5j2b 6j2b

pT of the lepton pair 8 11 8
pT of the fourth jet 6 12 6
pT of the fifth jet # # # 14 # # #
pT of the sixth jet 9 # # # 11
ΔRη between the two leptons 7 8 12
Number of jet pairs with mass within a window of 30 GeV around 85 GeV 4 6 4
Number of three-jet combinations (containing exactly one b-tagged jet) compatible with a top quark
(jm bjj − m tj < 15 GeV) and (jm jj − mW j < 15 GeV)

# # # # # # 17

Invariant mass of the two jets with the smallest ΔRη 13 7 14
Invariant mass of the two untagged jets with the highest pT 15 13 # # #
Invariant mass of the two jets with the highest value of the b-tagging discriminant # # # 10 9
Scalar sum of pT divided by the sum of energy of all jets 2 1 2
Average ΔRη of all jet pairs 5 4 5
Maximum invariant mass of a lepton and the b-tagged jet with the smallest ΔRη 14 # # # 13
First Fox–Wolfram moment built from jets and leptons 3 2 1
Sum of jet pT, using up to six jets 12 5 10
η of dilepton system 1 3 3
Sum of the two closest two-jet invariant masses from jjj1 and jjj2 divided by two 10 # # # 15
ΔRη between two jets with the highest value of the b-tagging discriminant in the event # # # 9 7
pT of the b-tagged jet with the highest pT 11 # # # 16

M. AABOUD et al. PHYS. REV. D 99, 072009 (2019)

072009-22

OS BDT ranking

observed (expected) significance of 4.3 (3.4) standard
deviations. The significance values are computed using
the asymptotic approximation described in Ref. [82].
Table VIII shows the uncertainties in the measured tt̄Z

and tt̄W cross sections, grouped in categories, along with
the total uncertainties. For both processes, the precision of
the measurement is affected by statistical and systematic
uncertainties in similar proportions. For the tt̄Z determi-
nation, the dominant systematic uncertainty sources are the
modeling of the backgrounds and of the signal. For the tt̄W
determination, the dominant systematic uncertainty sources
are the modeling of the signal and the limited amount of
data available in the control regions and simulated event
samples.

VIII. INTERPRETATION

The effective field theory (EFT) framework provides a
model-independent approach to the parametrization of
possible deviations from the SM predictions. In this
framework, effects due to BSM physics are described by
adding additional operators of dimension six or higher to
the SM Lagrangian. Each EFT operator Oi is associated
with a Wilson coefficient Ci, and the operators enter the
modified Lagrangian in the form ðCi=Λ2ÞOi, where Λ is
the characteristic energy scale of the BSM physics.
The complete set of independent, gauge-invariant and

baryon-number conserving EFT operators at dimension six
contains 59 different operators [83,84]. In the present
analysis, five of these operators are considered, all of
which modify the ttZ vertex: Oð3Þ

ϕQ , O
ð1Þ
ϕQ , Oϕt, OtW , OtB.

The operators are defined in Table IX, following Ref. [85].
The first two operators enter the ttZ vertex as a linear
combination, such that the measurement is sensitive to the
difference Cð3ÞϕQ − Cð1ÞϕQ . For this paper, the effect of this

combination is evaluated by varying Cð3ÞϕQ with Cð1ÞϕQ set
to zero.
Considering only one EFT operator at a time, any

observable, such as the tt̄Z event rate in a certain signal
region, can be expressed as a quadratic function of the
coefficient Ci:

σtot;i ¼ σSM þ Ci
ðΛ=1 TeVÞ2

σð1Þi þ C2i
ðΛ=1 TeVÞ4

σð2Þii : ð1Þ

The term linear in Ci on the right-hand side of Eq. (1)
results from the interference of the BSM operators with the
SM. For Ci=Λ2 of order 1 TeV−2, the interference term
dominates in Eq. (1) for Oð3Þ

ϕQ and Oϕt, while the quadratic
term dominates for OtW and OtB.
The values of σð1Þi and σð2Þii are computed using simulated

event samples generated with MG5_aMC interfaced to
PYTHIA 8 [11,86,87]. The computation is performed at
NLO, separately for all trilepton and tetralepton signal
regions. The detector reconstruction efficiency is verified to
be compatible between SM tt̄Z samples and samples with
nonzero values of Ci, for ranges of Ci considered here.
A fit is then performed to extract Ci=Λ2. The fit is

similar to the one described in Sec. VII, except that only
the four trilepton and four tetralepton signal regions
targeting tt̄Z are used and a normalization uncertainty of
12%, corresponding to the uncertainty in the NLO cross-
section computation, is applied to the SM tt̄Z prediction.
Uncertainties resulting from the limited sizes of MC
samples used to derive the values of σð1Þi and σð2Þii are
propagated to the measured values of Ci=Λ2.
The profile-likelihood test statistic is defined as

−Δ logðLÞ ¼ logðLðĈiÞ=LðCiÞÞ, where L is the profile
likelihood as a function of the Wilson coefficient Ci,
and Ĉi is the best-fit value of Ci. Approximate confidence
intervals for the Wilson coefficients are computed using the

TABLE VIII. List of relative uncertainties in the measured
cross sections of the tt̄Z and tt̄W processes from the fit, grouped
in categories. All uncertainties are symmetrized. The sum in
quadrature may not be equal to the total due to correlations
between uncertainties introduced by the fit.

Uncertainty σtt̄Z σtt̄W

Luminosity 2.9% 4.5%
Simulated sample statistics 2.0% 5.3%
Data-driven background statistics 2.5% 6.3%
JES=JER 1.9% 4.1%
Flavor tagging 4.2% 3.7%
Other object-related 3.7% 2.5%
Data-driven background normalization 3.2% 3.9%
Modeling of backgrounds from simulation 5.3% 2.6%
Background cross sections 2.3% 4.9%
Fake leptons and charge misID 1.8% 5.7%
tt̄Z modeling 4.9% 0.7%
tt̄W modeling 0.3% 8.5%

Total systematic 10% 16%
Statistical 8.4% 15%

Total 13% 22%

TABLE IX. Effective field theory operators considered and
their form in terms of SM fields. The notation of Ref. [85] is used.

Operator Expression

Oð3Þ
ϕQ ðϕ†iD

↔I
μϕÞðQ̄γμτIQ Þ

Oð1Þ
ϕQ ðϕ†iD

↔

μϕÞðQ̄γμQ Þ
Oϕt ðϕ†iD

↔

μϕÞðt̄γμtÞ
OtW ðQ̄σμντItÞϕ̃WI

μν

OtB ðQ̄σμνtÞϕ̃Bμν

MEASUREMENT OF THE tt̄Z AND tt̄W … PHYS. REV. D 99, 072009 (2019)

072009-19

EFT operators
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Table 1 Summary of the event selection. “OS” means the charges of the two leptons must have opposite signs

tons, and jets, as well as ID tracks associated with the primary
vertex but not with any of the above objects, which is called
track-based soft term.

An overlap removal procedure is applied to avoid the same
calorimeter energy deposit or the same track being recon-
structed as two different objects. Electrons sharing their track
with a muon candidate are removed. Jets within a !R = 0.2
cone of an electron are removed. After that, electrons within a
!R = 0.4 cone of a remaining jet are removed. When a muon
and a jet are close, the jet is removed if it has no more than
two associated tracks and is within !R < 0.2 of the muon,
otherwise the muon is removed if it is within !R < 0.4 of the
jet and the jet has more than two associated tracks. Photons
within a !R = 0.4 cone of a remaining electron or muon
are removed. Finally, the jets within a !R = 0.4 cone of a
remaining photon are removed.

5.2 Event selection

The events must have at least one primary vertex with at least
two associated tracks, each with pT > 400 MeV. Primary
vertices are formed from reconstructed tracks spatially com-
patible with the interaction region. The primary vertex with
the highest sum of p2

T over all associated tracks is chosen.
Events are categorized into the single-lepton channel if their
final state contains exactly one lepton (electron or muon),
and into the dilepton channel if they contain two electrons,
two muons, or one electron and one muon, with each pair
required to be of opposite charge. The lepton (at least one
of the leptons) must be matched to a fired single-lepton trig-
ger for the single-lepton (dilepton) channel. The pT of the
electron (muon) that fired the trigger has to be larger than
27 (27.5) GeV in order to match the higher lepton pT trigger
threshold in 2016. The selected events must have at least four
(two) jets in the single-lepton (dilepton) channel, at least one
of which isb-tagged, and exactly one photon. A Z -boson veto

is applied in the single electron channel by excluding events
with invariant mass of the system of the electron and the pho-
ton around the Z -boson mass (|m(e, γ )−m(Z)| < 5 GeV),
where m(Z) = 91.188 GeV. In the dilepton channel when
the two leptons have the same flavour, events are excluded
if the dilepton invariant mass or the invariant mass of the
system of the two leptons and the photon is between 85 and
95 GeV, and Emiss

T is required to be larger than 30 GeV. The
dilepton invariant mass is required to be higher than 15 GeV
to suppress events from J/ψ , ϒ and γ ∗ decays. Finally, to
suppress photons radiated from lepton(s), the !R between
the selected photon and lepton(s) must be greater than 1.0.
The event selection is summarized in Table 1.

There are four types of backgrounds to the selected t t̄γ
candidates, three of which are events with a misidentified
object. The contribution from events in which the selected
photon candidate originates from a jet or a non-prompt
photon from hadron decays, referred to as hadronic-fake
background, is estimated following the method outlined in
Sect. 6.1. The contribution from events in which the selected
photon candidate originates from an electron, referred to as
electron-fake background, is estimated following the method
outlined in Sect. 6.2. The contribution from events in which
the selected lepton candidate originates from a jet or a non-
prompt lepton from heavy-flavour decays, referred to as fake-
lepton background, is estimated following the method out-
lined in Sect. 6.3. Finally, the contribution from events with
a prompt photon (excluding the t t̄γ signal and the fake-
lepton background with prompt photon radiation), referred
to as prompt-photon background, is estimated following the
method outlined in Sect. 6.4. In the single-lepton channel, the
main backgrounds are from events with a hadronic-fake or
electron-fake photon and Wγ production, while in the dilep-
ton channel, Zγ production and events with a hadronic-fake
photon are the dominant backgrounds.

123

tt +γ
Event selection
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Table 2 The observed data and the expected event yields for the signal
and backgrounds in the single-lepton and dilepton channels. All data-
driven corrections and systematic uncertainties are included. The signals
are scaled by the NLO k-factors. The fake-lepton background in the
dilepton channel is negligible, represented by a “-”. The Zγ (Wγ )
background in the single-lepton (dilepton) channel is included in “Other
prompt”. The uncertainty of the Wγ background in the single-lepton
channel is not given since the normalization of this background is a free
parameter in the likelihood fit

Channel Single lepton Dilepton

t t̄γ 6 490 ± 420 720 ± 34

Hadronic-fake 1 440 ± 290 49 ± 27

Electron-fake 1 650 ± 170 2 ± 1

Fake lepton 360 ± 200 –

Wγ 1 130

Zγ 75 ± 52

Other prompt 690 ± 260 18 ± 7

Total 11 750 ± 710 863 ± 78

Data 11 662 902

A total number of 11 662 and 902 candidate events are
selected for the single-lepton and dilepton channels, respec-
tively, with expected numbers of 6490 ± 420 and 720 ± 34
signal events, where the corresponding NLO k-factors are
applied and the uncertainties include the simulation statis-
tical uncertainty and all systematic uncertainties introduced
in Sect. 8. Table 2 summarizes the observed data and the
expected event yields for the signal and background pro-
cesses. Figures 1 and 2 show comparisons of the data with the
expected simulated distributions. The simulation is corrected
with data-driven corrections. The statistical uncertainty of
data and systematic uncertainties are included. The signals
are scaled by the NLO k-factors.

5.3 Multivariate analysis

To discriminate the t t̄γ signal from backgrounds, a neural-
network algorithm, called the event-level discriminator
(ELD), is trained separately for the single-lepton and dilepton
channels. Given the significant contribution of hadronic-fake
photons in the single-lepton channel, a dedicated neural net-
work, referred to as the prompt-photon tagger (PPT) in the
following, is trained to discriminate between prompt pho-
tons and hadronic-fake photons. The PPT is used as one of
the inputs to the ELD in the single-lepton channel.

Both neural-network algorithms are feedforward binary
classifiers that have been trained using Keras [46] and evalu-
ated using lwtnn [47]. Theano [48] is used as backend. The
input variables are normalized to have a standard deviation
of 1 and a mean of 0. To reduce the risk of over-training,
regularization methods such as dropout [49] and batch nor-

malization [50] layers are used. Additionally, k-fold cross-
validation is performed.

Five variables which characterize the photon candidate
shower shape in the transverse and lateral directions utilizing
the energy deposits in the first and second layer of the ECAL,
Rη, Rφ , wη2 , ws3, and Fside, and one variable which char-
acterizes the energy leakage fraction into the HCAL, Rhad,
are used in the PPT. These are the standard discriminating
variables used in ATLAS for photon identification [39] and
their definitions are given in the Appendix. Prompt photons
from simulated QCD-Compton processes and hadronic-fake
photons from simulated dijet events are used as signal and
background photons in the training and testing of the PPT.
Photons are required to pass the Tight identification and have
pT > 25 GeV and |ηclu| < 2.37, excluding the calorimeter
transition region. The PPT shape of the prompt photons in
simulation is corrected to match data in photon pT-η bins.
The correction factors for each bin are extracted from the
ratio between the PPT output distribution in data and that
of simulation, using photons in a Z → ℓℓγ control region.
The control region is defined by requiring exactly one photon
and two opposite-sign leptons, with the invariant mass of the
lepton pair between 60 and 100 GeV. The resulting correc-
tion factors range from 0.5 to 2.0 and are in general around
unity. PPT systematic uncertainties are evaluated separately
for prompt photons and fake photons and are discussed in
Sect. 8.3. The PPT output distribution after event selection
in the single-lepton channel is shown in Fig. 3. The shape
difference between data and prediction of the PPT is caused
by the shape difference between data and simulation of the
input discriminating variables and is covered by the assigned
systematic uncertainties.

Simulated signal and background events passing the event
selection are used for the training and testing of the ELD,
except for the fake-lepton background in the single-lepton
channel which is taken from data as described in Sect. 6.3.
In the dilepton channel, the selection criteria on the Emiss

T ,
the invariant masses, and the jet multiplicity are removed to
increase the sample size for training. The training takes 15
(7) variables as input for the single-lepton (dilepton) chan-
nel, which are summarized in Table 3. The b-tagging related
variables are important for the ELD training in both channels,
because of their discriminating power against background
without real heavy flavour jets. which have significant con-
tributions. The use of the PPT as input to ELD improves the
discrimination power against hadronic-fake background.

Variables like the dilepton invariant mass and missing
transverse energy are useful for the ELD training in the dilep-
ton channel, due to the dominant background of Zγ . The
distributions of the ELD after event selection are shown in
Fig. 4 for the single-lepton and dilepton channels. The shapes
of the ELD are compared between signal and total back-
ground in Fig. 5 for the single-lepton and dilepton channels.
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Table 9 Definitions of photon
discriminating variables

Name Description

Hadronic leakage

Rhad or Rhad1 Transverse energy leakage in the hadronic calorimeter normalized to transverse energy
of the photon candidate in the ECAL. In the region 0.8 ≤ |η| ≤ 1.37, the entire energy
of the photon candidate in the HCAL is used (Rhad), while in the region |η| < 0.8 and
|η| > 1.37 the energy of the first layer of the HCAL is used (Rhad1)

Energy ratios and width in the second layer of ECAL

Rη Energy ratio of 3 × 7 to 7 × 7 cells in the η × φ plane

Rφ Energy ratio of 3 × 3 to 3 × 7 cells in the η × φ plane

wη2 Lateral width of the shower, using a window of η × φ = 3 × 5 cells

Energy ratios and widths in the first (strip) layer of
ECAL

ws3 Shower width along η, using 3 strips around the largest energy deposit

ws tot Shower width along η, using 20 × 2 strip cells in the η × φ plane

Fside Energy outside the 3 central strips but within 7 strips, normalized to the energy within
the 3 central strips

Eratio Ratio between difference of the first and second energy maximum divided by their sum
(Eratio = 1 if there is no second maximum)

#E Difference between the second energy maximum and the minimum found between first
and second maximum (#E = 0 if there is no second maximum)

Fig. 13 The simulated shapes of the output of the prompt-photon tag-
ger for the prompt, hadronic-fake, and electron-fake photons after apply-
ing Tight identification and isolation criteria
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Fig. 3 Distributions of the output of the prompt-photon tagger in the
single-lepton channel after event selection and before likelihood fit. All
data-driven corrections and systematic uncertainties are included

The hadronic-fake background is estimated using all the
simulation samples by requiring that the selected photon is a
hadron or from a hadronic decay at generator level. A data-
driven method, called the ABCD method, is applied to derive
a set of scale factors, based on the ratio of hadronic-fake back-

ground estimated by the method over the one from simula-
tion. This set of scale factors is derived in the single-lepton
channel and applied to both the single-lepton and dilepton
channels to calibrate the simulation to match data.

In the ABCD method, the isolation selection and part
of the Tight identification criteria of the photon, which are
assumed to be uncorrelated, are inverted to define three
regions enriched with hadronic-fake photons. These regions
are orthogonal to one another, and to the signal region. Region
A uses photons that pass the isolation selection defined in
Sect. 5.1 but fail at least two out of the four identification
requirements on the discriminating variables Fside, ws3, !E ,
and Eratio (defined in the Appendix), while passing all other
Tight identification criteria. These four variables describe
the shower shape in the first layer of ECAL and are cho-
sen for their small correlation with the photon isolation but
strong discrimination power between prompt and hadronic-
fake photons. Region B uses photons that fail the identifi-
cation criteria as in region A and do not pass the isolation
selection. Additionally, the sum of the pT of all tracks within
!R = 0.2 around the photon is required to be larger than
3 GeV to further suppress the prompt-photon contribution.
Region C selects photons that fail the isolation requirements
as in region B but pass the Tight identification. Region D is
the signal region.

The hadronic-fake background in the signal region can be
expressed as:

Table 3 Input variables for the event-level discriminator for the single-lepton and dilepton channels. For events without the 5th jet, the pT( j5) is
set to zero

Variable Description Single lepton Dilepton

PPT Prompt-photon tagger output !
HT Scalar sum of the pT of the leptons and jets !
m(γ , ℓ) Invariant mass of the system of the photon and the lepton !
Emiss

T Missing transverse energy ! !
mT

W Reconstructed transverse mass of the leptonically decaying W -boson !

=
!

2 × pT(ℓ) × Emiss
T × (1 − cos(!φ(ℓ, Emiss

T )))

Njets Jet multiplicity !
pT( j1) pT of the leading jet (ordered in pT) ! !
pT( j2) pT of the sub-leading jet ! !
pT( j3) pT of the third jet !
pT( j4) pT of the fourth jet !
pT( j5) pT of the fifth jet !
Nb-jets b-jet multiplicity ! !
b1( j) highest b-tagging score of all jets ! !
b2( j) second highest b-tagging score of all jets ! !
b3( j) third highest b-tagging score of all jets !
m(ℓ, ℓ) Invariant mass of the system of the two leptons !
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