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A search for the Zγ decay of the Higgs boson, with Z boson decays into pairs of electrons or muons is 
presented. The analysis uses proton–proton collision data at 

√
s = 13 TeV corresponding to an integrated 

luminosity of 139 fb−1 recorded by the ATLAS detector at the Large Hadron Collider. The observed data 
are consistent with the expected background with a p-value of 1.3%. An upper limit at 95% confidence 
level on the production cross-section times the branching ratio for pp → H → Zγ is set at 3.6 times 
the Standard Model prediction while 2.6 times is expected in the presence of the Standard Model Higgs 
boson. The best-fit value for the signal yield normalised to the Standard Model prediction is 2.0+1.0

−0.9
where the statistical component of the uncertainty is dominant.

© 2020 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

A new boson [1,2] was discovered in 2012 by the ATLAS and 
CMS Collaborations. The observed properties of the particle, such 
as its couplings to Standard Model (SM) elementary particles, its 
spin and its parity, are so far consistent with the predictions for 
a SM Higgs boson (H) [3–7]. The mass of this boson was deter-
mined by the ATLAS and CMS Collaborations to be mH = 125.09 ±
0.21(stat) ± 0.11(syst) GeV using the LHC Run 1 data set [8]. Sub-
sequent measurements, by both collaborations during the LHC Run 
2, are published [9–11] and are consistent with this value.

The SM Higgs boson can decay into Zγ through loop dia-
grams and the branching ratio is predicted to be B(H → Zγ ) =
(1.54 ± 0.09) × 10−3 at mH = 125.09 GeV [12]. It can differ from 
the SM value for several scenarios beyond the SM, for example, if 
the Higgs boson were a neutral scalar of different origin [13,14], or 
a composite state [15]. Different branching ratios are also expected 
for models with additional colourless charged scalars, leptons or 
vector bosons that couple to the Higgs boson, due to their contri-
butions via loop corrections [16–18].

Final states where the Z boson decays into electron or muon 
pairs can be efficiently triggered and clearly distinguished from 
background events produced in pp collisions. In addition, the Z(→
��)γ (� = e or μ) final state can be reconstructed completely with 
good invariant mass resolution and relatively small backgrounds.

Previous searches for the H → Z(→ ��)γ decay by the AT-
LAS and CMS Collaborations use the full pp data sets collected 
at 

√
s = 7 and 8 TeV [19,20] and partial data sets collected at 

� E-mail address: atlas .publications @cern .ch.

13 TeV [21,22]. In all cases, no significant excess of events above 
the expected background is observed around the Higgs boson 
mass. Prior to the present study, the ATLAS Collaboration reported 
an observed (expected assuming the presence of a SM Higgs boson 
signal) upper limit on the production cross-section times branch-
ing ratio for pp → H → Zγ of 6.6 (5.2) times the SM prediction 
at 95% confidence level for a Higgs boson with mH = 125.09 GeV
using a sample corresponding to an integrated luminosity of 36.1 
fb−1 [21]. The CMS Collaboration reported an observed (expected 
assuming the presence of a SM Higgs boson signal) upper limit of 
7.4 (6.0) times the SM prediction for a Higgs boson with mH =
125 GeV using a sample corresponding to an integrated luminosity 
of 35.9 fb−1 [22].

An updated search for decays of the Higgs boson into Zγ

with the Z boson decaying into electron or muon pairs is de-
tailed in this letter. The search uses pp collision data recorded at √

s = 13 TeV with the ATLAS detector at the LHC from 2015 to 
2018, corresponding to a total integrated luminosity of 139 fb−1. 
There are important improvements in this analysis compared with 
the previous one [21], including an increase in the size of the data 
set, an improved event categorisation, and optimised lepton and 
photon identification criteria. Events with at least one photon and 
two electrons or muons of opposite charge are classified into six 
mutually exclusive categories which are designed to enhance the 
sensitivity to the presence of the SM Higgs boson decaying into 
Zγ . The dominant background is the irreducible non-resonant pro-
duction of Z bosons together with photons. A simultaneous fit to 
the reconstructed Zγ invariant mass distributions in all the cat-
egories is performed to extract the overall H → Zγ signal yield.
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Table 1
Higgs boson MC samples produced with Powheg-Box v2 with the techniques used to generate the event and their precision in αs for the event generation (gen.). The 
version of Pythia 8 and the PDF set used for modelling the Higgs bosons decay, parton shower, hadronisation and the underlying event are listed. The precision of the total 
cross-section used in the sample normalisation is also reported. The cross-section of the qq̄ →ZH sample is normalised to take into account contributions from both qq̄ →ZH
and gg →ZH.

Process Technique Pythia 8 version & tune PDF set QCD (gen.) Normalisation

ggF NNLOPS [90,91]
& MiNLO [92–98]

8.186, AZNLO [87] NNPDF30 [75,76] NNLO NNNLO (QCD), NLO (EW) [33–44]

VBF Powheg [67–71] 8.186, AZNLO NNPDF30 NLO NNLO (QCD), NLO (EW) [45–47]

qq̄ →VH MiNLO [98–100] 8.186, AZNLO NNPDF30 NLO NNLO (QCD), NLO (EW) [48–55]

tt̄ H Powheg 8.230, A14 [86] NNPDF23 [29] NLO NNLO (QCD), NLO (EW) [56–59]

2. ATLAS detector and data sample

The ATLAS detector [23,24] at the LHC is a multipurpose par-
ticle detector with a forward–backward symmetric cylindrical ge-
ometry and a near 4π coverage in solid angle.1 It consists of an 
inner tracking detector (ID) surrounded by a thin superconducting 
solenoid, electromagnetic (EM) and hadronic calorimeters, and a 
muon spectrometer (MS) incorporating three large air-core toroidal 
magnets with eight coils each.

A two-level trigger system [25] was used during the 
√

s =
13 TeV data-taking period. The first-level trigger (L1) is imple-
mented in hardware and uses a subset of the detector information. 
This is followed by a software-based high-level trigger which runs 
algorithms similar to those in the offline reconstruction software, 
reducing the event rate to approximately 1 kHz from the maxi-
mum L1 rate of 100 kHz.

The events were collected with triggers requiring either one or 
two electrons or muons in the event. Due to the increasing lumi-
nosity, the transverse momentum (pT) thresholds were increased 
slightly during the data-taking periods. At the highest instanta-
neous luminosity recorded, the lowest pT threshold for the single-
muon trigger was 26 GeV. For the dimuon trigger, asymmetric pT
thresholds of 22 GeV and 8 GeV were used. The pT threshold 
was 26 GeV for the single-electron trigger and 17 GeV for both 
electrons in the dielectron trigger. These lowest-threshold triggers 
were complemented by triggers with higher thresholds but looser 
lepton identification criteria. For H → Zγ events that pass the full 
analysis selection, described in Section 4, the trigger selection is 
95.6% efficient for the eeγ final state and 92.2% efficient for the 
μμγ final state. The trigger efficiency has been measured to an 
accuracy better than 2%. After applying trigger and data quality 
requirements, the integrated luminosity of the data used in this 
search corresponds to 139 ± 2.4 fb−1. The average number of pp
interactions per bunch crossing (pile-up) ranged from about 13 in 
2015 to about 39 in 2018, with a peak instantaneous luminosity of 
2 × 1034 cm−2 s−1.

3. Simulation samples

Simulated Monte Carlo (MC) events of the signal and dominant 
backgrounds are used to optimise the search strategy. The gen-
erated MC events, unless stated otherwise, were processed with 
the detailed ATLAS detector simulation [26] based on Geant4 [27]. 
The effects of pile-up were modelled by overlaying simulated 
inelastic pp events over the original hard-scattering event. The 

1 The ATLAS experiment uses a right-handed coordinate system with its origin at 
the nominal interaction point (IP) in the centre of the detector and the z-axis along 
the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the 
y-axis points upward. Polar coordinates (r, φ) are used in the transverse plane. The 
polar angle (θ ) is measured from the positive z-axis and the azimuthal angle (φ) 
is measured from the positive x-axis in the transverse plane. The pseudorapidity 
is defined in as η = − ln tan(θ/2). Angular distance is measured in units of 
R =√

(
η)2 + (
φ)2.

pile-up events were generated with Pythia 8.186 [28] using the 
NNPDF2.3LO set of parton distribution functions (PDFs) [29] and 
the A3 parameter tune [30]. The MC events were weighted to re-
produce the distribution of the number of interactions per bunch 
crossing observed in the data.

In order to improve the description of the data, simulated 
events were corrected to ensure that the efficiencies for the re-
construction and identification of objects match those measured 
in data. The corrections include those applied to trigger, recon-
struction, identification and isolation efficiencies for electrons and 
muons, identification and selection efficiencies for photons, and se-
lection efficiency for jets [31,32]. Similarly, momentum and energy 
scale and resolution corrections for simulated objects were also 
taken into account.

The mass of the Higgs boson for all simulated samples was 
chosen to be mH = 125 GeV and the corresponding width is 
�H = 4.1 MeV [12]. The samples were normalised with the latest 
available theoretical calculations of the corresponding SM produc-
tion cross-sections at mH = 125.09 GeV via gluon–gluon fusion 
(ggF) [12,33–44], via vector-boson fusion (VBF) [12,45–47], in as-
sociation with a vector boson (VH, where V is a W or a Z bo-
son) [12,48–55] and with a top-quark pair (tt̄ H) [12,56–59]. The 
branching ratio is calculated at leading order in QCD [12,60–63]
and it has been shown that higher order QCD corrections have a 
small impact on the estimated coupling strength [64–66].

The production of the SM Higgs boson was modelled with 
the Powheg-Box v2 Monte Carlo event generator [67–71], as de-
scribed in Ref. [72] and summarised in Table 1. Pythia 8 [28]
was used to simulate the H → Zγ decay as well as to provide 
parton showering, hadronisation and the underlying event. Other 
Higgs boson production processes are not considered as their con-
tributions to the total Higgs boson production cross-section are 
of the order of 0.1% or less. All four production modes of the 
Higgs boson considered contribute to the signal in this analysis 
and their relative yields were fixed to the SM predictions. Contri-
butions from H → μμ (where the reconstructed photon originates 
from QED final-state radiation) were evaluated using samples pro-
duced in the same manner and are considered as a potential back-
ground in this analysis. The impact of interference between Higgs 
bosons decays with the same final-state signature (H → γ ∗γ , 
γ ∗ → e+e−/μ+μ− and H → μμ) is expected to be negligible in 
the Standard Model [73] and is neglected.

Additional samples of Higgs bosons produced by gluon–gluon 
fusion are used for studies of theoretical uncertainties. A sam-
ple with multiple parton interactions disabled is used to study 
the uncertainties in the signal acceptance related to the mod-
elling of non-perturbative quantum chromodynamics (QCD) effects. 
A sample generated with MadGraph5_aMC@NLO [74] using the 
NNPDF30 PDF [75,76] set, which includes up to two jets at next-
to-leading-order (NLO) accuracy in QCD using the FxFx merging 
scheme [74,77], is used to study the ggF acceptance in the analysis 
categories.

The background in this analysis originates mainly from non-
resonant production of a Z boson and a photon (Zγ ), with a 
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smaller contribution from the production of Z bosons in associ-
ation with jets (Z + jets), with one jet misidentified as a photon.

A large sample of background Zγ events was simulated with 
the Sherpa v2.2.2 [78] generator using a fast simulation of the 
calorimeter response [79]. It was produced at NLO precision in 
QCD for up to one additional parton and leading-order (LO) 
accuracy in QCD for up to three additional partons using the 
NNPDF3.0nnlo PDF set [76]. The matrix elements were matched 
and merged with the Sherpa parton shower [80,81] using the 
MEPS@LO prescription [82–85].

The electroweak production of Zγ j j with jets originating from 
the fragmentation of partons arising from electroweak vertices is 
also considered. It was generated at LO accuracy in QCD using
MadGraph5_aMC@NLO 2.3.3 with no additional partons in the fi-
nal state, which is orthogonal to the Zγ simulation with Sherpa. 
The NNPDF30 LO PDF set [76] was used for the generation of the 
events, and the hadronisation, parton shower and the underlying 
event of the events was modelled using Pythia 8.212 with the A14 
parameter tune [86].

The background originating from Z + jets is estimated using a 
data-driven technique which is validated using a sample simulated 
with the Powheg-Box v1 MC generator [68–70] at NLO accuracy 
in QCD. It was interfaced to Pythia 8.186 for the modelling of 
the parton shower, hadronisation and the underlying event with 
parameters set according to the AZNLO tune [87]. The CT10 PDF 
set [88] was used for the hard-scattering processes, whereas the 
CTEQ6L1 PDF set [89] was used for the parton shower.

4. Event selection, reconstruction and categorisation

Events are required to have at least one photon candidate and 
at least two same-flavour opposite-charge leptons, (� = e, μ), asso-
ciated with a primary vertex candidate. This primary vertex candi-
date is reconstructed from charged particles (tracks) in the ID with 
transverse momentum pT > 500 MeV, and is defined to be the one 
with the largest sum of the squared transverse momenta of the 
associated tracks.

Muon candidates are required to have a high-quality track in 
the ID or the MS, satisfy the medium identification criteria, be 
within |η| < 2.7 and have pT > 10 GeV [32]. Electron and photon 
candidates are reconstructed from topological clusters of energy 
deposits in the EM calorimeter, and in the case of an electron, 
a track in the ID matched to the cluster [31,101]. Electron and 
photon candidates in the transition region between the barrel and 
endcap EM calorimeters, 1.37 < |η| < 1.52, are excluded. Electrons 
are required to satisfy loose likelihood-based identification crite-
ria [31], have pT > 10 GeV and be within |η| < 2.47, while photon 
candidates are required to satisfy pT > 10 GeV, |η| < 2.37 and 
the tight identification criteria. Compared with the previous AT-
LAS publication [21] the electron identification criteria is looser, 
improving signal acceptance, and the photon identification has 
been updated to improve efficiency in the transverse momentum 
range 10 GeV − 35 GeV. The lepton and photon candidates are 
also required to be isolated from additional activity in the tracking 
detector and in the calorimeters. Contributions to the energy de-
posited in the calorimeters originating from the underlying events 
and pile-up are corrected for on an event-by-event basis using the 
method described in Refs. [102–104].

In order to ensure that muon and electron candidates origi-
nate from the primary vertex, it is required that the longitudinal 
impact parameter, 
z0, computed relative to the primary vertex 
position, satisfies |
z0 · sin θ | < 0.5 mm, where θ is the polar 
angle of the track. Additionally, to suppress leptons from heavy-
flavour decays the significance of the transverse impact parameter 
d0 calculated relative to the measured beam-line position must 

satisfy |d0|/σd0 < 3 (5) for muons (electrons) where σd0 is the un-
certainty in d0 obtained from the track fit.

Jets are reconstructed from topological clusters [105] using the 
anti-kt algorithm [106] with a radius parameter of 0.4. They are 
required to have pT > 25 GeV and |η| < 4.4. Jets produced in pile-
up interactions are suppressed by requiring that those with pT <

60 GeV and |η| < 2.4 pass a selection based on a jet vertex tagging 
algorithm [107], which is 92% efficient for jets originating from the 
hard interaction.

An overlap removal procedure is applied to the selected lepton, 
photon and jet candidates. If two electrons share the same track, 
or the separation between two electron energy clusters satisfies 
|
η| < 0.075 and |
φ| < 0.125, then only the highest-pT electron 
is retained. Electron candidates that fall within 
R = 0.02 of a se-
lected muon candidate are also discarded. In order to suppress the 
events arising from QED final-state radiation (FSR), photon candi-
dates within a 
R = 0.3 cone around the leptons of the Z boson 
candidate are rejected. Jet–lepton and jet–photon overlap removal 
are also performed by removing the jet if its axis is within a cone 
of size 
R = 0.2 around one of the leptons or the photon.

The Z boson candidates are reconstructed from two same-
flavour opposite-charge leptons satisfying the selection criteria. 
The leptons of the Z boson candidate are additionally required to 
be consistent with being accepted by at least one of the triggers 
that the event passed. It is required that the pT of the leptons that 
are associated with the single-lepton or dilepton triggers is 1 GeV
above the trigger threshold. The invariant mass of the Z boson 
candidates is required to be between 50 GeV and 101 GeV before 
applying the mass resolution improvements described in the fol-
lowing.

The resolution of the invariant mass of the Z → μμ candidates 
is improved by 3% by correcting the muon momenta for collinear 
FSR (
R < 0.15), using all photons identified in the EM calorime-
ter [72]. A constrained kinematic fit is applied to the dilepton 
invariant mass [108] for all Z boson candidates. This fit uses a 
line shape modelled by a Breit-Wigner distribution using the world 
average values for Z bosons mass and width [109] and a single 
Gaussian to model the lepton momentum response. It improves 
the mass resolution by 14% for the Higgs boson candidates with 
electrons in the final state and by 10% for final states with muons 
when combined with the FSR correction.

After the FSR correction and applying the kinematic fit, Z boson 
candidates are required to have an invariant mass within 10 GeV
of the Z boson mass, mZ = 91.2 GeV. If an event has multiple Z
boson candidates which pass all requirements, the candidate with 
the mass closest to the Z boson mass is chosen. Fewer than 1% of 
the simulated signal events that pass the final H → Zγ selection 
have more than two leptons (dominated by events produced via 
VH and tt̄ H) and less than 0.1% of the signal events have a Z boson 
candidate that does not match a true Z boson.

The Higgs boson candidate is reconstructed from the Z bo-
son candidate and the highest-pT photon candidate in the event. 
The invariant mass of the final-state particles, mZγ after cor-
rection for FSR and by the kinematic fit, is required to satisfy 
105 GeV < mZγ < 160 GeV. Finally, to reduce background con-
tamination and simplify the background modelling, an additional 
requirement is placed on the transverse momentum of the photon 
such that pγ

T /mZγ > 0.12.
For SM H → Z(→ ��)γ events, the reconstruction and selection 

efficiency (including kinematic acceptance) is 20.4% varying by a 
maximum of 2% depending on the production mode.

In order to improve the sensitivity to a H → Zγ signal, the se-
lected events are classified into six mutually exclusive categories 
with different expected signal-to-background ratios and mass res-
olutions. Categories are defined according to the lepton flavour 
and event kinematics. Additionally, a boosted decision tree (BDT) 
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Table 2
The number of data events selected in each category and in the Zγ mass range of 105–160 GeV. In addition, the following numbers are given: the expected number of 
Higgs boson signal events in an interval around the peak position for a signal of mH = 125.09 GeV containing 68% of the SM signal (S68), the mass resolution quantified 
by the width of the S68 interval (w68) defined by the difference between the 84th and the 16th percentile of the signal mass distribution, the background in the S68

interval (B68) is estimated from fits to the data using the background models described in Section 5, the observed number of events in the S68 interval (N68), the expected 
signal-to-background ratio in the S68 window (S68/B68), and the expected significance estimate defined as S68/

√
S68 + B68. The final row of the table displays the expected 

number of events for an analysis performed in a single inclusive category calculated by summing the number of events in each individual category.

Category Events S68 B68 N68 w68 [GeV] S68/B68 [10−2] S68/
√

S68 + B68

VBF-enriched 194 2.7 16.7 17 3.7 16.2 0.60
High relative pT 2276 7.6 108.5 118 3.7 7.0 0.70
High pTt ee 5567 9.9 474.7 498 3.8 2.1 0.45
Low pTt ee 76 679 34.5 6418.6 6505 4.1 0.5 0.43
High pTt μμ 6979 12.0 634.4 632 3.9 1.9 0.47
Low pTt μμ 100 876 43.5 8506.9 8491 4.0 0.5 0.47

Inclusive 192 571 110.2 16159.8 16261 4.0 0.7 0.86

trained to separate VBF signal events from other Higgs boson pro-
duction modes and backgrounds is used to define a category of 
events with at least two jets. If there are more than two jets in an 
event, the two highest-pT jets are used. The kinematic variables 
used in the categorisation and as input to the BDT, which have 
been extended with respect to the Ref. [21], are:

• The pT of the highest-pT jet, p j1
T .

• The pseudorapidity difference between the two jets, 
η j j .
• The minimum 
R between the Z boson or photon candidate 

and either of the two jets, 
Rmin
γ or Z , j .

• The invariant mass of the two jets, m jj .
• The absolute value of the difference between the pseudorapid-

ity of the Zγ system and the average pseudorapidity of the 
two jets, 

(|ηZγ − (η j1 + η j2)/2|) [110].
• The azimuthal separation between the Zγ system and the sys-

tem formed by the two jets, 

Zγ , j j .
• The azimuthal angle between the dilepton system and the 

photon, 

Z ,γ .
• The component, pTt , of the transverse momentum of the 

Zγ system, that is perpendicular to the difference of the 3-
momenta of the Z boson and the photon candidate (pTt =
|�p Zγ

T × t̂|, where t̂ = (�p Z
T − �pγ

T )/|�p Z
T − �pγ

T |). This quantity is 
strongly correlated with the transverse momentum of the Zγ
system, but has better experimental resolution [111,112].

Events with two or more jets with 
η j j > 2 that have a BDT 
output score larger than 0.87 are classified into a VBF-enriched cat-
egory. Of the remaining events, those that satisfy the requirement 
on pγ

T /mZγ > 0.4 are classified into a High relative pT category 
while the others are separated into four categories depending on 
the lepton flavour and a cut at pTt = 40 GeV. The boundaries of 
the categories are selected to maximise the expected signal signif-
icance.

VBF events are estimated to constitute 72% of the signal in 
the VBF-enriched category. The High relative pT and High pTt cate-
gories are expected to be enriched in VBF, VH and tt̄ H events as 
these production modes have on average higher Higgs boson pT
than ggF production. Because the continuum Zγ background has 
on average lower Higgs boson candidate pT than the signal, the 
signal-to-background ratio is expected to be higher in these cate-
gories than in the other categories, as shown in Table 2. The table 
also summarises the observed number of events in data in the Zγ
mass range of 105-160 GeV and the expected number of signal 
(S68) and background (B68) events in a mZγ window containing 
68% of the expected signal. In addition the width of the window 
containing 68% of the SM signal (w68), which quantifies the mass 
resolution and is defined as the difference between the 84th and 
the 16th percentile of the signal mass distribution, is reported. B68
is estimated from fits to the data using the background models 

described in Section 5. The categorisation improves the expected 
sensitivity, which is defined as S68/

√
S68 + B68, by approximately 

50%.

5. Signal and background modelling

The signal and background yields are extracted from a fit to the 
mZγ distribution observed in data by assuming parametric models 
for both the signal and backgrounds. For the signal, the expected 
acceptance and parameters that describe the shape are obtained 
from simulated signal samples in the same manner as Ref. [21]. 
For the background, the models are chosen using simulated back-
ground samples and the values of their parameters are determined 
by a fit to the mass spectra measured in data.

The signal mass distribution for the Higgs boson decay into Zγ
is well modelled by a double-sided Crystal Ball (DSCB) function (a 
Gaussian function with power-law tails on both sides) [113,114]. 
The peak position and width of the Gaussian component are rep-
resented by μCB and σCB, respectively. The parameters of the 
DSCB are determined in each category by performing a maximum-
likelihood fit to the signal MC samples.

The parametric model used to describe the background mZγ

distribution is selected using a template that is constructed 
from the simulated Zγ and electroweak Zγ j j events, and a 
Z + jets contribution derived from data. The simulated Zγ events 
use a fast simulation of the calorimeter response which has been 
confirmed to produce a mZγ distribution compatible, in each cate-
gory, with Zγ events simulated with the detailed simulation. The 
shape of the mZγ distribution for Z + jets events is constructed 
for each category from a data control region defined by requiring 
the photon candidate to not satisfy the tight identification criteria 
but still pass a looser identification criteria. To smooth the statis-
tical fluctuations of the mZγ distribution for Z + jets events, an 
analytic function is fitted to the ratio of the mZγ distributions for 
Z + jets and Zγ events, in the mZγ range of 105–160 GeV. The 
smoothed mZγ distribution for Z + jets events is constructed by 
multiplying the Zγ distribution by the fitted ratio. The Z + jets
and Zγ distributions have similar shapes, allowing a parametric 
function to be used to fit the ratio.2 The uncertainty in the fitted 
ratio is found to have negligible impact on the background tem-
plate.

The background composition in each category is determined 
using data and confirms the dominance of the Zγ process over 
other backgrounds where jets are misidentified as photons. A two-
dimensional sideband technique [21,115] based on the track and 
calorimeter isolation of the photon candidate and whether the 

2 The functional form used is (1 − x1/3) f0 xp0+p1 log(x) where x = mZγ /
√

s (
√

s =
13 TeV) where f i and pi are the free parameters of the model.
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Table 3
The selected background function and fit range in each analysis category.

Category Function Type Fit range [GeV]

VBF-enriched Second-order power function 110–155
High relative pT Second-order exponential polynomial 105–155
ee high pTt Second-order Bernstein polynomial 115–145
ee low pTt Second-order exponential polynomial 115–160
μμ high pTt Third-order Bernstein polynomial 115–160
μμ low pTt Third-order Bernstein polynomial 115–160

photon candidate satisfies the tight or the looser identification cri-
teria is performed in each category. The fraction of Zγ events with 
genuine photons (including the Zγ j j contribution), inclusive over 
categories, is 0.78+0.04

−0.09.
To construct the final background template for each category, 

the normalisation of the electroweak Zγ j j events is based on the 
predicted cross-section while the combined Zγ and Z + jets distri-
bution is normalised to the number of data events in that category 
after subtracting the expected number of electroweak Zγ j j events. 
The background template is treated as a representative Asimov 
dataset [116] when choosing the functional form used to model 
it.

The functional form used to model the background is se-
lected from the following families of functions: Bernstein poly-

nomials, exponential polynomial functions (e(�N
i=0 pim

i
Zγ )), a sum of 

power functions (�N
i=1 f im

pi
Zγ ), and a class of functions given by 

(1 − x1/3) f x�N
i=0 pi log(x)i

where x = mZγ /
√

s (
√

s = 13 TeV) where 
f i and pi are the free parameters of the models. The choice of 
analytical model of the background and the mZγ range used for 
the final fit is optimised in each category using the background 
template mentioned earlier. The optimisation procedure, which has 
been updated when compared to Ref. [21], includes a limit on 
the amount of bias in the extracted signal yield (also referred to 
as spurious signal) and a requirement on the fit quality, and it 
prefers models with fewer free parameters to maximise the sta-
tistical sensitivity to the expected signal. For each category used 
in the analysis, the bias due to the spurious signal is estimated by 
performing a signal-plus-background fit to the mZγ background-
only distribution estimated as explained above, with mH varied 
between 123 GeV and 127 GeV. The maximum number of sig-
nal events derived from these fits in each category constitutes 
the spurious-signal systematic uncertainty. A requirement that the 
spurious signal be less than 50% of the expected statistical un-
certainty in the signal yield is applied when selecting the back-
ground modelling function. Stricter requirements on the spurious 
signal are not possible due to the statistical uncertainty in the 
mZγ background template. In addition, the χ2 probability of the 
background-only fit is required to be larger than 1%. The fit range 
is optimised in each analysis category by varying the lower and 
upper bounds in 5 GeV steps within the ranges 105–115 GeV and 
140–160 GeV, respectively. The optimal fit range and function are 
selected to achieve the highest signal significance while fitting the 
expected mass distribution of background plus SM signal. The sig-
nificance evaluation also includes the spurious-signal systematic 
uncertainty. The selected background functional form and fit range 
in each category are detailed in Table 3.

6. Systematic uncertainties

The dominant experimental uncertainty in the signal yield is 
the spurious signal from the choice of background model. The spu-
rious signal corresponds to as much as 50% of the statistical error 
in the expected signal yield per category, due to a limited num-
ber of simulated background events. It introduces a 28% systematic 
uncertainty in the signal strength, defined as the ratio of the ob-
served to expected signal yield; however, it only increases the total 

uncertainty in the expected signal strength by 5.6% because of 
the large statistical uncertainty. The contribution from H → μμ
is estimated using simulated events and amounts to about 1.7% in-
clusively, and up to 3.3% in individual categories. An uncertainty in 
this contribution taken from the latest ATLAS measurement [117]
results in an uncertainty of 2.1% in the expected signal yield. The 
combined uncertainty in the signal yield in any category due to 
the reconstruction, identification, isolation, and trigger efficiency 
measurements [31,32] is no more than 2.6%, 2.4% and 1.6% for 
photons, electrons and muons, respectively. Pile-up also affects the 
lepton and photon identification efficiency but contributes a neg-
ligible amount to the uncertainty (0.2%). The uncertainty in the 
combined 2015–2018 integrated luminosity is 1.7% [118,119].

The theoretical uncertainties in the predicted signal yield origi-
nate from uncertainties in the predicted branching ratio (5.7%) [12]
as well as from uncertainties in the modelling of the production 
cross-section and kinematics of the Higgs boson due to missing 
higher-order QCD calculations (5.3%), that are dominated by uncer-
tainties in the QCD renormalisation and factorisation scales (5.2%). 
Smaller effects originate from the parton shower modelling un-
certainty (1.3%), PDFs (2.5%) and αs (1.9%). The uncertainties in 
the Higgs boson event kinematics due to missing higher-order 
QCD calculations impact the distribution of signal events amongst 
the analysis categories. They are evaluated using an extension of 
the Stewart–Tackmann method [12,120], based on inputs from 
Refs. [121–123]. Details of how the uncertainty in the acceptance 
of ggF events in the VBF-enriched category and all other categories 
is evaluated can be found in Refs. [124] and [21], respectively. 
Additionally, to account for the uncertainties in the modelling of 
jet kinematics in ggF events the category acceptance is compared 
with the acceptance derived from the MadGraph5_aMC@NLO sam-
ple. The Higgs boson and jet kinematics particularly affect the ggF
signal acceptance in the VBF-enriched category (37%) and High rel-
ative pT category (21%). The effect of parton shower modelling, 
PDFs and αs on the distribution of signal events amongst the anal-
ysis categories is less than 11%, 1% and 2%, respectively. The ex-
pected signal yield in the VBF category is also affected (14%) by 
the jet energy scale, jet energy resolution and vertex tagging effi-
ciency [125].

The uncertainty in the modelling of the signal shape varies be-
tween analysis channels. The uncertainty in the mass resolution 
(σCB) is dominated by the uncertainty in the electron and photon 
energy resolution (< 3.4%) and in the muon momentum resolu-
tion (< 3.6%). The uncertainty in the signal position (μCB) from 
the uncertainty in electron, photon and muon calibration (< 0.15%) 
is less than the uncertainty in the assumed Higgs boson mass of 
0.19% [8]. The impact of the signal model uncertainty on the signal 
strength is less than 2%.

7. Results

A profile-likelihood-ratio test statistic [116] is used to search 
for a localised excess of events above the expected background by 
performing a fit to the mZγ spectra in the various categories. In 
the same manner as was done in previous searches for H → Zγ
[21], the likelihood is built from the product of Poisson probability 
terms across all categories with two contributions: non-resonant 
background, and Higgs boson signal. The likelihood includes terms 
for the systematic uncertainties discussed in Section 6 imple-
mented as nuisance parameters. The nuisance parameters describe 
the systematic uncertainties, which are parameterised as Gaussian 
or log-normal priors and are correlated across analysis categories 
where appropriate. Upper limits are set on the Higgs boson pro-
duction cross-section at 95% confidence level (CL) using the mod-
ified frequentist formalism [126]. The results are derived using 
closed-form asymptotic formulae [116].
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Fig. 1. The Zγ invariant mass (mZγ ) distributions of events satisfying the H → Zγ selection in data for the six event categories: (a) VBF-enriched, (b) High relative pγ
T , (c) 

High pTt ee, (d) Low pTt ee, (e) High pTt μμ, and (f) Low pTt μμ. The black points represent data. The error bars represent only the statistical uncertainty of the data. 
The solid blue lines show the background-only fits to the data, performed independently in each category. The dashed red histogram corresponds to the expected signal for 
a SM Higgs boson with mH = 125 GeV decaying into Zγ multiplied by a factor of 20. The bottom part of the figures shows the residuals of the data with respect to the 
background-only fit.

The invariant mass distributions of the Zγ events for the var-
ious categories are shown in Fig. 1 with the background-only fit 
superimposed. The expected Higgs boson signal normalised to 20 
times the SM prediction for mH = 125 GeV is also shown. At 
mH = 125.09 GeV, the observed (expected with a SM Higgs bo-
son) p-value under the background hypothesis is 1.3% (12.3%), 
which corresponds to a significance of 2.2 σ (1.2 σ ). A weighted 
sum of all categories with the fitted signal-plus-background model 
superimposed is shown in Fig. 2. The events are weighted by 
ln(1 + S68/B68), where S68 and B68 are defined in Section 4.

The best-fit value for the H → Zγ signal strength, defined 
as the ratio of the observed to the predicted SM signal yield, is 
found to be 2.0 ± 0.9(stat.)+0.4

−0.3(syst.) = 2.0+1.0
−0.9(tot.) with an ex-

pected value of 1.0 ± 0.8(stat.) ± 0.3(syst.) assuming the presence 
of the SM Higgs boson. The measured signal strength amongst 

all categories are compatible within their total uncertainties. The 
largest measured signal strength is 4.7+3.0

−2.7(tot.) in the High pTt

ee category. The total uncertainty is dominated by the statistical 
component from the data. The systematic component of the total 
uncertainty is dominated by the spurious-signal uncertainties.

The observed 95% CL limit on the H → Zγ signal strength is 
found to be 3.6 times the SM prediction compared with an ex-
pected value of 1.7 (2.6) assuming no (SM) Higgs boson decays 
into Zγ . The observed upper limit on σ(pp → H) · B(H → Zγ ) is 
305 fb at 95% CL. Assuming the SM Higgs boson production cross-
section, the upper limit at 95% CL on B(H → Zγ ) is found to be 
0.55%.

This result represents an improvement of about a factor of 2.4 
in expected sensitivity compared with the previous ATLAS publi-
cation [21]. Of this improvement, a factor of approximately two is 



The ATLAS Collaboration / Physics Letters B 809 (2020) 135754 7

Fig. 2. Weighted Zγ invariant mass (mZγ ) distribution of events satisfying the 
H → Zγ selection in data. The black points represent data. The error bars represent 
only the statistical uncertainty of the data. Events are weighted by ln(1 + S68/B68), 
where S68 and B68 are the expected signal and background events in a mZγ

window containing 68% of the expected signal. The solid blue curve shows the 
combined fitted signal-plus-background model when fitting all analysis categories 
simultaneously, the dashed line shows the model of the background component.

due to the larger analysed dataset and the additional 20% improve-
ment can be attributed to the improvements in the analysis.

8. Conclusion

A search for Zγ decays of the SM Higgs boson in 139 fb−1 of 
pp collisions at 

√
s = 13 TeV is performed with the ATLAS ex-

periment at the LHC. The observed data are consistent with the 
expected background with a p-value of 1.3%, while the expected 
p-value in the presence of a SM Higgs boson is 12.3%. These p-
values correspond to a significance of 2.2 and 1.2 standard de-
viations, respectively. The observed 95% CL upper limit on the 
σ(pp → H) · B(H → Zγ ) is 3.6 times the SM prediction for a 
Higgs boson mass of 125.09 GeV. The expected limit on σ(pp →
H) · B(H → Zγ ) assuming either no Higgs boson decay into Zγ or 
the presence of the SM Higgs boson decay is 1.7 and 2.6 times the 
SM prediction, respectively. The best-fit value for the signal yield 
normalised to the SM prediction is 2.0+1.0

−0.9 where the statistical 
component of the uncertainty is dominant.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

We thank CERN for the very successful operation of the LHC, 
as well as the support staff from our institutions without whom 
ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Ar-
menia; ARC, Australia; BMWFW and FWF, Austria; ANAS, Azerbai-
jan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and CFI, 
Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COL-
CIENCIAS, Colombia; MSMT CR, MPO CR and VSC CR, Czech Repub-
lic; DNRF and DNSRC, Denmark; IN2P3-CNRS and CEA-DRF/IRFU, 
France; SRNSFG, Georgia; BMBF, HGF and MPG, Germany; GSRT, 
Greece; RGC and Hong Kong SAR, China; ISF and Benoziyo Cen-
ter, Israel; INFN, Italy; MEXT and JSPS, Japan; CNRST, Morocco; 

NWO, Netherlands; RCN, Norway; MNiSW and NCN, Poland; FCT, 
Portugal; MNE/IFA, Romania; MES of Russia and NRC KI, Russia 
Federation; JINR; MESTD, Serbia; MSSR, Slovakia; ARRS and MIZŠ, 
Slovenia; DST/NRF, South Africa; MINECO, Spain; SRC and Wallen-
berg Foundation, Sweden; SERI, SNSF and Cantons of Bern and 
Geneva, Switzerland; MOST, Taiwan; TAEK, Turkey; STFC, United 
Kingdom; DOE and NSF, United States of America. In addition, in-
dividual groups and members have received support from BCKDF, 
Canarie, Compute Canada and CRC, Canada; ERC, ERDF, Horizon 
2020, Marie Skłodowska-Curie Actions and COST, European Union; 
Investissements d’Avenir Labex, Investissements d’Avenir Idex and 
ANR, France; DFG and AvH Foundation, Germany; Herakleitos, 
Thales and Aristeia programmes co-financed by EU-ESF and the 
Greek NSRF, Greece; BSF-NSF and GIF, Israel; CERCA Programme 
Generalitat de Catalunya and PROMETEO Programme Generalitat 
Valenciana, Spain; Göran Gustafssons Stiftelse, Sweden; The Royal 
Society and Leverhulme Trust, United Kingdom.

The crucial computing support from all WLCG partners is ac-
knowledged gratefully, in particular from CERN, the ATLAS Tier-1 
facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden), 
CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy), NL-
T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK) and BNL 
(USA), the Tier-2 facilities worldwide and large non-WLCG resource 
providers. Major contributors of computing resources are listed in 
Ref. [127].

References

[1] ATLAS Collaboration, Observation of a new particle in the search for the stan-
dard model Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 
(2012) 1, arXiv:1207.7214 [hep -ex].

[2] CMS Collaboration, Observation of a new boson at a mass of 125 GeV with 
the CMS experiment at the LHC, Phys. Lett. B 716 (2012) 30, arXiv:1207.7235
[hep -ex].

[3] ATLAS Collaboration, Study of the spin and parity of the Higgs boson in di-
boson decays with the ATLAS detector, Eur. Phys. J. C 75 (2015) 476, arXiv:
1506 .05669 [hep -ex], Erratum: Eur. Phys. J. C 76 (2016) 152.

[4] CMS Collaboration, Constraints on the spin-parity and anomalous HVV cou-
plings of the Higgs boson in proton collisions at 7 and 8 TeV, Phys. Rev. D 92 
(2015) 012004, arXiv:1411.3441 [hep -ex].

[5] ATLAS CMS Collaborations, Measurements of the Higgs boson production and 
decay rates and constraints on its couplings from a combined ATLAS and CMS 
analysis of the LHC pp collision data at √s = 7 and 8 TeV, J. High Energy 
Phys. 08 (2016) 045, arXiv:1606 .02266 [hep -ex].

[6] CMS Collaboration, Combined measurements of Higgs boson couplings in 
proton–proton collisions at √s = 13 TeV, Eur. Phys. J. C 79 (2019) 421, arXiv:
1809 .10733 [hep -ex].

[7] ATLAS Collaboration, Combined measurements of Higgs boson production and 
decay using up to 80 fb−1 of proton–proton collision data at √s = 13 TeV
collected with the ATLAS experiment, Phys. Rev. D 101 (2020) 012002, arXiv:
1909 .02845 [hep -ex].

[8] ATLAS CMS Collaborations, Combined measurement of the Higgs boson mass 
in pp collisions at √s = 7 and 8 TeV with the ATLAS and CMS experiments, 
Phys. Rev. Lett. 114 (2015) 191803, arXiv:1503 .07589 [hep -ex].

[9] ATLAS Collaboration, Measurement of the Higgs boson mass in the H →
Z Z∗ → 4� and H → γ γ channels with √s = 13 TeV pp collisions using the 
ATLAS detector, Phys. Lett. B 784 (2018) 345, arXiv:1806 .00242 [hep -ex].

[10] CMS Collaboration, Measurements of properties of the Higgs boson decaying 
into the four-lepton final state in pp collisions at √s = 13 TeV, J. High Energy 
Phys. 11 (2017) 047, arXiv:1706 .09936 [hep -ex].

[11] CMS Collaboration, A measurement of the Higgs boson mass in the diphoton 
decay channel, Phys. Lett. B 805 (2020) 135425, arXiv:2002 .06398 [hep -ex].

[12] D. de Florian, et al., Handbook of LHC Higgs cross sections: 4. Deciphering the 
nature of the Higgs sector, arXiv:1610 .07922 [hep -ph], 2016.

[13] I. Low, J. Lykken, G. Shaughnessy, Singlet scalars as Higgs imposters at the 
large hadron collider, Phys. Rev. D 84 (2011) 035027, arXiv:1105 .4587 [hep -
ph].

[14] I. Low, J. Lykken, G. Shaughnessy, Have we observed the Higgs (imposter)?, 
Phys. Rev. D 86 (2012) 093012, arXiv:1207.1093 [hep -ph].

[15] A. Azatov, R. Contino, A. Di Iura, J. Galloway, New prospects for Higgs compos-
iteness in h → Zγ , Phys. Rev. D 88 (2013) 075019, arXiv:1308 .2676 [hep -ph].

[16] M. Carena, I. Low, C.E. Wagner, Implications of a modified Higgs to diphoton 
decay width, J. High Energy Phys. 08 (2012) 060, arXiv:1206 .1082 [hep -ph].

[17] C.-W. Chiang, K. Yagyu, Higgs boson decays to γ γ and Zγ in models with 
Higgs extensions, Phys. Rev. D 87 (2013) 033003, arXiv:1207.1065 [hep -ph].

http://refhub.elsevier.com/S0370-2693(20)30557-8/bibA33B74FB7E191E6CC8BB3267DA173933s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibA33B74FB7E191E6CC8BB3267DA173933s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibA33B74FB7E191E6CC8BB3267DA173933s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibF69F64D7C4C5EF85241208564C54A459s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibF69F64D7C4C5EF85241208564C54A459s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibF69F64D7C4C5EF85241208564C54A459s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibCAF2CE4A4609A0BC8338AAE3A75B9C5Ds1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibCAF2CE4A4609A0BC8338AAE3A75B9C5Ds1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibCAF2CE4A4609A0BC8338AAE3A75B9C5Ds1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9CB074777615D4AD17EEA048DA039293s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9CB074777615D4AD17EEA048DA039293s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9CB074777615D4AD17EEA048DA039293s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib66F9DE2B02936BA0576846A0A3D1117As1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib66F9DE2B02936BA0576846A0A3D1117As1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib66F9DE2B02936BA0576846A0A3D1117As1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib66F9DE2B02936BA0576846A0A3D1117As1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib1F38446E395E3852716EB622210DF0ACs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib1F38446E395E3852716EB622210DF0ACs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib1F38446E395E3852716EB622210DF0ACs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib1AA48D802357BBF2BEF197E84CEFD4B2s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib1AA48D802357BBF2BEF197E84CEFD4B2s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib1AA48D802357BBF2BEF197E84CEFD4B2s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib1AA48D802357BBF2BEF197E84CEFD4B2s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib16BFB3891393106674770336DFFAE399s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib16BFB3891393106674770336DFFAE399s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib16BFB3891393106674770336DFFAE399s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib3A53887E0755BCF34F57BBB7E1CF9EE0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib3A53887E0755BCF34F57BBB7E1CF9EE0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib3A53887E0755BCF34F57BBB7E1CF9EE0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9ACCCA76BA2F0A9332C2A4CDB210C92As1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9ACCCA76BA2F0A9332C2A4CDB210C92As1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9ACCCA76BA2F0A9332C2A4CDB210C92As1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib4629708717F058E507D3979BD2CD0B92s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib4629708717F058E507D3979BD2CD0B92s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib76A47355E4F07DAB4C017255EB1BE4ECs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib76A47355E4F07DAB4C017255EB1BE4ECs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib53CCED8D281A1A0ACE3CB6594DAAA4F7s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib53CCED8D281A1A0ACE3CB6594DAAA4F7s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib53CCED8D281A1A0ACE3CB6594DAAA4F7s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib1DC018AD3BEFDB5D2F1A0A20B96E8F5Cs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib1DC018AD3BEFDB5D2F1A0A20B96E8F5Cs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib299EA143FC29779C80CB4DE47A3BA78As1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib299EA143FC29779C80CB4DE47A3BA78As1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibFC1D861E9F90D66712E1BAE45F9DE58Fs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibFC1D861E9F90D66712E1BAE45F9DE58Fs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib2AC737D240FC746CEF37129B7569F08Es1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib2AC737D240FC746CEF37129B7569F08Es1


8 The ATLAS Collaboration / Physics Letters B 809 (2020) 135754

[18] C.-S. Chen, C.-Q. Geng, D. Huang, L.-H. Tsai, New scalar contributions to h →
Zγ , Phys. Rev. D 87 (2013) 075019, arXiv:1301.4694 [hep -ph].

[19] ATLAS Collaboration, Search for Higgs boson decays to a photon and a Z boson 
in pp collisions at √s = 7 and 8 TeV with the ATLAS detector, Phys. Lett. B 
732 (2014) 8, arXiv:1402 .3051 [hep -ex].

[20] CMS Collaboration, Search for a Higgs boson decaying into a Z and a photon 
in pp collisions at √s = 7 and 8 TeV, Phys. Lett. B 726 (2013) 587, arXiv:
1307.5515 [hep -ex].

[21] ATLAS Collaboration, Search for the Zγ decay mode of the Higgs boson and 
for new high-mass resonances in pp collisions at √s = 13 TeV with the ATLAS 
detector, J. High Energy Phys. 10 (2017) 112, arXiv:1708 .00212 [hep -ex].

[22] CMS Collaboration, Search for the decay of a Higgs boson in the llγ channel 
in proton-proton collisions at √s = 13 TeV, J. High Energy Phys. 11 (2018) 
152, arXiv:1806 .05996 [hep -ex].

[23] ATLAS Collaboration, The ATLAS experiment at the CERN large hadron collider, 
J. Instrum. 3 (2008) S08003.

[24] ATLAS Collaboration, ATLAS insertable B-layer technical design report, ATLAS-
TDR-19, https://cds .cern .ch /record /1291633, 2010, Addendum: ATLAS-TDR-19-
ADD-1, https://cds .cern .ch /record /1451888, 2012.

[25] ATLAS Collaboration, Performance of the ATLAS trigger system in 2015, Eur. 
Phys. J. C 77 (2017) 317, arXiv:1611.09661 [hep -ex].

[26] ATLAS Collaboration, The ATLAS simulation infrastructure, Eur. Phys. J. C 70 
(2010) 823, arXiv:1005 .4568 [physics .ins -det].

[27] S. Agostinelli, et al., GEANT4 - a simulation toolkit, Nucl. Instrum. Methods A 
506 (2003) 250.

[28] T. Sjöstrand, S. Mrenna, P. Skands, A brief introduction to PYTHIA 8.1, Comput. 
Phys. Commun. 178 (2008) 852, arXiv:0710 .3820 [hep -ph].

[29] R.D. Ball, et al., Parton distributions with LHC data, Nucl. Phys. B 867 (2013) 
244, arXiv:1207.1303 [hep -ph].

[30] ATLAS Collaboration, The Pythia 8 A3 tune description of ATLAS min-
imum bias and inelastic measurements incorporating the Donnachie–
Landshoff diffractive model, ATL-PHYS-PUB-2016-017, https://cds .cern .ch /
record /2206965, 2016.

[31] ATLAS Collaboration, Electron and photon performance measurements with 
the ATLAS detector using the 2015–2017 LHC proton–proton collision data, J. 
Instrum. 14 (2019) P12006, arXiv:1908 .00005 [hep -ex].

[32] ATLAS Collaboration, Muon reconstruction performance of the ATLAS detector 
in proton–proton collision data at √s = 13 TeV, Eur. Phys. J. C 76 (2016) 292, 
arXiv:1603 .05598 [hep -ex].

[33] C. Anastasiou, C. Duhr, F. Dulat, F. Herzog, B. Mistlberger, Higgs boson gluon-
fusion production in QCD at three loops, Phys. Rev. Lett. 114 (2015) 212001, 
arXiv:1503 .06056 [hep -ph].

[34] C. Anastasiou, et al., High precision determination of the gluon fusion Higgs 
boson cross-section at the LHC, J. High Energy Phys. 05 (2016) 058, arXiv:
1602 .00695 [hep -ph].

[35] F. Dulat, A. Lazopoulos, B. Mistlberger, iHixs 2 – inclusive Higgs cross sections, 
Comput. Phys. Commun. 233 (2018) 243, arXiv:1802 .00827 [hep -ph].

[36] R.V. Harlander, K.J. Ozeren, Finite top mass effects for hadronic Higgs pro-
duction at next-to-next-to-leading order, J. High Energy Phys. 11 (2009) 088, 
arXiv:0909 .3420 [hep -ph].

[37] R.V. Harlander, K.J. Ozeren, Top mass effects in Higgs production at next-to-
next-to-leading order QCD: virtual corrections, Phys. Lett. B 679 (2009) 467, 
arXiv:0907.2997 [hep -ph].

[38] R.V. Harlander, H. Mantler, S. Marzani, K.J. Ozeren, Higgs production in gluon 
fusion at next-to-next-to-leading order QCD for finite top mass, Eur. Phys. J. C 
66 (2010) 359, arXiv:0912 .2104 [hep -ph].

[39] A. Pak, M. Rogal, M. Steinhauser, Finite top quark mass effects in NNLO Higgs 
boson production at LHC, J. High Energy Phys. 02 (2010) 025, arXiv:0911.4662
[hep -ph].

[40] S. Actis, G. Passarino, C. Sturm, S. Uccirati, NLO electroweak corrections to 
Higgs boson production at hadron colliders, Phys. Lett. B 670 (2008) 12, arXiv:
0809 .1301 [hep -ph].

[41] S. Actis, G. Passarino, C. Sturm, S. Uccirati, NNLO computational techniques: 
the cases H → γ γ and H → gg, Nucl. Phys. B 811 (2009) 182, arXiv:0809 .
3667 [hep -ph].

[42] C. Anastasiou, R. Boughezal, F. Petriello, Mixed QCD-electroweak corrections 
to Higgs boson production in gluon fusion, J. High Energy Phys. 04 (2009) 
003, arXiv:0811.3458 [hep -ph].

[43] U. Aglietti, R. Bonciani, G. Degrassi, A. Vicini, Two loop light fermion con-
tribution to Higgs production and decays, Phys. Lett. B 595 (2004) 432, 
arXiv:hep -ph /0404071 [hep -ph].

[44] M. Bonetti, K. Melnikov, L. Tancredi, Higher order corrections to mixed QCD-
EW contributions to Higgs boson production in gluon fusion, Phys. Rev. D 
97 (2018) 056017, Erratum: Phys. Rev. D 97 (2018) 099906, arXiv:1801.10403
[hep -ph].

[45] M. Ciccolini, A. Denner, S. Dittmaier, Strong and electroweak corrections to 
the production of Higgs+2jets via weak interactions at the LHC, Phys. Rev. 
Lett. 99 (2007) 161803, arXiv:0707.0381 [hep -ph].

[46] M. Ciccolini, A. Denner, S. Dittmaier, Electroweak and QCD corrections to 
Higgs production via vector-boson fusion at the LHC, Phys. Rev. D 77 (2008) 
013002, arXiv:0710 .4749 [hep -ph].

[47] P. Bolzoni, F. Maltoni, S.-O. Moch, M. Zaro, Higgs boson production via vector-
boson fusion at next-to-next-to-leading order in QCD, Phys. Rev. Lett. 105 
(2010) 011801, arXiv:1003 .4451 [hep -ph].

[48] M.L. Ciccolini, S. Dittmaier, M. Krämer, Electroweak radiative corrections to 
associated W H and Z H production at hadron colliders, Phys. Rev. D 68 (2003) 
073003, arXiv:hep -ph /0306234 [hep -ph].

[49] O. Brein, A. Djouadi, R. Harlander, NNLO QCD corrections to the Higgs-
strahlung processes at hadron colliders, Phys. Lett. B 579 (2004) 149, arXiv:
hep -ph /0307206.

[50] O. Brein, R. Harlander, M. Wiesemann, T. Zirke, Top-quark mediated effects 
in hadronic Higgs-strahlung, Eur. Phys. J. C 72 (2012) 1868, arXiv:1111.0761
[hep -ph].

[51] L. Altenkamp, S. Dittmaier, R.V. Harlander, H. Rzehak, T.J.E. Zirke, Gluon-
induced Higgs-strahlung at next-to-leading order QCD, J. High Energy Phys. 
02 (2013) 078, arXiv:1211.5015 [hep -ph].

[52] A. Denner, S. Dittmaier, S. Kallweit, A. Mück, HAWK 2.0: a Monte Carlo pro-
gram for Higgs production in vector-boson fusion and Higgs strahlung at 
hadron colliders, Comput. Phys. Commun. 195 (2015) 161, arXiv:1412 .5390
[hep -ph].

[53] O. Brein, R.V. Harlander, T.J.E. Zirke, vh@nnlo – Higgs strahlung at hadron col-
liders, Comput. Phys. Commun. 184 (2013) 998, arXiv:1210 .5347 [hep -ph].

[54] R.V. Harlander, A. Kulesza, V. Theeuwes, T. Zirke, Soft gluon resummation for 
gluon-induced Higgs strahlung, J. High Energy Phys. 11 (2014) 082, arXiv:
1410 .0217 [hep -ph].

[55] R.V. Harlander, J. Klappert, S. Liebler, L. Simon, vh@nnlo-v2: new physics in 
Higgs strahlung, J. High Energy Phys. 05 (2018) 089, arXiv:1802 .04817 [hep -
ph].

[56] W. Beenakker, et al., NLO QCD corrections to tt̄H production in hadron colli-
sions, Nucl. Phys. B 653 (2003) 151, arXiv:hep -ph /0211352.

[57] S. Dawson, C. Jackson, L.H. Orr, L. Reina, D. Wackeroth, Associated Higgs bo-
son production with top quarks at the CERN large hadron collider: NLO QCD 
corrections, Phys. Rev. D 68 (2003) 034022, arXiv:hep -ph /0305087.

[58] Y. Zhang, W.-G. Ma, R.-Y. Zhang, C. Chen, L. Guo, QCD NLO and EW NLO cor-
rections to tt̄ H production with top quark decays at hadron collider, Phys. 
Lett. B 738 (2014) 1, arXiv:1407.1110 [hep -ph].

[59] S. Frixione, V. Hirschi, D. Pagani, H.-S. Shao, M. Zaro, Electroweak and QCD 
corrections to top-pair hadroproduction in association with heavy bosons, J. 
High Energy Phys. 06 (2015) 184, arXiv:1504 .03446 [hep -ph].

[60] A. Djouadi, J. Kalinowski, M. Spira, HDECAY: a program for Higgs boson de-
cays in the standard model and its supersymmetric extension, Comput. Phys. 
Commun. 108 (1998) 56, arXiv:hep -ph /9704448.

[61] M. Spira, QCD effects in Higgs physics, Fortschr. Phys. 46 (1998) 203, arXiv:
hep -ph /9705337.

[62] A. Djouadi, M.M. Mühlleitner, M. Spira, Decays of supersymmetric particles: 
the program SUSY-HIT (SUspect-SdecaY-Hdecay-InTerface), Acta Phys. Pol. B 
38 (2007) 635, arXiv:hep -ph /0609292.

[63] A. Djouadi, J. Kalinowski, M. Mühlleitner, M. Spira, HDECAY: Twenty++ years 
after, Comput. Phys. Commun. 238 (2019) 214, arXiv:1801.09506 [hep -ph].

[64] M. Spira, A. Djouadi, P. Zerwas, QCD corrections to the H Zγ coupling, Phys. 
Lett. B (ISSN 0370-2693) 276 (1992) 350.

[65] R. Bonciani, et al., Next-to-leading order QCD corrections to the decay width 
H → Zγ , J. High Energy Phys. 2015 (2015) 108, arXiv:1505 .00567 [hep -ph].

[66] T. Gehrmann, S. Guns, D. Kara, The rare decay H → Zγ in perturbative QCD, 
J. High Energy Phys. 2015 (2015) 38, arXiv:1505 .00561 [hep -ph].

[67] P. Nason, C. Oleari, NLO Higgs boson production via vector-boson fusion 
matched with shower in POWHEG, J. High Energy Phys. 02 (2010) 037, 
arXiv:0911.5299 [hep -ph].

[68] S. Alioli, P. Nason, C. Oleari, E. Re, A general framework for implementing 
NLO calculations in shower Monte Carlo programs: the POWHEG BOX, J. High 
Energy Phys. 06 (2010) 043 (using ATLAS svn revisions r2856 for v1, r3080 for 
v2 ggF, r3052 for v2 VBF, and r3133 for v2 V H), arXiv:1002 .2581 [hep -ph].

[69] P. Nason, A new method for combining NLO QCD with shower Monte Carlo 
algorithms, J. High Energy Phys. 11 (2004) 040, arXiv:hep -ph /0409146.

[70] S. Frixione, P. Nason, C. Oleari, Matching NLO QCD computations with parton 
shower simulations: the POWHEG method, J. High Energy Phys. 11 (2007) 
070, arXiv:0709 .2092 [hep -ph].

[71] H.B. Hartanto, B. Jager, L. Reina, D. Wackeroth, Higgs boson production in 
association with top quarks in the POWHEG BOX, Phys. Rev. D 91 (2015) 
094003, arXiv:1501.04498 [hep -ph].

[72] ATLAS Collaboration, Higgs boson production cross-section measurements and 
their EFT interpretation in the 4� decay channel at √s = 13 TeV with the 
ATLAS detector, CERN-EP-2020-034, arXiv:2004 .03447 [hep -ex], 2020.

[73] Long-Bin Chen, Cong-Feng Qiao, Rui-Lin Zhu, Reconstructing the 125 GeV SM 
Higgs boson through llγ , Phys. Lett. B 726 (2013) 306, arXiv:1211.6058 [hep -
ph].

[74] J. Alwall, et al., The automated computation of tree-level and next-to-leading 
order differential cross sections, and their matching to parton shower simu-
lations, J. High Energy Phys. 07 (2014) 079, arXiv:1405 .0301 [hep -ph].

[75] J. Butterworth, et al., PDF4LHC recommendations for LHC Run II, J. Phys. G 43 
(2016) 023001, arXiv:1510 .03865 [hep -ph].

http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9A5011CC7749D41534238C94FE6FDF09s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9A5011CC7749D41534238C94FE6FDF09s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib89E3CEF48DE0DCE27476AEC2345AB2BDs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib89E3CEF48DE0DCE27476AEC2345AB2BDs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib89E3CEF48DE0DCE27476AEC2345AB2BDs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib91EC8385326BBBD4D659E23A6A4E8BE1s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib91EC8385326BBBD4D659E23A6A4E8BE1s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib91EC8385326BBBD4D659E23A6A4E8BE1s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib186D2383D189C63BC2ED42A47B1B3EEDs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib186D2383D189C63BC2ED42A47B1B3EEDs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib186D2383D189C63BC2ED42A47B1B3EEDs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib5A81E72B089B08753B35220C007F5515s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib5A81E72B089B08753B35220C007F5515s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib5A81E72B089B08753B35220C007F5515s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib6A8EAA25BFB8E4B039D8E64B864E8167s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib6A8EAA25BFB8E4B039D8E64B864E8167s1
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1451888
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib5BB8754EFA665BC128C2825608CD57CFs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib5BB8754EFA665BC128C2825608CD57CFs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibEBFF95F7A185A07BE1C6025BBD42A15Fs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibEBFF95F7A185A07BE1C6025BBD42A15Fs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibA03C70530E6AB09C84D240894318C0D2s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibA03C70530E6AB09C84D240894318C0D2s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibA97DEB83BD26DAB86FEBB489925763F1s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibA97DEB83BD26DAB86FEBB489925763F1s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib36B2198D82600BDC41878F0F36D526E0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib36B2198D82600BDC41878F0F36D526E0s1
https://cds.cern.ch/record/2206965
https://cds.cern.ch/record/2206965
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE92935D7C045AAC877A9BB74FB28D621s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE92935D7C045AAC877A9BB74FB28D621s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE92935D7C045AAC877A9BB74FB28D621s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib7FCDFCB1EF013948B2A90F7050C65A14s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib7FCDFCB1EF013948B2A90F7050C65A14s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib7FCDFCB1EF013948B2A90F7050C65A14s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib89E462530A10F72074E1F4E62C5A18E0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib89E462530A10F72074E1F4E62C5A18E0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib89E462530A10F72074E1F4E62C5A18E0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib039A1BD5854321D0ADA8833F7E3DF2FAs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib039A1BD5854321D0ADA8833F7E3DF2FAs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib039A1BD5854321D0ADA8833F7E3DF2FAs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib5CBCAB3693EC82E383C7731EA72F4327s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib5CBCAB3693EC82E383C7731EA72F4327s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib94B7025A238AEFFDAE23C060A9CD6E4Cs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib94B7025A238AEFFDAE23C060A9CD6E4Cs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib94B7025A238AEFFDAE23C060A9CD6E4Cs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9686A3A5D6EC4EEEDD655857F2633C23s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9686A3A5D6EC4EEEDD655857F2633C23s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9686A3A5D6EC4EEEDD655857F2633C23s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib782D2A2505D51D529B8B54F26FFCCF6Fs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib782D2A2505D51D529B8B54F26FFCCF6Fs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib782D2A2505D51D529B8B54F26FFCCF6Fs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib17CAE7EC58D97CAA7FC2C031CA5D3174s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib17CAE7EC58D97CAA7FC2C031CA5D3174s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib17CAE7EC58D97CAA7FC2C031CA5D3174s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib31FCCA957CA0BDF80CC39EA834138130s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib31FCCA957CA0BDF80CC39EA834138130s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib31FCCA957CA0BDF80CC39EA834138130s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE2591D4FDA68EB488B86CDA2BB927902s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE2591D4FDA68EB488B86CDA2BB927902s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE2591D4FDA68EB488B86CDA2BB927902s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib1EC2F872B161D5FFF377F6D224065AB8s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib1EC2F872B161D5FFF377F6D224065AB8s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib1EC2F872B161D5FFF377F6D224065AB8s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibFC331BB7CCE84A8CC0ECC0DDDF7C00AAs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibFC331BB7CCE84A8CC0ECC0DDDF7C00AAs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibFC331BB7CCE84A8CC0ECC0DDDF7C00AAs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib270919BF3383C6E55D13D62BDD35FF01s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib270919BF3383C6E55D13D62BDD35FF01s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib270919BF3383C6E55D13D62BDD35FF01s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib270919BF3383C6E55D13D62BDD35FF01s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib5EFD8FEA1D81ECA6FC18B4EF37D4569Es1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib5EFD8FEA1D81ECA6FC18B4EF37D4569Es1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib5EFD8FEA1D81ECA6FC18B4EF37D4569Es1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9B72A1B96DC763BD87034A8743CDA4B4s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9B72A1B96DC763BD87034A8743CDA4B4s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9B72A1B96DC763BD87034A8743CDA4B4s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibCF8841EB3B8ADAC22745ECF3AB724642s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibCF8841EB3B8ADAC22745ECF3AB724642s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibCF8841EB3B8ADAC22745ECF3AB724642s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib74EA3FF96DB2CBB12393C1CE28A57E7Fs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib74EA3FF96DB2CBB12393C1CE28A57E7Fs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib74EA3FF96DB2CBB12393C1CE28A57E7Fs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib3E0BB66AF1C06B414FB8AD12B6379D15s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib3E0BB66AF1C06B414FB8AD12B6379D15s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib3E0BB66AF1C06B414FB8AD12B6379D15s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibCA2146A36785A08CADF49628C31EEDB0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibCA2146A36785A08CADF49628C31EEDB0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibCA2146A36785A08CADF49628C31EEDB0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibFAFD7D19A90DF6A7730FB272BB36343Bs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibFAFD7D19A90DF6A7730FB272BB36343Bs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibFAFD7D19A90DF6A7730FB272BB36343Bs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib706004C87EF9D86F2CE881668AA0CF01s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib706004C87EF9D86F2CE881668AA0CF01s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib706004C87EF9D86F2CE881668AA0CF01s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib706004C87EF9D86F2CE881668AA0CF01s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE553ECDFEA4FA9BB8C4D6978C1522630s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE553ECDFEA4FA9BB8C4D6978C1522630s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibC8E93623A4C88F8AD196B2A299A2087Ds1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibC8E93623A4C88F8AD196B2A299A2087Ds1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibC8E93623A4C88F8AD196B2A299A2087Ds1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9D6A7775C8EB204CF27077EFECEB07CBs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9D6A7775C8EB204CF27077EFECEB07CBs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9D6A7775C8EB204CF27077EFECEB07CBs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibBB351C2AA10CB2AF53B593B0E8261F0Es1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibBB351C2AA10CB2AF53B593B0E8261F0Es1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibB0E790616CDC3C77A68061D92EC1E586s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibB0E790616CDC3C77A68061D92EC1E586s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibB0E790616CDC3C77A68061D92EC1E586s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibF75A06209250BE54A3A2F324547F6533s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibF75A06209250BE54A3A2F324547F6533s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibF75A06209250BE54A3A2F324547F6533s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib266E10BD7E3C376CE9417907CF0BC6A9s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib266E10BD7E3C376CE9417907CF0BC6A9s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib266E10BD7E3C376CE9417907CF0BC6A9s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib027D1607D1A6160423DE78D086DFE535s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib027D1607D1A6160423DE78D086DFE535s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib027D1607D1A6160423DE78D086DFE535s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib3AA4D3BC00C75721E088B3A6BAAE37F9s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib3AA4D3BC00C75721E088B3A6BAAE37F9s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib5FBD37DBE756FAF53B33849E56F31CFFs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib5FBD37DBE756FAF53B33849E56F31CFFs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib5FBD37DBE756FAF53B33849E56F31CFFs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib2333D259ADE149A464A4F1501EFF53F3s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib2333D259ADE149A464A4F1501EFF53F3s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibF0AEDA5009B7741196B43660E47EFDA7s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibF0AEDA5009B7741196B43660E47EFDA7s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib6AB5A7B42333917D2492F99EAC8B95B8s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib6AB5A7B42333917D2492F99EAC8B95B8s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib2B33C33E4BBCC28B8E97272EE237C8C5s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib2B33C33E4BBCC28B8E97272EE237C8C5s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib3C0E6519860AA5A4470F832D6E1D83CAs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib3C0E6519860AA5A4470F832D6E1D83CAs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib3C0E6519860AA5A4470F832D6E1D83CAs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib52AF3F5B5F4B1F178841EE3D8CCF4035s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib52AF3F5B5F4B1F178841EE3D8CCF4035s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib52AF3F5B5F4B1F178841EE3D8CCF4035s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib52AF3F5B5F4B1F178841EE3D8CCF4035s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib3A24A19433E33759C33299ED983D19A0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib3A24A19433E33759C33299ED983D19A0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibB0C1000ED892F16F66601C3580FB1EBAs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibB0C1000ED892F16F66601C3580FB1EBAs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibB0C1000ED892F16F66601C3580FB1EBAs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibBE9BB3658C1133CE59F3B8EFF9F30E11s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibBE9BB3658C1133CE59F3B8EFF9F30E11s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibBE9BB3658C1133CE59F3B8EFF9F30E11s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib533EAECD3C9418A5178F2DDA5EA417D7s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib533EAECD3C9418A5178F2DDA5EA417D7s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib533EAECD3C9418A5178F2DDA5EA417D7s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib93AE6814A43A0B7E0C194BE5F60CB7EDs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib93AE6814A43A0B7E0C194BE5F60CB7EDs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib93AE6814A43A0B7E0C194BE5F60CB7EDs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibACBE524FB680EA622B417257F6A37597s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibACBE524FB680EA622B417257F6A37597s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibACBE524FB680EA622B417257F6A37597s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib36AD0014B33AFD1DC6632FB71B1ED7D0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib36AD0014B33AFD1DC6632FB71B1ED7D0s1


The ATLAS Collaboration / Physics Letters B 809 (2020) 135754 9

[76] R.D. Ball, et al., Parton distributions for the LHC Run II, J. High Energy Phys. 
04 (2015) 040, arXiv:1410 .8849 [hep -ph].

[77] R. Frederix, S. Frixione, Merging meets matching in MC@NLO, J. High Energy 
Phys. 12 (2012) 061, arXiv:1209 .6215 [hep -ph].

[78] E. Bothmann, et al., Event generation with Sherpa 2.2, SciPost Phys. 7 (2019) 
034, arXiv:1905 .09127 [hep -ph].

[79] ATLAS Collaboration, The simulation principle and performance of the ATLAS 
fast calorimeter simulation FastCaloSim, ATL-PHYS-PUB-2010-013, https://cds .
cern .ch /record /1300517, 2010.

[80] S. Schumann, F. Krauss, A parton shower algorithm based on Catani-Seymour 
dipole factorisation, J. High Energy Phys. 03 (2008) 038, arXiv:0709 .1027
[hep -ph].

[81] T. Gleisberg, S. Höche, Comix, a new matrix element generator, J. High Energy 
Phys. 12 (2008) 039, arXiv:0808 .3674 [hep -ph].

[82] S. Catani, F. Krauss, R. Kuhn, B.R. Webber, QCD matrix elements + parton 
showers, J. High Energy Phys. 11 (2001) 063, arXiv:hep -ph /0109231.

[83] S. Höche, F. Krauss, S. Schumann, F. Siegert, QCD matrix elements and trun-
cated showers, J. High Energy Phys. 05 (2009) 053, arXiv:0903 .1219 [hep -ph].

[84] S. Höche, F. Krauss, M. Schönherr, F. Siegert, A critical appraisal of NLO+PS 
matching methods, J. High Energy Phys. 09 (2012) 049, arXiv:1111.1220 [hep -
ph].

[85] S. Höche, F. Krauss, M. Schönherr, F. Siegert, QCD matrix elements + parton 
showers: the NLO case, J. High Energy Phys. 04 (2013) 027, arXiv:1207.5030
[hep -ph].

[86] ATLAS Collaboration, ATLAS Pythia 8 tunes to 7 TeV data, ATL-PHYS-PUB-
2014-021, https://cds .cern .ch /record /1966419, 2014.

[87] ATLAS Collaboration, Measurement of the Z/γ ∗ boson transverse momentum 
distribution in pp collisions at √s = 7 TeV with the ATLAS detector, J. High 
Energy Phys. 09 (2014) 145, arXiv:1406 .3660 [hep -ex].

[88] H.-L. Lai, M. Guzzi, J. Huston, Z. Li, P.M. Nadolsky, et al., New parton distri-
butions for collider physics, Phys. Rev. D 82 (2010) 074024, arXiv:1007.2241
[hep -ph].

[89] J. Pumplin, et al., New generation of parton distributions with uncertainties 
from global QCD analysis, J. High Energy Phys. 07 (2002) 012, arXiv:hep -ph /
0201195.

[90] K. Hamilton, P. Nason, E. Re, G. Zanderighi, NNLOPS simulation of Higgs boson 
production, J. High Energy Phys. 10 (2013) 222, arXiv:1309 .0017 [hep -ph].

[91] K. Hamilton, P. Nason, G. Zanderighi, Finite quark-mass effects in the NNLOPS 
POWHEG+MiNLO Higgs generator, J. High Energy Phys. 05 (2015) 140, arXiv:
1501.04637 [hep -ph].

[92] G. Bozzi, S. Catani, D. de Florian, M. Grazzini, Transverse-momentum resum-
mation and the spectrum of the Higgs boson at the LHC, Nucl. Phys. B 737 
(2006) 73, arXiv:hep -ph /0508068 [hep -ph].

[93] S. Catani, M. Grazzini, An NNLO subtraction formalism in hadron collisions 
and its application to Higgs boson production at the LHC, Phys. Rev. Lett. 98 
(2007) 222002, arXiv:hep -ph /0703012 [hep -ph].

[94] E. Bagnaschi, G. Degrassi, P. Slavich, A. Vicini, Higgs production via gluon fu-
sion in the POWHEG approach in the SM and in the MSSM, J. High Energy 
Phys. 02 (2012) 088, arXiv:1111.2854 [hep -ph].

[95] D. de Florian, G. Ferrera, M. Grazzini, D. Tommasini, Transverse-momentum 
resummation: Higgs boson production at the tevatron and the LHC, J. High 
Energy Phys. 11 (2011) 064, arXiv:1109 .2109 [hep -ph].

[96] K. Hamilton, P. Nason, G. Zanderighi, MINLO: multi-scale improved NLO, J. 
High Energy Phys. 10 (2012) 155, arXiv:1206 .3572 [hep -ph].

[97] J.M. Campbell, et al., NLO Higgs boson production plus one and two jets using 
the POWHEG BOX, MadGraph4 and MCFM, J. High Energy Phys. 07 (2012) 
092, arXiv:1202 .5475 [hep -ph].

[98] K. Hamilton, P. Nason, C. Oleari, G. Zanderighi, Merging H/W/Z + 0 and 1 jet 
at NLO with no merging scale: a path to parton shower + NNLO matching, J. 
High Energy Phys. 05 (2013) 082, arXiv:1212 .4504 [hep -ph].

[99] G. Cullen, et al., Automated one-loop calculations with GoSam, Eur. Phys. J. C 
72 (2012) 1889, arXiv:1111.2034 [hep -ph].

[100] G. Luisoni, P. Nason, C. Oleari, F. Tramontano, HW±/HZ+ 0 and 1 jet at NLO 
with the POWHEG BOX interfaced to GoSam and their merging within MiNLO, 
J. High Energy Phys. 10 (2013) 083, arXiv:1306 .2542 [hep -ph].

[101] ATLAS Collaboration, Measurement of the photon identification efficiencies 
with the ATLAS detector using LHC Run 2 data collected in 2015 and 2016, 
Eur. Phys. J. C 79 (2019) 205, arXiv:1810 .05087 [hep -ex].

[102] ATLAS Collaboration, Measurement of the inclusive isolated prompt photon 
cross section in pp collisions at √s = 7 TeV with the ATLAS detector, Phys. 
Rev. D 83 (2011) 052005, arXiv:1012 .4389 [hep -ex].

[103] M. Cacciari, G.P. Salam, S. Sapeta, On the characterisation of the underlying 
event, J. High Energy Phys. 04 (2010) 065, arXiv:0912 .4926 [hep -ph].

[104] M. Cacciari, G.P. Salam, G. Soyez, The catchment area of jets, J. High Energy 
Phys. 2008 (2008) 005, arXiv:0802 .1188 [hep -ph].

[105] ATLAS Collaboration, Topological cell clustering in the ATLAS calorimeters and 
its performance in LHC Run 1, Eur. Phys. J. C 77 (2017) 490, arXiv:1603 .02934
[hep -ex].

[106] M. Cacciari, G.P. Salam, G. Soyez, The anti-kt jet clustering algorithm, J. High 
Energy Phys. 04 (2008) 063, arXiv:0802 .1189 [hep -ph].

[107] ATLAS Collaboration, Tagging and suppression of pileup jets with the ATLAS 
detector, ATLAS-CONF-2014-018, https://cds .cern .ch /record /1700870, 2014.

[108] ATLAS Collaboration, Measurements of Higgs boson production and couplings 
in the four-lepton channel in pp collisions at center-of-mass energies of 7 
and 8 TeV with the ATLAS detector, Phys. Rev. D 91 (2015) 012006, arXiv:
1408 .5191 [hep -ex].

[109] C. Patrignani, et al., Review of particle physics, Chin. Phys. C 40 (2016) 100001.
[110] D. Rainwater, R. Szalapski, D. Zeppenfeld, Probing color-singlet exchange in 

Z + 2-jet events at the CERN LHC, Phys. Rev. D 54 (11 1996) 6680, arXiv:
hep -ph /9605444 [hep -ph].

[111] OPAL Collaboration, K. Ackerstaff, et al., Search for anomalous production 
of dilepton events with missing transverse momentum in e+e− collisions 
at √s = 161 GeV and 172 GeV, Eur. Phys. J. C 4 (1998) 47, arXiv:hep -ex /
9710010.

[112] M. Vesterinen, T. Wyatt, A novel technique for studying the Z boson trans-
verse momentum distribution at hadron colliders, Nucl. Instrum. Methods A 
602 (2009) 432, arXiv:0807.4956 [hep -ph].

[113] M. Oreglia, A study of the reactions ψ ′ → γ γ ψ , https://www.slac .stanford .
edu /cgi -wrap /getdoc /slac -r-236 .pdf, 1980.

[114] ATLAS Collaboration, Search for scalar diphoton resonances in the mass range 
65-600 GeV with the ATLAS detector in pp collision data at √s = 8 TeV, Phys. 
Rev. Lett. 113 (2014) 171801, arXiv:1407.6583 [hep -ex].

[115] ATLAS Collaboration, Measurement of the inclusive isolated prompt photon 
cross section in pp collisions at √s = 7 TeV with the ATLAS detector, Phys. 
Rev. D 83 (2011) 052005, arXiv:1012 .4389 [hep -ex].

[116] G. Cowan, K. Cranmer, E. Gross, O. Vitells, Asymptotic formulae for likelihood-
based tests of new physics, Eur. Phys. J. C 71 (2011) 1554, arXiv:1007.1727
[physics .data -an], Erratum: Eur. Phys. J. C 73 (2013) 2501.

[117] ATLAS Collaboration, Search for the dimuon decay of the Higgs boson in pp
collisions at √s = 13 TeV with the ATLAS detector, Phys. Rev. Lett. 119 (2017) 
051802, arXiv:1705 .04582 [hep -ex].

[118] ATLAS Collaboration, Luminosity determination in pp collisions at √
s =

13 TeV using the ATLAS detector at the LHC, ATLAS-CONF-2019-021, https://
cds .cern .ch /record /2677054, 2019.

[119] G. Avoni, et al., The new LUCID-2 detector for luminosity measurement and 
monitoring in ATLAS, J. Instrum. 13 (2018) P07017.

[120] I.W. Stewart, F.J. Tackmann, Theory uncertainties for Higgs and other searches 
using jet bins, Phys. Rev. D 85 (2012) 034011, arXiv:1107.2117 [hep -ph].

[121] J.M. Campbell, R. Ellis, MCFM for the Tevatron and the LHC, Nucl. Phys. B, 
Proc. Suppl. 205–206 (2010) 10, arXiv:1007.3492 [hep -ph].

[122] S. Gangal, F.J. Tackmann, Next-to-leading-order uncertainties in Higgs+2 jets 
from gluon fusion, Phys. Rev. D 87 (2013) 093008, arXiv:1302 .5437 [hep -ph].

[123] M. Grazzini, H. Sargsyan, Heavy-quark mass effects in Higgs boson production 
at the LHC, J. High Energy Phys. 09 (2013) 129, arXiv:1306 .4581 [hep -ph].

[124] ATLAS Collaboration, Measurements of Higgs boson properties in the diphoton 
decay channel with 36 fb−1 of pp collision data at √s = 13 TeV with the 
ATLAS detector, Phys. Rev. D 98 (2018) 052005, arXiv:1802 .04146 [hep -ex].

[125] ATLAS Collaboration, Jet energy scale measurements and their systematic un-
certainties in proton–proton collisions at √s = 13 TeV with the ATLAS detec-
tor, Phys. Rev. D 96 (2017) 072002, arXiv:1703 .09665 [hep -ex].

[126] A.L. Read, Presentation of search results: the C Ls technique, J. Phys. G, Nucl. 
Part. Phys. 28 (2002) 2693.

[127] ATLAS Collaboration, ATLAS computing acknowledgements 2016–2017, ATL-
GEN-PUB-2016-002, https://cds .cern .ch /record /2202407.

The ATLAS Collaboration

G. Aad 102, B. Abbott 128, D.C. Abbott 103, A. Abed Abud 36, K. Abeling 53, D.K. Abhayasinghe 94, 
S.H. Abidi 166, O.S. AbouZeid 40, N.L. Abraham 155, H. Abramowicz 160, H. Abreu 159, Y. Abulaiti 6, 
B.S. Acharya 67a,67b,n, B. Achkar 53, L. Adam 100, C. Adam Bourdarios 5, L. Adamczyk 84a, L. Adamek 166, 
J. Adelman 121, M. Adersberger 114, A. Adiguzel 12c, S. Adorni 54, T. Adye 143, A.A. Affolder 145, Y. Afik 159, 
C. Agapopoulou 65, M.N. Agaras 38, A. Aggarwal 119, C. Agheorghiesei 27c, J.A. Aguilar-Saavedra 139f,139a,ad, 
A. Ahmad 36, F. Ahmadov 80, W.S. Ahmed 104, X. Ai 18, G. Aielli 74a,74b, S. Akatsuka 86, M. Akbiyik 100, 

http://refhub.elsevier.com/S0370-2693(20)30557-8/bibCC774FD737F8B6E920C074760BBF9777s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibCC774FD737F8B6E920C074760BBF9777s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib894F1FED214516699D94AC55A42B64EDs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib894F1FED214516699D94AC55A42B64EDs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib07B905BF0FB4F00A48FAEE4450E06B6As1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib07B905BF0FB4F00A48FAEE4450E06B6As1
https://cds.cern.ch/record/1300517
https://cds.cern.ch/record/1300517
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibAB19568B47A51A33925F85309D928E62s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibAB19568B47A51A33925F85309D928E62s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibAB19568B47A51A33925F85309D928E62s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib87EE95F4EB9F9F9D67094359AEB92BD9s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib87EE95F4EB9F9F9D67094359AEB92BD9s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibD1D9D046CE8B357484933191EA62934Bs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibD1D9D046CE8B357484933191EA62934Bs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib0D3832DB1E9EBED6C5C5ACDAEEAE703Cs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib0D3832DB1E9EBED6C5C5ACDAEEAE703Cs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE3702B0415DCEC324B5E601A94F5BBD0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE3702B0415DCEC324B5E601A94F5BBD0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE3702B0415DCEC324B5E601A94F5BBD0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibFC91AA1E8C9BF5888F9E2C40C9327E6Fs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibFC91AA1E8C9BF5888F9E2C40C9327E6Fs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibFC91AA1E8C9BF5888F9E2C40C9327E6Fs1
https://cds.cern.ch/record/1966419
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib8F3F63B333D06C444506B2033DDCD581s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib8F3F63B333D06C444506B2033DDCD581s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib8F3F63B333D06C444506B2033DDCD581s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibBA228A27BB6BDF869899D72504DFD165s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibBA228A27BB6BDF869899D72504DFD165s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibBA228A27BB6BDF869899D72504DFD165s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib151E6CE574517C1E2A3D483B54300EC0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib151E6CE574517C1E2A3D483B54300EC0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib151E6CE574517C1E2A3D483B54300EC0s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib314585850C3115ABE7C73A7C696E0772s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib314585850C3115ABE7C73A7C696E0772s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib6FA0BD25A187F9A0EFFF95EF4E6437BCs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib6FA0BD25A187F9A0EFFF95EF4E6437BCs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib6FA0BD25A187F9A0EFFF95EF4E6437BCs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib5ECAE784DA8C44EC82D5ED3EE5EE6EB7s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib5ECAE784DA8C44EC82D5ED3EE5EE6EB7s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib5ECAE784DA8C44EC82D5ED3EE5EE6EB7s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib892055E895F3B5A3B921F70582471BF2s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib892055E895F3B5A3B921F70582471BF2s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib892055E895F3B5A3B921F70582471BF2s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib8EB3272D242BC39DF59090C092FE2DAAs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib8EB3272D242BC39DF59090C092FE2DAAs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib8EB3272D242BC39DF59090C092FE2DAAs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE8BE8E439CC65B5F074FF38B5836A4CBs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE8BE8E439CC65B5F074FF38B5836A4CBs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE8BE8E439CC65B5F074FF38B5836A4CBs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibB569403C0BF50B1F1D88FDB7200EFFCFs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibB569403C0BF50B1F1D88FDB7200EFFCFs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib2EE022488431F4BE6610CF989FD29E9Bs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib2EE022488431F4BE6610CF989FD29E9Bs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib2EE022488431F4BE6610CF989FD29E9Bs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibA58890F23C5E03040AA017A55DE7B052s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibA58890F23C5E03040AA017A55DE7B052s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibA58890F23C5E03040AA017A55DE7B052s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibDEE6D51756E081388255AD11944B4822s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibDEE6D51756E081388255AD11944B4822s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib53EA196F5172FDFAB45D361C3AEBCD8Fs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib53EA196F5172FDFAB45D361C3AEBCD8Fs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib53EA196F5172FDFAB45D361C3AEBCD8Fs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibF2C56887C5E714DDFB6D142D9A6AD44As1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibF2C56887C5E714DDFB6D142D9A6AD44As1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibF2C56887C5E714DDFB6D142D9A6AD44As1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib7A8906D63E7965C98BFC773AFADE4CFCs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib7A8906D63E7965C98BFC773AFADE4CFCs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib7A8906D63E7965C98BFC773AFADE4CFCs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib183682628B782D3271B2A2C8452D04D1s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib183682628B782D3271B2A2C8452D04D1s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib08031483746C9679A3AC984A1E85E1E5s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib08031483746C9679A3AC984A1E85E1E5s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibCA8DC8E35FB1494EC81EC5E7C36088F8s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibCA8DC8E35FB1494EC81EC5E7C36088F8s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibCA8DC8E35FB1494EC81EC5E7C36088F8s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib0E31882E6D90B3698F6380B3564EA3DEs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib0E31882E6D90B3698F6380B3564EA3DEs1
https://cds.cern.ch/record/1700870
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9CD191FD42C612B7C712D43C9B489B69s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9CD191FD42C612B7C712D43C9B489B69s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9CD191FD42C612B7C712D43C9B489B69s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9CD191FD42C612B7C712D43C9B489B69s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib0B568F94A3B5E94EEC72403B23D70C01s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE15A3BBEE2D3621316D03D22AB16AFC9s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE15A3BBEE2D3621316D03D22AB16AFC9s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE15A3BBEE2D3621316D03D22AB16AFC9s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE7B01882FEE1FCC08921872EAB150C7Es1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE7B01882FEE1FCC08921872EAB150C7Es1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE7B01882FEE1FCC08921872EAB150C7Es1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibE7B01882FEE1FCC08921872EAB150C7Es1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib8D6392BFC8F8E5E3B53CC1EB8D8C1FCFs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib8D6392BFC8F8E5E3B53CC1EB8D8C1FCFs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib8D6392BFC8F8E5E3B53CC1EB8D8C1FCFs1
https://www.slac.stanford.edu/cgi-wrap/getdoc/slac-r-236.pdf
https://www.slac.stanford.edu/cgi-wrap/getdoc/slac-r-236.pdf
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibEF226A1EAC3F66F56C51230F334873CCs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibEF226A1EAC3F66F56C51230F334873CCs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibEF226A1EAC3F66F56C51230F334873CCs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib3FC064D89C2C3FC74DF5B2668025D0BEs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib3FC064D89C2C3FC74DF5B2668025D0BEs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib3FC064D89C2C3FC74DF5B2668025D0BEs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib77DDCB5F19832F4145345889013AB3A4s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib77DDCB5F19832F4145345889013AB3A4s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib77DDCB5F19832F4145345889013AB3A4s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib95B18AD87CB9B0BE93E539F3ACBEA7BCs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib95B18AD87CB9B0BE93E539F3ACBEA7BCs1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib95B18AD87CB9B0BE93E539F3ACBEA7BCs1
https://cds.cern.ch/record/2677054
https://cds.cern.ch/record/2677054
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib04611ECB35A3F867CA2E2EFCBBF3DEE3s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib04611ECB35A3F867CA2E2EFCBBF3DEE3s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibD8D16BE4E671AA07C14EF427AF66D699s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibD8D16BE4E671AA07C14EF427AF66D699s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib6B49A4EDDF0B93C17FDE7DEBA099B6D5s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib6B49A4EDDF0B93C17FDE7DEBA099B6D5s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib40A8559791C0C8CBE1298515E53DA7A2s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib40A8559791C0C8CBE1298515E53DA7A2s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibDDA0FA06BAF695C1BADB67F223EA9612s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bibDDA0FA06BAF695C1BADB67F223EA9612s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib27B87B85B8A8A9B28A4AC3240B062EA4s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib27B87B85B8A8A9B28A4AC3240B062EA4s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib27B87B85B8A8A9B28A4AC3240B062EA4s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9BDF7B157224DBA8A093B98A01B00921s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9BDF7B157224DBA8A093B98A01B00921s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib9BDF7B157224DBA8A093B98A01B00921s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib8A0496F6A6397581367536557E603826s1
http://refhub.elsevier.com/S0370-2693(20)30557-8/bib8A0496F6A6397581367536557E603826s1
https://cds.cern.ch/record/2202407


10 The ATLAS Collaboration / Physics Letters B 809 (2020) 135754

T.P.A. Åkesson 97, E. Akilli 54, A.V. Akimov 111, K. Al Khoury 65, G.L. Alberghi 23b,23a, J. Albert 175, 
M.J. Alconada Verzini 160, S. Alderweireldt 36, M. Aleksa 36, I.N. Aleksandrov 80, C. Alexa 27b, 
T. Alexopoulos 10, A. Alfonsi 120, F. Alfonsi 23b,23a, M. Alhroob 128, B. Ali 141, S. Ali 157, M. Aliev 165, 
G. Alimonti 69a, C. Allaire 36, B.M.M. Allbrooke 155, B.W. Allen 131, P.P. Allport 21, A. Aloisio 70a,70b, 
F. Alonso 89, C. Alpigiani 147, E. Alunno Camelia 74a,74b, M. Alvarez Estevez 99, M.G. Alviggi 70a,70b, 
Y. Amaral Coutinho 81b, A. Ambler 104, L. Ambroz 134, C. Amelung 26, D. Amidei 106, 
S.P. Amor Dos Santos 139a, S. Amoroso 46, C.S. Amrouche 54, F. An 79, C. Anastopoulos 148, N. Andari 144, 
T. Andeen 11, J.K. Anders 20, S.Y. Andrean 45a,45b, A. Andreazza 69a,69b, V. Andrei 61a, C.R. Anelli 175, 
S. Angelidakis 9, A. Angerami 39, A.V. Anisenkov 122b,122a, A. Annovi 72a, C. Antel 54, M.T. Anthony 148, 
E. Antipov 129, M. Antonelli 51, D.J.A. Antrim 170, F. Anulli 73a, M. Aoki 82, J.A. Aparisi Pozo 173, 
M.A. Aparo 155, L. Aperio Bella 46, N. Aranzabal Barrio 36, V. Araujo Ferraz 81a, R. Araujo Pereira 81b, 
C. Arcangeletti 51, A.T.H. Arce 49, F.A. Arduh 89, J-F. Arguin 110, S. Argyropoulos 52, J.-H. Arling 46, 
A.J. Armbruster 36, A. Armstrong 170, O. Arnaez 166, H. Arnold 120, Z.P. Arrubarrena Tame 114, G. Artoni 134, 
K. Asai 126, S. Asai 162, T. Asawatavonvanich 164, N. Asbah 59, E.M. Asimakopoulou 171, L. Asquith 155, 
J. Assahsah 35d, K. Assamagan 29, R. Astalos 28a, R.J. Atkin 33a, M. Atkinson 172, N.B. Atlay 19, H. Atmani 65, 
K. Augsten 141, V.A. Austrup 181, G. Avolio 36, M.K. Ayoub 15a, G. Azuelos 110,al, H. Bachacou 144, 
K. Bachas 161, M. Backes 134, F. Backman 45a,45b, P. Bagnaia 73a,73b, M. Bahmani 85, H. Bahrasemani 151, 
A.J. Bailey 173, V.R. Bailey 172, J.T. Baines 143, C. Bakalis 10, O.K. Baker 182, P.J. Bakker 120, E. Bakos 16, 
D. Bakshi Gupta 8, S. Balaji 156, E.M. Baldin 122b,122a, P. Balek 179, F. Balli 144, W.K. Balunas 134, J. Balz 100, 
E. Banas 85, M. Bandieramonte 138, A. Bandyopadhyay 24, Sw. Banerjee 180,i, L. Barak 160, W.M. Barbe 38, 
E.L. Barberio 105, D. Barberis 55b,55a, M. Barbero 102, G. Barbour 95, T. Barillari 115, M-S. Barisits 36, 
J. Barkeloo 131, T. Barklow 152, R. Barnea 159, B.M. Barnett 143, R.M. Barnett 18, Z. Barnovska-Blenessy 60a, 
A. Baroncelli 60a, G. Barone 29, A.J. Barr 134, L. Barranco Navarro 45a,45b, F. Barreiro 99, 
J. Barreiro Guimarães da Costa 15a, U. Barron 160, S. Barsov 137, F. Bartels 61a, R. Bartoldus 152, 
G. Bartolini 102, A.E. Barton 90, P. Bartos 28a, A. Basalaev 46, A. Basan 100, A. Bassalat 65,ai, M.J. Basso 166, 
R.L. Bates 57, S. Batlamous 35e, J.R. Batley 32, B. Batool 150, M. Battaglia 145, M. Bauce 73a,73b, F. Bauer 144, 
K.T. Bauer 170, P. Bauer 24, H.S. Bawa 31, A. Bayirli 12c, J.B. Beacham 49, T. Beau 135, P.H. Beauchemin 169, 
F. Becherer 52, P. Bechtle 24, H.C. Beck 53, H.P. Beck 20,p, K. Becker 177, C. Becot 46, A. Beddall 12d, 
A.J. Beddall 12a, V.A. Bednyakov 80, M. Bedognetti 120, C.P. Bee 154, T.A. Beermann 181, M. Begalli 81b, 
M. Begel 29, A. Behera 154, J.K. Behr 46, F. Beisiegel 24, M. Belfkir 5, A.S. Bell 95, G. Bella 160, 
L. Bellagamba 23b, A. Bellerive 34, P. Bellos 9, K. Beloborodov 122b,122a, K. Belotskiy 112, N.L. Belyaev 112, 
D. Benchekroun 35a, N. Benekos 10, Y. Benhammou 160, D.P. Benjamin 6, M. Benoit 54, J.R. Bensinger 26, 
S. Bentvelsen 120, L. Beresford 134, M. Beretta 51, D. Berge 19, E. Bergeaas Kuutmann 171, N. Berger 5, 
B. Bergmann 141, L.J. Bergsten 26, J. Beringer 18, S. Berlendis 7, G. Bernardi 135, C. Bernius 152, 
F.U. Bernlochner 24, T. Berry 94, P. Berta 100, C. Bertella 15a, A. Berthold 48, I.A. Bertram 90, 
O. Bessidskaia Bylund 181, N. Besson 144, A. Bethani 101, S. Bethke 115, A. Betti 42, A.J. Bevan 93, J. Beyer 115, 
D.S. Bhattacharya 176, P. Bhattarai 26, V.S. Bhopatkar 6, R. Bi 138, R.M. Bianchi 138, O. Biebel 114, 
D. Biedermann 19, R. Bielski 36, K. Bierwagen 100, N.V. Biesuz 72a,72b, M. Biglietti 75a, T.R.V. Billoud 110, 
M. Bindi 53, A. Bingul 12d, C. Bini 73a,73b, S. Biondi 23b,23a, C.J. Birch-sykes 101, M. Birman 179, T. Bisanz 53, 
J.P. Biswal 3, D. Biswas 180,i, A. Bitadze 101, C. Bittrich 48, K. Bjørke 133, T. Blazek 28a, I. Bloch 46, 
C. Blocker 26, A. Blue 57, U. Blumenschein 93, G.J. Bobbink 120, V.S. Bobrovnikov 122b,122a, S.S. Bocchetta 97, 
D. Boerner 46, D. Bogavac 14, A.G. Bogdanchikov 122b,122a, C. Bohm 45a, V. Boisvert 94, P. Bokan 53,171, 
T. Bold 84a, A.E. Bolz 61b, M. Bomben 135, M. Bona 93, J.S. Bonilla 131, M. Boonekamp 144, C.D. Booth 94, 
A.G. Borbély 57, H.M. Borecka-Bielska 91, L.S. Borgna 95, A. Borisov 123, G. Borissov 90, D. Bortoletto 134, 
D. Boscherini 23b, M. Bosman 14, J.D. Bossio Sola 104, K. Bouaouda 35a, J. Boudreau 138, 
E.V. Bouhova-Thacker 90, D. Boumediene 38, S.K. Boutle 57, A. Boveia 127, J. Boyd 36, D. Boye 33c, 
I.R. Boyko 80, A.J. Bozson 94, J. Bracinik 21, N. Brahimi 60d, G. Brandt 181, O. Brandt 32, F. Braren 46, 
B. Brau 103, J.E. Brau 131, W.D. Breaden Madden 57, K. Brendlinger 46, R. Brener 159, L. Brenner 36, 
R. Brenner 171, S. Bressler 179, B. Brickwedde 100, D.L. Briglin 21, D. Britton 57, D. Britzger 115, I. Brock 24, 
R. Brock 107, G. Brooijmans 39, W.K. Brooks 146d, E. Brost 29, P.A. Bruckman de Renstrom 85, B. Brüers 46, 
D. Bruncko 28b, A. Bruni 23b, G. Bruni 23b, L.S. Bruni 120, S. Bruno 74a,74b, M. Bruschi 23b, N. Bruscino 73a,73b, 
L. Bryngemark 152, T. Buanes 17, Q. Buat 154, P. Buchholz 150, A.G. Buckley 57, I.A. Budagov 80, 
M.K. Bugge 133, F. Bührer 52, O. Bulekov 112, B.A. Bullard 59, T.J. Burch 121, S. Burdin 91, C.D. Burgard 120, 



The ATLAS Collaboration / Physics Letters B 809 (2020) 135754 11

A.M. Burger 129, B. Burghgrave 8, J.T.P. Burr 46, C.D. Burton 11, J.C. Burzynski 103, V. Büscher 100, 
E. Buschmann 53, P.J. Bussey 57, J.M. Butler 25, C.M. Buttar 57, J.M. Butterworth 95, P. Butti 36, 
W. Buttinger 36, C.J. Buxo Vazquez 107, A. Buzatu 157, A.R. Buzykaev 122b,122a, G. Cabras 23b,23a, 
S. Cabrera Urbán 173, D. Caforio 56, H. Cai 138, V.M.M. Cairo 152, O. Cakir 4a, N. Calace 36, P. Calafiura 18, 
G. Calderini 135, P. Calfayan 66, G. Callea 57, L.P. Caloba 81b, A. Caltabiano 74a,74b, S. Calvente Lopez 99, 
D. Calvet 38, S. Calvet 38, T.P. Calvet 102, M. Calvetti 72a,72b, R. Camacho Toro 135, S. Camarda 36, 
D. Camarero Munoz 99, P. Camarri 74a,74b, M.T. Camerlingo 75a,75b, D. Cameron 133, C. Camincher 36, 
S. Campana 36, M. Campanelli 95, A. Camplani 40, V. Canale 70a,70b, A. Canesse 104, M. Cano Bret 78, 
J. Cantero 129, T. Cao 160, Y. Cao 172, M.D.M. Capeans Garrido 36, M. Capua 41b,41a, R. Cardarelli 74a, 
F. Cardillo 148, G. Carducci 41b,41a, I. Carli 142, T. Carli 36, G. Carlino 70a, B.T. Carlson 138, 
E.M. Carlson 175,167a, L. Carminati 69a,69b, R.M.D. Carney 152, S. Caron 119, E. Carquin 146d, S. Carrá 46, 
G. Carratta 23b,23a, J.W.S. Carter 166, T.M. Carter 50, M.P. Casado 14,f , A.F. Casha 166, F.L. Castillo 173, 
L. Castillo Garcia 14, V. Castillo Gimenez 173, N.F. Castro 139a,139e, A. Catinaccio 36, J.R. Catmore 133, 
A. Cattai 36, V. Cavaliere 29, V. Cavasinni 72a,72b, E. Celebi 12b, F. Celli 134, K. Cerny 130, A.S. Cerqueira 81a, 
A. Cerri 155, L. Cerrito 74a,74b, F. Cerutti 18, A. Cervelli 23b,23a, S.A. Cetin 12b, Z. Chadi 35a, D. Chakraborty 121, 
J. Chan 180, W.S. Chan 120, W.Y. Chan 91, J.D. Chapman 32, B. Chargeishvili 158b, D.G. Charlton 21, 
T.P. Charman 93, C.C. Chau 34, S. Che 127, S. Chekanov 6, S.V. Chekulaev 167a, G.A. Chelkov 80,ag , B. Chen 79, 
C. Chen 60a, C.H. Chen 79, H. Chen 29, J. Chen 60a, J. Chen 39, J. Chen 26, S. Chen 136, S.J. Chen 15c, 
X. Chen 15b, Y. Chen 60a, Y-H. Chen 46, H.C. Cheng 63a, H.J. Cheng 15a, A. Cheplakov 80, 
E. Cheremushkina 123, R. Cherkaoui El Moursli 35e, E. Cheu 7, K. Cheung 64, T.J.A. Chevalérias 144, 
L. Chevalier 144, V. Chiarella 51, G. Chiarelli 72a, G. Chiodini 68a, A.S. Chisholm 21, A. Chitan 27b, I. Chiu 162, 
Y.H. Chiu 175, M.V. Chizhov 80, K. Choi 11, A.R. Chomont 73a,73b, Y.S. Chow 120, L.D. Christopher 33e, 
M.C. Chu 63a, X. Chu 15a,15d, J. Chudoba 140, J.J. Chwastowski 85, L. Chytka 130, D. Cieri 115, K.M. Ciesla 85, 
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D. Zerwas 65, M. Zgubič 134, B. Zhang 15c, D.F. Zhang 15b, G. Zhang 15b, J. Zhang 6, Kaili. Zhang 15a, 
L. Zhang 15c, L. Zhang 60a, M. Zhang 172, R. Zhang 180, S. Zhang 106, X. Zhang 60c, X. Zhang 60b, 
Y. Zhang 15a,15d, Z. Zhang 63a, Z. Zhang 65, P. Zhao 49, Z. Zhao 60a, A. Zhemchugov 80, Z. Zheng 106, 
D. Zhong 172, B. Zhou 106, C. Zhou 180, H. Zhou 7, M.S. Zhou 15a,15d, M. Zhou 154, N. Zhou 60c, Y. Zhou 7, 
C.G. Zhu 60b, C. Zhu 15a,15d, H.L. Zhu 60a, H. Zhu 15a, J. Zhu 106, Y. Zhu 60a, X. Zhuang 15a, K. Zhukov 111, 
V. Zhulanov 122b,122a, D. Zieminska 66, N.I. Zimine 80, S. Zimmermann 52, Z. Zinonos 115, M. Ziolkowski 150, 
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