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A test of CP invariance in Higgs boson production via vector-boson fusion is performed in the H →
ττ decay channel. This test uses the Optimal Observable method and is carried out using 36.1 fb−1 of √

s = 13 TeV proton–proton collision data collected by the ATLAS experiment at the LHC. Contributions 
from CP-violating interactions between the Higgs boson and electroweak gauge bosons are described by 
an effective field theory, in which the parameter d̃ governs the strength of CP violation. No sign of CP 
violation is observed in the distributions of the Optimal Observable, and d̃ is constrained to the interval 
[−0.090, 0.035] at the 68% confidence level (CL), compared to an expected interval of d̃ ∈ [−0.035, 0.033]
based upon the Standard Model prediction. No constraints can be set on d̃ at 95% CL, while an expected 
95% CL interval of d̃ ∈ [−0.21, 0.15] for the Standard Model hypothesis was expected.

© 2020 The Author(s). 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.
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1. Introduction

One of the central puzzles in physics today is the observed 
baryon asymmetry of the universe. The violation of invariance of 
fundamental interactions under the transformation of charge con-
jugation (C) and its combination with parity (CP) is one of the 
three necessary Sakharov conditions [1] to explain the dynamical 
generation of the baryon asymmetry. In the Standard Model (SM) 
of particle physics, CP violation (CPV) is introduced via the com-

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

plex phase in the quark mixing (CKM) matrix [2,3].1 It is able to 
describe all observations of CPV in the K -, B-, and D-meson sys-
tems [4–15]. However, the measured size of the complex phase 
and the derived magnitude of CPV in the early universe are in-
sufficient to explain the observed value of the baryon asymmetry 
within the SM [16–20] and, most probably, new sources of CPV 
beyond the SM need to be introduced.

1 Effects of possible CPV in the neutrino sector and in the strong interaction are 
not considered in this statement.
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The investigation of Higgs boson production and decay at the 
LHC offers a novel opportunity to search for new sources of CPV in 
the interaction of the Higgs boson with other SM particles. No ob-
servable effect of CPV is expected in the production or decay of the 
SM Higgs boson. Hence any observation of CP violation involving 
the observed Higgs boson [21,22] would be an unequivocal sign of 
physics beyond the SM.

The measured Higgs boson production cross sections, branch-
ing ratios, and derived constraints on coupling-strength modifiers, 
assuming the tensor structure of the SM, agree with the SM pre-
dictions within the current precision [23–25]. Investigations of spin 
and CP quantum numbers strongly indicate that the observed par-
ticle is of scalar nature and that the dominant coupling structure is 
CP-even and consistent with the SM expectation [26–28]. Various 
measurements have been used in the framework of effective field 
theories to derive limits on Wilson coefficients which multiply CP-
even and CP-odd operators and modify the structure and strength 
of the coupling of the Higgs boson to gluons and electroweak 
gauge bosons. These include measurements of differential cross 
sections as functions of CP-even observables in the decay H →
γ γ [29], measurements of event rates in specific event categories 
and phase-space regions in the decay H → Z Z∗ [30], and mea-
surements of the V H invariant mass in Higgs boson production in 
association with a weak gauge boson V (V = W ±, Z ) [31]. These 
analyses use CP-even observables and event rate information and 
hence are not directly sensitive to possible interference between 
the CP-even SM operators and new CP-odd operators. The shapes 
of distributions of CP-odd and CP-even observables (without ex-
ploiting CP-even rate information) have been used to set limits on 
CP-odd and CP-even couplings of the Higgs boson to gauge bosons. 
This is done by investigating the decay H → V V ∗(V = W ±, Z), us-
ing only information from the decay [27,32] and combining it with 
information from vector-boson fusion (VBF) or associated V H pro-
duction [33,34]. Another analysis using the decay H → ττ exploits 
information from VBF and V H production [35]. The shape of the 
distribution of a single CP-odd observable constructed from kine-
matic information in VBF production in H → ττ candidate events 
has been previously used to set a limit on the parameter d̃ [36], 
which governs the strength of CPV in an effective field theory 
ansatz as described in Section 2. This analysis constrained d̃ to 
the interval [−0.11, 0.05] at the 68% confidence level (CL) using 
ATLAS data collected at 

√
s = 8 TeV in 2012, while a 68% CL inter-

val of d̃ ∈ [−0.16, 0.16] was expected. No hints of CPV have been 
observed in these studies.

In this Letter, a direct test of CP invariance in Higgs boson pro-
duction via VBF is presented in the H → ττ channel, based on 
proton–proton collision data corresponding to an integrated lu-
minosity of 36.1 fb−1 collected with the ATLAS detector at 

√
s = 

13 TeV in the years 2015 and 2016. A CP-odd Optimal Observ-
able [37–39] is employed. The Optimal Observable combines the 
information from the multidimensional phase space in a single 
quantity calculated from leading-order matrix elements for VBF 
production, independent of the decay mode of the Higgs boson. 
VBF production provides a promising physics process to test CP in-
variance in the H V V vertex [40]. The decay mode H → ττ allows 
the selection of signal events with a good signal-to-background 
ratio and the reconstruction of the four-momentum of the Higgs 
boson candidate with adequate precision.

In the present work a direct test of CP invariance is obtained 
through a measurement of the mean value of the CP-odd Optimal 
Observable, neglecting possible effects from rescattering by new 
light particles in loops [40]. A measurement of the parameter d̃ is 
also performed. Limits on d̃ are derived by analysing the shapes of 
distributions of the Optimal Observable measured in H → ττ can-
didate events with two jets in the final state consistent with VBF 
production. The event selection, estimation of background contri-

butions, and systematic uncertainties closely follow the analysis 
employed for the observation of the H → ττ decay [41]. In order 
to increase the signal-to-background ratio, the final event selection 
utilizes multivariate discriminants.

2. Theoretical framework and methodology

The effective Lagrangian Leff considered is the SM Lagrangian 
augmented with CP-odd operators of mass dimension six, in-
volving the Higgs field and electroweak gauge fields. No CP-even 
dimension-six operators built from these fields are taken into ac-
count. All interactions between the Higgs boson and other SM 
particles (fermions and gluons) are assumed to be as predicted in 
the SM, i.e. the coupling structure in gluon–gluon fusion produc-
tion and in the decay into a pair of τ -leptons is considered to be 
the same as in the SM. The theoretical ansatz considered and the 
methodology is the same as in Ref. [36], which contains further 
details. After electroweak symmetry breaking, the Lagrangian can 
be written in the mass basis of the Higgs boson H , photon A and 
weak gauge bosons W ± and Z as in Ref. [42]:

Leff = LSM + g̃H A A H Ãμν Aμν + g̃H A Z H Ãμν Zμν

+ g̃H Z Z H Z̃μν Zμν + g̃H W W H W̃ +
μν W −μν ,

where V μν and Ṽ μν = εμνρσ Vρσ (with V = W ±, Z , A) denote the 
field strength and dual field strength tensors, respectively. Only 
two of the four couplings g̃H V V ′ are independent due to con-
straints imposed by U(1)Y and SU(2)IW ,L invariance. They can be 
expressed in terms of two dimensionless couplings d̃ and d̃B as in 
Refs. [43,44]:

g̃H A A = g

2mW
(d̃ sin2 θW + d̃B cos2 θW )

g̃H A Z = g

2mW
sin 2θW (d̃ − d̃B)

g̃H Z Z = g

2mW
(d̃ cos2 θW + d̃B sin2 θW )

g̃H W W = g

mW
d̃ ,

where g is the SU(2) coupling constant and θW is the weak mixing 
angle. Adopting the arbitrary choice d̃ = d̃B yields the following 
relations2:

g̃H A A = g̃H Z Z = 1

2
g̃H W W = g

2mW
d̃ and g̃H A Z = 0 .

In an effective field theory (EFT), the coupling parameters are real 
valued. However, rescattering effects from new particles in loops, 
with masses lower than the scale of new physics assumed in the 
EFT, may introduce an imaginary part [40]. Such effects are not 
considered in the analysis presented here, as d̃ is assumed to be 
real valued.

The strength of CP violation in VBF Higgs boson production is 
then described by a single parameter d̃. The corresponding matrix 
element M for VBF production is the sum of a CP-even contribu-
tion MSM from the SM and a CP-odd contribution MCP-odd from 
the dimension-six operators considered:

M = MSM + d̃ ·MCP-odd,

where the dependence on d̃ has explicitly been factored out. The 
squared matrix element has three contributions:

2 The parameter d̃ is related to the parameter κ̂W = (κ̃W /κSM) tanα used in 
the investigation of CP properties in the decay H → W W ∗ via d̃ = −κ̂W =
−(κ̃W /κSM) tanα. The choice d̃ = d̃B yields κ̂W = κ̂Z as assumed in the combina-
tion of the H → W W ∗ and H → Z Z∗ decay analyses [27].
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|M|2 = |MSM|2 + d̃ · 2 Re(M∗
SMMCP-odd) + d̃2 · |MCP-odd|2 .

The first term |MSM|2 and third term d̃2 · |MCP-odd|2 are both 
CP-even and hence are not a source of CPV. The second term 
d̃ · 2 Re(M∗

SMMCP-odd) stems from the interference of the two con-
tributions to the matrix element and is CP-odd, representing a 
possible new source of CPV in the Higgs sector. The interference 
term integrated over a CP-symmetric part of phase space van-
ishes and therefore does not contribute to the total cross section 
and observed event yield after CP-symmetric selection criteria are 
applied. The third term increases the total cross section by an 
amount quadratic in d̃, but this is not exploited in the analysis 
presented here as the observed rate can also be influenced by ad-
ditional CP-conserving new physics.

The final state consisting of the reconstructed decay of the 
Higgs boson and the two tagging jets corresponding to the VBF 
topology can be characterized by seven phase-space variables, by 
fixing the mass of the Higgs boson, neglecting jet masses, and ex-
ploiting momentum conservation in the plane transverse to the 
beam line. The concept of the Optimal Observable (Oopt) combines 
the information from the seven-dimensional phase space into a 
single observable, which is shown to have the highest sensitivity 
to small values of the parameter of interest and neglects contribu-
tions proportional to d̃2 in the matrix element.

The Optimal Observable for the determination of d̃ is given by 
the ratio of the interference term in the matrix element to the SM 
contribution:

Oopt = 2 Re(M∗
SMMCP-odd)

|MSM|2 .

In order to make an almost model-independent test of CP in-
variance, the mean value of the Optimal Observable can be mea-
sured. If no CPV is present in the H V V vertex, then the expec-
tation value of the Optimal Observable vanishes: 〈Oopt〉 = 0, as 
the Optimal Observable is a CP-odd (and T̂-odd3) variable. Since 
the initial state of VBF production of the Higgs boson is not CP-
symmetric, this argument assumes that effects from rescattering 
are negligible [40]. Thus an observation of a non-vanishing mean 
value or an asymmetry in the Optimal Observable distribution 
would indicate physics beyond the SM, either stemming from CPV, 
or originating from rescattering effects (i.e. new particles being on 
the mass shell in loop corrections to the H V V vertex). Example 
distributions of the Optimal Observable for signal events after the 
full event selection, as described in Section 5, are shown for vari-
ous values of d̃ in Fig. 1. In the SM the distribution is symmetric 
and has a mean value of zero, whereas a non-vanishing value of d̃
causes an asymmetry and a non-vanishing mean value of the Op-
timal Observable.

The values of the leading-order matrix elements (ME) needed 
for the calculation of the Optimal Observable are extracted from 
HAWK [45–47]. The evaluation requires the four-momenta of the 
Higgs boson and the two tagging jets ( j j). The momentum fraction 
x1 (x2) of the initial-state parton from the proton moving in the 
positive (negative) z-direction (along the beam) can be derived by 
exploiting energy–momentum conservation from the Higgs boson 
and tagging jet four-momenta as

xreco
1,2 = mH jj√

s
e±yH jj ,

where mH jj (yH jj) is the invariant mass (rapidity) obtained from 
the vectorially summed four-momenta of the tagging jets and the 
Higgs boson. Since the flavour of the initial- and final-state partons 

3 T̂ denotes the naive time reversal according to Ref. [40], which inverts the di-
rections of momenta and spins.

Fig. 1. Distribution of the Optimal Observable for signal events for three example 
values of d̃ after event reconstruction and application of the full event selection 
used to define the signal region (see Section 5). Non-vanishing values of d̃ cause an 
asymmetry and a non-vanishing mean value.

cannot be determined experimentally, the sum over all possible 
flavour configurations i j → klH weighted by the CT10 leading-
order parton distribution functions (PDFs) [48] is calculated sepa-
rately for the matrix elements in the numerator and denominator:

2 Re(M∗
SMMCP-odd)=

∑
i, j,k,l

f i(x1) f j(x2)2 Re((Mi j→klH
SM )∗Mi j→klH

CP-odd )

|MSM|2=
∑

i, j,k,l

f i(x1) f j(x2)|Mi j→klH
SM |2 .

The best estimate and confidence intervals for d̃ in this analysis 
are determined by a fit of the predicted distribution of the Optimal 
Observable to that measured in data. It has been shown in Ref. [36]
that the Optimal Observable yields a significantly higher sensitivity 
in the determination of d̃ than the CP-odd signed difference in the 
azimuthal angle �φ j j between the two tagging jets, as suggested 
in Ref. [44].

3. ATLAS detector

The ATLAS experiment [49–51] at the LHC is a multipurpose 
particle detector with a forward–backward symmetric cylindrical 
geometry and a near 4π coverage in solid angle.4 It consists of 
an inner tracking detector surrounded by a thin superconducting 
solenoid providing a 2 T axial magnetic field, electromagnetic and 
hadron calorimeters, and a muon spectrometer. The inner track-
ing detector covers the pseudorapidity range |η| < 2.5. It consists 
of silicon pixel, silicon microstrip, and transition radiation tracking 
detectors. Lead/liquid-argon (LAr) sampling calorimeters provide 
electromagnetic (EM) energy measurements with high granularity. 
A steel/scintillator-tile hadron calorimeter covers the central pseu-
dorapidity range (|η| < 1.7). The endcap and forward regions are 
instrumented with LAr calorimeters for both the EM and hadronic 
energy measurements up to |η| = 4.9. The muon spectrometer 
surrounds the calorimeters and is based on three large air-core 
toroidal superconducting magnets with eight coils each. The field 
integral of the toroids ranges between 2.0 and 6.0 T m across most 

4 ATLAS 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 upwards. Cylindrical coordinates (r, φ) are used in the transverse plane, φ
being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms 
of the polar angle θ as η ≡ − ln tan(θ/2). Angular distance is measured in units of 
�R ≡ √

(�η)2 + (�φ)2.
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Table 1
Overview of simulation tools used to generate signal and background processes and to model the UEPS. Details on the tunes used in the UEPS model can be found in 
Ref. [41]. The PDF sets are also summarized. All Higgs boson events were generated assuming mH = 125 GeV. Alternative event generators and configurations used to 
estimate systematic uncertainties are shown in parentheses. The prediction order in the last column refers to the cross section used to normalize the event sample.

Process Matrix element 
(alternative)

PDF set UEPS model 
(alternative model)

Prediction order for total cross section

VBF H Powheg-Box v2 [59–63] PDF4LHC15 NLO [64] Pythia 8 [65] approx. NNLO QCD + NLO EW [45,46,66]
(Herwig 7 [67,68])

ggF H Powheg-Box v2 PDF4LHC15 NNLO Pythia 8 N3LO QCD + NLO EW [69–72]
NNLOPS [73–75] (Herwig 7)

V H Powheg-Box v2 [76] PDF4LHC15 NLO Pythia 8 qq/qg → V H: NNLO QCD + NLO EW [77,78]
gg → Z H: NLO + NLL QCD [79,80]

tt̄ H MG5_aMC@NLO 2.2.2 [81,82] NNPDF3.0LO [83] Pythia 8 NLO QCD + NLO EW [84–89]
W /Z+jets Sherpa 2.2.1 [90] NNPDF3.0NNLO Sherpa 2.2.1 [91] NNLO [92,93]

(MG5_aMC@NLO 2.2.2) (Pythia 8)
Electroweak W /Z j j Sherpa 2.2.1 NNPDF3.0NNLO Sherpa 2.2.1 LO
V V /V γ ∗

Sherpa 2.2.1 NNPDF3.0NNLO Sherpa 2.2.1 NLO
tt̄ Powheg-Box v2 [94] CT10 [48] Pythia 6.428 [95] NNLO+NNLL [96]
W t Powheg-Box v1 [97] CT10 Pythia 6.428 NLO [97]

of the detector. The muon spectrometer includes a system of preci-
sion tracking chambers and fast detectors for triggering. The inte-
grated luminosity recorded by ATLAS is obtained with the LUCID-2 
detector [52].

A two-level trigger system is used to select events [53]. The 
first-level trigger is implemented in hardware and uses a subset 
of the detector information to reduce the accepted rate to at most 
100 kHz. This is followed by a software-based trigger that reduces 
the accepted event rate to 1 kHz on average depending on the 
data-taking conditions.

4. Simulated event samples

Samples of signal and background events were simulated using 
various Monte Carlo (MC) event generators. The generators and the 
PDF sets used for the hard-scattering process and the models used 
for the parton showers, hadronization, and underlying-event activ-
ity (UEPS) are summarized in Table 1. In addition, the order of the 
total cross-section calculation is given.

Only Higgs boson production via VBF is considered as signal, in-
cluding the signals observed as H → ττ decay and H→ W W ∗→
�ν�ν decay. The analysis is not sensitive to CPV in the H → W W ∗
decay vertex and the shape of the Optimal Observable is the same 
for the H→ W W ∗→�ν�ν and H → ττ → ��4ν decay modes re-
gardless of the value of d̃. The other Higgs boson production modes 
– gluon–gluon fusion (ggF H), V H , tt̄ H – are considered as back-
ground in this analysis, and all couplings other than the H V V
coupling were set to SM values. All SM signal and background 
samples used in this analysis are the same as those employed in 
Ref. [41], and the same normalization of those samples is used. The 
only exception is the normalization of the electroweak Z j j pro-
cess. Here, the leading-order (LO) cross section calculated by the
Sherpa 2.2.1 generator [54–57] is multiplied by a factor of 1.7 to 
match the cross-section value measured by the ATLAS experiment 
at 

√
s = 13 TeV [58]. An uncertainty of 25% from the measured 

cross-section of the electroweak Z j j process is applied to the nor-
malization.

To simulate the presence of non-vanishing values of d̃ in the 
H V V vertex, a matrix-element reweighting method is applied to 
the VBF SM signal sample. The weight is defined as the ratio of 
the squared ME value of the VBF process associated with a spe-
cific amount of CP mixing (given in terms of d̃) to that obtained 
from the SM. To extract the weights, the leading-order MEs from 
HAWK are used for the 2 → 2 + H and 2 → 3 + H processes 
separately. The MEs are evaluated using the four-momenta and 
particle identification codes of the initial- and final-state partons 
and the Higgs boson of each event. The reweighting procedure 
has been validated [36] against samples generated with Mad-

Graph5_aMC@NLO [98] and proves to be a good approximation of 
a full NLO description of the process with non-vanishing values 
of d̃.

For all samples, a full simulation of the ATLAS detector re-
sponse [99] using the Geant4 program [100] was performed. The 
effect of multiple pp interactions in the same and neighbouring 
bunch crossings (pile-up) was included by overlaying minimum-
bias events simulated with Pythia 8 using the MSTW2008LO 
PDF [101] and the A2 set [102] of tuned parameters on each gener-
ated signal and background event. The number of overlaid events 
was chosen such that the distribution of the average number of 
interactions per pp bunch crossing in the simulation matches that 
observed in data.

5. Event selection

In this analysis, events with at least two jets and a H → ττ
decay candidate in the final state are selected. Decays of the τ -
leptons with all combinations of leptonic (τ → �νν̄ with � = e, μ) 
and hadronic (τ → hadrons ν) final states are considered. In the 
following, the event preselection, which closely follows Ref. [41], 
is summarized and the analysis strategy using gradient boosted 
decision trees (BDTs) [103] is described. After data quality require-
ments [104], the integrated luminosity of the 

√
s = 13 TeV dataset 

used is 36.1 fb−1. The definition of the reconstructed objects as 
well as the triggers used in this analysis correspond to those used 
in Ref. [41], where more details are given.

Depending on the reconstructed decay modes of the two τ -
leptons, events are separated into four analysis channels: the dilep-
tonic same-flavour (τlepτlep SF), the dileptonic different flavour 
(τlepτlep DF), the semileptonic (τlepτhad), and the fully hadronic 
(τhadτhad) channel. All channels require an exact number of identi-
fied and isolated τ -lepton decay candidates, i.e. electrons, muons, 
and visible products of hadronic τ decays (τhad-vis), as defined 
in Ref. [41], corresponding to their respective final state. Events 
with additional τ -lepton decay candidates are rejected. This en-
sures that the selected data samples in the four channels do not 
overlap. The two τ -lepton decay candidates are required to be of 
opposite electric charge and to fulfil the requirements on the trans-
verse momentum given in Table 2.

The event selection for the four analysis channels is summa-
rized in Table 2. In the τlepτlep and τhadτhad channels, only events 
with missing transverse momentum Emiss

T > 20 GeV are selected 
to reject events without neutrino candidates. To suppress the large 
background from Z → �� production in the τlepτlep SF channel, the 
requirement on Emiss

T is tightened. Furthermore, an additional re-

quirement is imposed on the quantity Emiss, hard
T , obtained from 



The ATLAS Collaboration / Physics Letters B 805 (2020) 135426 5

Table 2
Summary of the event selection requirements for the four analysis channels. In the case of the pT requirements on the τ -lepton decay candidates, the asterisk marks the 
lowest pT threshold, which varies depending on the trigger used. Details of this are given in Ref. [41]. The transverse momentum of the visible decay products of the τ -lepton 
candidate with the higher (lower) transverse momentum is denoted by pτ1

T (pτ2
T ). The input variables used for the BDT training and the BDTscore threshold used to define 

the signal regions are also reported.

Channel τlepτlep SF τlepτlep DF τlepτhad τhadτhad

Preselection Two isolated τ -lepton decay candidates with opposite electric charge

pτ1
T > 19∗/15∗ GeV (μ/e) pe

T > 18 GeV pτhad
T > 30 GeV pτ1

T > 40 GeV

pτ2
T > 10/15∗ GeV (μ/e) pμ

T > 14 GeV p
τlep
T > 21∗ GeV pτ2

T > 30 GeV

mcoll
ττ > mZ − 25 GeV mT < 70 GeV 0.8 < �Rττ < 2.5

30 < m�� < 75 GeV 30 < m�� < 100 GeV |�ηττ | < 1.5

Emiss
T > 55 GeV Emiss

T > 20 GeV Emiss
T > 20 GeV

Emiss, hard
T > 55 GeV

Nb-jets = 0

VBF topology Njets ≥ 2, p j2
T > 30 GeV, m jj > 300 GeV, |�η j j | > 3

p j1
T > 40 GeV p j1

T > 70 GeV, |η j1 | < 3.2

BDT input variables mMMC
ττ , m jj , �Rττ , C jj(τ1), C jj(τ2), ptot

T

mvis
ττ , m

τ1,Emiss
T

T , p j3
T C(φmiss)/

√
2

�φττ Emiss
T /pτ1

T , Emiss
T /pτ2

T mvis
ττ , |�ηττ | p

ττ Emiss
T

T , |�ηττ |

Signal region BDTscore > 0.78 BDTscore > 0.86 BDTscore > 0.87

an Emiss
T calculation considering only contributions from recon-

structed objects and neglecting contributions from inner-detector 
tracks originating from the vertex of the hard-scattering process, 
but not associated with any of the reconstructed objects. In ad-
dition, a requirement on the invariant mass of the two light lep-
tons, m�� , is applied in the τlepτlep channels. A requirement on 
the di-τ mass calculated in the collinear approximation [105] of 
mcoll

ττ > mZ − 25 GeV is introduced in the τlepτlep channels to en-
sure orthogonality between this analysis and the analysis of H →
W W ∗ → �ν�ν [106], which has a similar final state. In the τlepτlep
and τlepτhad channels, the top quark background is suppressed by 
requiring that no jet with pT > 25 GeV and |η| < 2.5 contains 
b-hadrons (b-jets). A multivariate algorithm [107,108] is used to 
identify and select b-jets with a working point corresponding to an 
average efficiency of 85%, as measured on a sample from top quark 
pair production. Low transverse mass5 (mT < 70 GeV) is required 
in the τlepτhad channel to reject events with leptonic W decays. 
Requirements on the angular distance between the visible products 
of the two selected τ -lepton decays, �Rττ , and their pseudorapid-
ity difference, |�ηττ |, are applied in the τhadτhad channel to reject 
non-resonant background events.

To select Higgs boson events produced by VBF, all channels re-
quire at least two jets with transverse momentum of the leading 
jet p j1

T > 40 GeV and of the subleading jet p j2
T > 30 GeV, a large 

invariant mass of the two leading jets, m jj > 300 GeV, and a pseu-
dorapidity separation of |�η j j | > 3. In the τhadτhad channel, the 
requirements on the leading jet are raised to p j1

T > 70 GeV and 
|η j1 | < 3.2 to achieve a uniform trigger selection efficiency as a 
function of p j1

T . This selection is referred to as the VBF event se-
lection in the following.

To construct a region enriched in VBF signal events, BDTs 
trained to discriminate between the VBF signal and the back-
grounds are used in all channels. Kinematic variables used in the 
BDT training can be categorized as follows:

5 The transverse mass is defined as mT =
√

2p�
T Emiss

T · (1 − cos �φ), where �φ

is the azimuthal separation between the directions of the lepton and the missing 
transverse momentum.

• Properties of the Higgs boson which discriminate against all 
background processes without a Higgs boson: the visible mass 
of the di-τsystem, mvis

ττ , the transverse momentum of the 

ττ Emiss
T system, p

ττ Emiss
T

T , and the reconstructed Higgs boson 
mass, mMMC

ττ , determined using the missing-mass calculator 
(MMC) [109].

• Properties of a resonant di-τdecay which discriminate against 
processes with jets that are misidentified as τ -decay can-
didates (referred to as “Misidentified τ ”): the angular dis-
tance �Rττ , the difference in pseudorapidity |�ηττ |, and 
the difference in azimuth �φττ between the two visible τ-
leptons. In addition, the transverse momentum ratio Emiss

T /pτ1
T

(Emiss
T /pτ2

T ) between the Emiss
T and the leading (subleading) 

τ-candidate as well as the transverse mass of the Emiss
T and 

the leading τ-candidate, mτ1,Emiss
T

T , is used. Furthermore, the az-
imuthal centrality of Emiss

T , C(φmiss)/
√

2, which quantifies the 
angular direction of the missing transverse momentum rela-
tive to the visible τ -decay products in the transverse plane, is 
constructed.6

• Properties of the VBF topology: m jj , the total transverse mo-
mentum ptot

T , which is defined as the transverse momentum 
of the system composed of all objects in a VBF event (τ1, 
τ2, j1, j2, Emiss

T ), η-centralities, C jj(τ1) and C jj(τ2), of each 
τ-candidate relative to the pseudorapidity of the two leading 
jets,7 and the transverse momentum of the third leading jet 
p j3

T which is set to zero for events with exactly two jets.

The most important variables in the training are mMMC
ττ , m jj , 

and C jj(τ1). The resulting BDT score (BDTscore) distributions are 
shown in Fig. 2 for events surviving the VBF event selection 

6 C(φmiss) is defined as (A + B)/
√

A2 + B2, where A = sin(φEmiss
T

−φτ2 )/ sin(φτ1 −
φτ2 ) and B = sin(φτ1 − φEmiss

T
)/ sin(φτ1 − φτ2 ).

7 C jj(τ ) = exp

[
−4

(η j1 −η j2 )2

(
ητ − η j1 +η j2

2

)2
]

, where ητ , η j1 and η j2 are the pseu-

dorapidities of the τ-candidate and the two leading jets, respectively. This variable 
has a value of unity when the object is halfway in η between the two jets, 1/e 
when the object is aligned with one of the jets, and < 1/e when the object is not 
between the jets in η.
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Fig. 2. Post-fit BDTscore distributions after the VBF event selection for the (a) τlepτlep SF, (b) τlepτlep DF, (c) τlepτhad and (d) τhadτhad analysis channels. The ratios of the data 
to the prediction are shown in the lower panels. The observed VBF signal (μ = 0.73, d̃ = −0.01) is shown with the solid red line on the top of the histogram stack. “Other 
bkg” denotes all background contributions not listed explicitly in the legend. The dashed line shows the observed VBF signal scaled up by a factor of 40 and is not part of 
the histogram stack. The size of the combined statistical, experimental, and theoretical uncertainties in the background is indicated by the hatched bands.

and show the ability of the BDT to separate the signal process 
from background processes. All figures in this Letter use signal 
strength μ (defined as the ratio of the measured cross section 
times branching ratio to the SM prediction for the VBF signal pro-
cess), background normalizations, and systematic uncertainties as 
fitted by the final statistical analysis discussed in Section 8 and re-
ferred to as post-fit. The signal purity increases at high values of 
BDTscore. A threshold value of BDTscore is used to define the final 
signal region (SR) in each channel. This threshold is chosen to yield 
a high signal significance and is given in Table 2 for each channel. 
The efficiency of the signal selection relative to the VBF event se-
lection is 32% (27%) for the τlepτlep SF (τlepτlep DF) channel, 29% 
for the τlepτhad channel, and 49% for the τhadτhad channel. The ef-
ficiency for the sum of background processes, on the other hand, 
is 1.5% (0.8%) for the τlepτlep SF (τlepτlep DF) channel, 0.4% for the 
τlepτhad channel, and 1.1% for the τhadτhad channel. In each SR the 
Optimal Observable is then used to probe for CPV. No dependence 
of the mean values of the Optimal Observable on BDTscore is ob-
served, confirming that the SR selection criteria do not introduce a 
CP asymmetry.

6. Background estimation

Several background processes contribute to the SR event yields 
in the four analysis channels. The dominant contributions in the 

τlepτlep DF, τlepτhad, and τhadτhad channels arise from Z → ττ pro-
duction and from light- and heavy-flavour jets that are misidenti-
fied as prompt leptonic or hadronic τ decays. The misidentified τ
decays in the τlepτlep and τlepτhad channels originate largely from 
W +jets production with smaller contributions from multijet and 
top quark production, while in the τhadτhad channel the contribu-
tion from multijet production dominates. In the τlepτlep SF channel 
the contribution from Z → �� production is dominant. Other back-
ground contributions in all analysis channels originate from top 
quark pair and associated W t production (denoted by “tt̄/W t” in 
the following), diboson production, and other Higgs boson produc-
tion modes.

Background contributions with prompt leptonic or hadronic τ
decays are estimated from simulation, while the estimation of the 
background contribution from misidentified τ decays is mostly 
data-driven [41]. Dedicated control regions (CR) are defined in 
data to normalize the predictions of the following background pro-
cesses: Z → ττ (for all channels), tt̄/W t and Z → �� (only for 
the τlepτlep channels), and the misidentified τ decays (only for the 
τhadτhad channel). All other background processes with prompt τ
decays (including other Higgs boson production modes) are nor-
malized to their SM prediction.

To construct a CR for Z → ττ production, the SR requirement 
on the BDTscore (given in Table 2) is inverted for each analysis 
channel. This CR is called the “low-BDTscore CR” in the follow-
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Fig. 3. Post-fit mMMC
ττ distributions in the low-BDTscore CR for the (a) τlepτlep SF, (b) τlepτlep DF, (c) τlepτhad and (d) τhadτhad analysis channels. The ratios of the data to the 

prediction are shown in the lower panels. The contamination of the CR by signal is negligible. “Other bkg” denotes all background contributions not listed explicitly in the 
legend. The size of the combined statistical, experimental, and theoretical uncertainties in the background is indicated by the hatched bands. The rightmost bins in each of 
the subfigures include event yields with mMMC

ττ values larger than the shown range.

ing. Since the purity of Z → ττ production in the low-BDTscore
CR ranges from 30% to 54% depending on the analysis channel, 
Z → ττ production is normalized to data in the Z boson mass 
peak of the mMMC

ττ distributions, shown in Fig. 3. In the fit the 
Z → ττ normalization is correlated across all analysis channels 
and the fit yields a normalization factor of 0.93 ± 0.08. To en-
sure that the normalization is valid in the SR, the modelling of 
the Z -boson and jet kinematic properties was checked in a val-
idation region which is composed of Z → �� events with kine-
matic properties similar to those of the Z → ττ events in the VBF 
region of each analysis channel. This region is defined by select-
ing two same-flavour leptons of opposite charge with a dilepton 
mass of m�� > 80 GeV and low missing transverse momentum 
(Emiss

T < 55 GeV). All VBF selection requirements given in Table 2
are applied as well. As in Ref. [41], a slight positive slope in the 
ratio of the data to the Sherpa simulation as a function of m jj
is observed. In this analysis, the simulated Z → ττ and Z → ��

events are reweighted to the observed m jj distribution after the 
VBF event selection, which results in a small change in the accep-
tance of Z → ττ and Z → �� events in the SR.

In each of the two τlepτlep channels, a top quark CR is defined 
by inverting the veto on b-tagged jets and not applying the se-
lection on the BDTscore. The normalization of tt̄/W t production is 
constrained by the event yield in these CRs, corresponding to a 
normalization of 1.16 ± 0.06 from the combined fit to the data. 
Additionally, another CR is defined to normalize the Z → �� pro-
cess for the τlepτlep SF channel. Again, the selection on the BDTscore

is not applied, and the requirement on the dilepton invariant mass 
is changed to 80 < m�� < 100 GeV. The observed event yield in 
the Z → �� CR constrains the normalization of simulated Z → ��

events in the τlepτlep SF channel to 1.0 ± 0.4.
In the τhadτhad channel, the background from misidentified 

hadronic τ decays is dominated by multijet events. This back-
ground process is modelled using a template extracted from 
τhad-vis candidates with one, two, or three associated tracks that 
pass all selection requirements, but fail the opposite-charge re-
quirement. Before the final fit, the template is normalized to data 
by a fit of the |�ηττ | distribution after the preselection, but re-
moving the requirement on |�ηττ |. In the final fit the template is 
normalized to data in the mMMC

ττ distribution of the low-BDTscore
CR in the τhadτhad channel. Then, the multijet background is nor-
malized with a factor of 0.99 ± 0.09 relative to the pre-fit normal-
ization.

The modelling of the Optimal Observable distribution for the 
background processes is validated in all CRs. Fig. 4 shows Opti-
mal Observable distributions in the low-BDTscore CR for all analysis 
channels, where the background processes have been normalized 
to the result of the fit. Neither the observed nor the predicted dis-
tributions in any CR show hints of an asymmetry or non-vanishing 
mean values of the Optimal Observable caused by event recon-
struction and selection within uncertainties. The data and the pre-
dicted distributions are observed to be compatible within uncer-
tainties here as well as in the top quark and Z → �� CRs of the 
τlepτlep channels.
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Fig. 4. Post-fit Optimal Observable distributions in the low-BDTscore CR for the (a) τlepτlep SF, (b) τlepτlep DF, (c) τlepτhad and (d) τhadτhad analysis channels. The ratios of 
the data to the prediction are shown in the lower panels. The contamination of the CR by signal is negligible. “Other bkg” denotes all background contributions not listed 
explicitly in the legend. The size of the combined statistical, experimental, and theoretical uncertainties in the background is indicated by the hatched bands.

7. Systematic uncertainties

The effects of the systematic uncertainties on the yields in both 
the SRs and CRs and on the shape of the Optimal Observable in 
the SRs, as well as the mMMC

ττ distributions in the CRs, are evalu-
ated following the procedures in Ref. [41]. No sources of systematic 
uncertainties introduce a significant asymmetry in the Optimal Ob-
servable distribution. The sources of uncertainty can be grouped 
into two categories: experimental and theoretical. The dominant 
experimental uncertainties stem from the determination of the jet 
energy resolution and scale [110], the τhad-vis energy scale and 
resolution [111], and the τhad-vis reconstruction and identification 
efficiencies [112]. Other sources of uncertainty are the electron 
(muon) energy (momentum) scale and resolution, lepton identi-
fication and isolation [113–115], missing transverse momentum 
reconstruction [116], b-tagging efficiency [107,117], modelling of 
pile-up, and luminosity measurement [118]. The luminosity un-
certainty of 2.1% [118] is only applied to the VBF signal and to 
background processes normalized to theoretical predictions. Un-
certainties in backgrounds from misidentified τ -leptons arise from 
the limited statistical precision of the data-driven templates and 
corrections used, from closure tests performed in regions where 
the τ -leptons are required to have the same charge, and from the 
subtraction of the electroweak contributions.

Theoretical uncertainties affecting the total cross section are 
evaluated for the Higgs boson production cross sections for ggF H , 
V H , and tt̄ H production by varying the QCD factorization and 

renormalization scales as well as the PDF model following the rec-
ommendations in Ref. [119]. Also, uncertainties in the H → ττ and 
H → W W ∗ branching ratios are considered [119]. Theoretical un-
certainties in the MC modelling are considered for the VBF and 
gluon–gluon fusion production of the Higgs boson as well as for 
Z → ττ production. For all simulated background contributions 
other than Z → ττ , no theoretical uncertainties are considered, 
as their impact is negligible. Uncertainties in MC modelling are 
assessed by a comparison between nominal and alternative event 
generators and UEPS models, as indicated in Table 1. In addition, 
the effects of QCD factorization and renormalization scale varia-
tions, matching-scale variations (in the case of Z → ττ only), and 
PDF model uncertainties are evaluated. As an additional uncer-
tainty in the Z → ττ and Z → �� processes, the full difference 
between the sample reweighted to the observed m jj distribution 
and the sample without reweighting is applied to the full analy-
sis. An uncertainty to account for the signal reweighting procedure 
described in Section 4 was considered and found to be negligible. 
The uncertainty due to limited MC sample size is evaluated for the 
sum of all MC-based background processes in each analysis bin.

8. Fitting procedure

The estimate of d̃ is obtained using a binned maximum-
likelihood fit (ML-fit) performed simultaneously on the SRs and 
all introduced CRs, which are included in order to constrain 
background normalizations and nuisance parameters describing 
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the systematic uncertainties. The ML-fit uses the distribution of 
the Optimal Observable in each of the four high-BDTscore SRs, 
one for each analysis channel. The mMMC

ττ distributions in the 
low-BDTscore region for each channel are included in the ML-fit, 
and so are the event yields in the Z → �� (τlepτlep SF) and top 
quark (τlepτlep SF and DF) CRs.

The inclusion of the mMMC
ττ distributions in the low-BDTscore re-

gions provides the main constraint on the Z → ττ normalization, 
which is free to float in the ML-fit. The Z → �� background in the 
τlepτlep SF channel and top quark backgrounds in the τlepτlep SF 
and DF channels are also free to float, and their contributions are 
constrained by the inclusion of CRs in the ML-fit.

The normalization of the signal is not constrained in the ML-
fit, so that the analysis only exploits the shape of the distribution 
of the Optimal Observable in the estimation of d̃. Any possible 
model-dependence of the cross section on CP-mixing scenarios is 
not exploited. The relative contribution of the two Higgs boson de-
cay modes (H → ττ and H → W W ∗) to the signal (relevant only 
for the τlepτlep channel) is assumed to be correctly predicted by 
the SM. All other Higgs boson production modes for these decays 
are considered as background and are normalized to their SM pre-
dicted yields.

The ML-fit uses a binned likelihood function L(x; μ, θ), which 
is a function of the data x, the free-floating signal strength μ, and 
nuisance parameters θ corresponding to the systematic uncertain-
ties mentioned in Section 7. The likelihood function is evaluated 
for each d̃ hypothesis using the relevant reweighted signal tem-
plates defined in Section 4, with the background model unchanged, 
and a negative log-likelihood (NLL) curve can then be constructed 
as a function of d̃.

The parameter of interest, d̃, is obtained at the point where 
the NLL curve reaches a minimum. Central confidence intervals are 
obtained by reading off the points on the NLL curve which exceed 
the minimum value by a certain amount.

9. Results

For a CP-even Higgs boson, the mean value of the Optimal Ob-
servable for the signal and background processes is expected to be 
zero if any effects from the rescattering of new particles in loops 
can be neglected. However, CP-violating effects could result in the 
mean value of the Optimal Observable in data deviating from zero, 
allowing an almost model-independent test for CP-violating effects 
in this measurement.

The observed values for the mean of the Optimal Observable in 
data, along with their statistical uncertainties, are summarized in 
Table 3 for the four channels in this analysis, as well as their com-
bination. The combined mean is obtained by weighting the mean 
value of each individual channel by the inverse of its respective 
variance. These values are fully consistent with zero, so no evi-
dence of CPV is observed.

To extract confidence intervals for the CP-mixing parameter d̃, 
the ML-fit described in Section 8 is carried out. The post-fit distri-
butions of the Optimal Observable in the various analysis channels 
are shown in Fig. 5. Here the value of the parameter of interest 
d̃, the values of the nuisance parameters, and the normalizations 
of the signal and background processes have been adjusted within 
their allowed constraints to minimize the NLL curve. Values of the 
NLL are evaluated in steps of �d̃ = 0.01, and the smallest value of 
the NLL is observed at d̃ = −0.01. This is the value of d̃ that is used 
for the post-fit distributions and event yields. Based upon interpo-
lations between the discrete evaluations of the various NLL values 
as a function of d̃, the best estimator for d̃ is −0.013+0.048

−0.077. This 
value is consistent with the SM expectation of zero, and no evi-
dence of CPV is observed using this approach. The best-fit signal 
strength from the ML-fit is μ = 0.73 ± 0.47.

Table 3
Mean values of the Optimal Observable with statistical uncertainties that are ob-
served in data for the four analysis channel SRs and their combination.

Channel 〈Optimal observable〉
τlepτlep SF −0.54 ± 0.72

τlepτlep DF 0.71 ± 0.81

τlepτhad 0.74 ± 0.78

τhadτhad −1.13 ± 0.65

Combined −0.19 ± 0.37

While the predicted background distributions for the Opti-
mal Observable are not perfectly symmetric, they are statistically 
consistent with a symmetric distribution. This slight asymmetry 
causes the expected confidence intervals for d̃ to also be asym-
metric.

Tables 4 and 5 display the fitted event yields of the signal 
(μ = 0.73, d̃ = −0.01) and various background processes for the 
SRs of each channel, along with the corresponding number of 
events observed in data. For reference, the signal yields for the 
SM expectation (μ = 1, d̃ = 0) are also shown.

The observed and expected �NLL curves are shown in Fig. 6(a) 
as a function of d̃. The expected curves are obtained in a two-step 
process: firstly, nuisance parameters and background normalization 
factors are constrained via a ML-fit to all analysis CRs, exclud-
ing the SRs; then another fit is performed in all SRs and CRs to 
pseudo-data which were created with the best-fit parameter val-
ues from the first step. This two-step process ensures that the 
nuisance parameters and the background normalization factors for 
the expected sensitivity are set to values that are consistent with 
the observed data in the analysis CRs. The expected �NLL curve is 
shown for d̃ = 0 and μ = 1 and represents the best estimate of the 
sensitivity of the analysis based on SM expectations. Another �NLL
curve with d̃ = 0 and the signal strength μ set to the observed 
value of 0.73 is also shown in order to demonstrate the decrease 
in sensitivity due to the lower than expected event yields (see Ta-
bles 4 and 5). Also shown for comparison in Fig. 6(a) is the pre-fit 
expected �NLL curve, which is obtained using a pseudo-dataset 
where the event yields and distributions in the SRs and CRs are 
set to the SM expectations for both the signal (with d̃ = 0 and 
μ = 1) and background processes. This demonstrates that the pre-
ferred values of the nuisance parameters and normalization factors 
based on the observed data in the background CRs in the expected 
�NLL curve result in a decrease in sensitivity to d̃ when compared 
with the pre-fit expected curve.

The effect of systematic uncertainties on the sensitivity to d̃ can 
be seen in Fig. 6(b). Here, the expected �NLL curves are shown for 
d̃ = 0 and μ = 1, with and without the effect of systematic uncer-
tainties. To assess the impact of systematic uncertainties stemming 
from jet reconstruction, τ -lepton identification, and MC sample 
size, expected �NLL curves are also shown where the nuisance pa-
rameters corresponding to the systematic uncertainties in question 
have been removed from the likelihood function. It is evident that 
the experimental uncertainties related to jet reconstruction have 
the largest effect on the sensitivity of this analysis to d̃.

To obtain insight into the preferred values of d̃ obtained for the 
individual Optimal Observable distributions in the different analy-
sis channels, �NLL curves for each individual channel are shown 
in Fig. 6(c), and compared with the combined result. For these in-
dividual �NLL curves, only event yield information from the other 
three signal regions that are not being featured is used, so that 
the distribution of events in the Optimal Observable in these other 
signal regions is not exploited in the ML-fit. For these individ-
ual channel �NLL curves, the signal strength is constrained to be 
positive so that the ML-fit is stable and insensitive to event yield 
fluctuations in the individual channel SRs that arise from smaller 
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Fig. 5. Post-fit distributions of the event yields (divided by the bin width) as a function of the Optimal Observable in the SRs for the (a) τlepτlep SF, (b) τlepτlep DF, 
(c) τlepτhad and (d) τhadτhad analysis channels. The values of d̃, the signal strength μ, the normalization of background processes, and nuisance parameters for the event yield 
prediction are set to those which minimize the NLL. The ratios of the data to the prediction are shown in the lower panels. The size of the combined statistical, experimental 
and theoretical uncertainties in the predicted event yields is indicated by the hatched bands.

Table 4
Post-fit event yields in the SRs for the τlepτlep SF and τlepτlep DF analysis channels. 
The Z → �� and diboson backgrounds are grouped together in a single background 
category for the τlepτlep DF channel. For comparison, the expected signal yields for 
the SM expectation (μ = 1, d̃ = 0) are also shown.

Process τlepτlep SF τlepτlep DF

Data 26 30

VBF H → ττ/W W (μ = 0.73, d̃ = −0.01) 3.3 ± 2.1 5.1 ± 3.1

VBF H → ττ/W W (μ = 1, d̃ = 0) 4.5 ± 2.9 6.9 ± 4.4

Z → ττ 6.6 ± 3.7 8.2 ± 3.8

Fake lepton 0.02 ± 0.20 2.3 ± 0.7

tt̄ + single top 3.8 ± 2.3 10.6 ± 5.5

Z → �� 11 ± 18
1.8 ± 1.1

Diboson 0.70 ± 0.59

ggF H / V H / tt̄ H , H → ττ/W W 0.49 ± 0.48 0.70 ± 0.30

Sum of backgrounds 23 ± 17 23.6 ± 6.1

samples. This constraint is responsible for the plateau in the �NLL
curve occurring at negative values in the τlepτhad channel.

An observed 68% CL interval of d̃ ∈ [−0.090, 0.035] is obtained 
from the observed �NLL curve using Optimal Observable distribu-
tions in all SRs. The corresponding expected interval, based upon 
the expected �NLL curve for d̃ = 0 and μ = 1 in Fig. 6(a) is 

Table 5
Post-fit event yields in the SRs for the τlepτhad and τhadτhad analysis channels. 
The line “Other backgrounds” includes top quark (tt̄ and single top), diboson, 
and Z → �� backgrounds. Backgrounds from W (→ τhadν)+jets production in the 
τhadτhad channel are also included in “Other backgrounds”. For comparison, the 
expected signal yields for the SM expectation (μ = 1, d̃ = 0) are also shown.

Process τlepτhad τhadτhad

Data 30 37

VBF H → ττ (μ = 0.73, d̃ = −0.01) 11.8 ± 7.4 8.9 ± 5.6

VBF H → ττ (μ = 1, d̃ = 0) 16 ± 10 12.3 ± 7.7

Z → ττ 7.8 ± 3.5 15.5 ± 5.2

Fake lepton/τ 6.2 ± 1.0 5.4 ± 2.7

ggF H / V H / tt̄ H , H → ττ 2.1 ± 1.5 2.8 ± 1.4

Other backgrounds 2.8 ± 3.1 2.3 ± 0.8

Sum of backgrounds 19.0 ± 5.5 26.0 ± 6.6

d̃ ∈ [−0.035, 0.033]. This represents an improvement on the con-
fidence interval for d̃ set in Ref. [36]. While no observed 95% CL 
interval for d̃ can be quoted, the corresponding expected interval is 
d̃ ∈ [−0.21, 0.15] at 95% CL. The asymmetry in these expected in-
tervals stems from the slightly asymmetric Optimal Observable dis-
tribution of the background estimates in the SRs, caused by the 
limited sample sizes for the background predictions.
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Fig. 6. (a) The observed �NLL curve as a function of d̃ values. For comparison, expected �NLL curves are also shown. The constraints on the nuisance parameters and 
normalization factors are first determined in a CR-only fit, and then a fit to pseudo-data corresponding to these nuisance parameters, normalization factors, and to d̃ = 0, μ =
1 or d̃ = 0, μ = 0.73 is performed to obtain these �NLL curves. A pre-fit expected �NLL is also shown, using pseudo-data corresponding to d̃ = 0 and μ = 1 in the signal 
and control regions. (b) The expected �NLL curves (d̃ = 0, μ = 1) comparing the sensitivity of the fit with and without systematic uncertainties. For comparison, other curves 
are shown which remove the effect of jet-based systematic uncertainties, τ -based systematic uncertainties, and MC statistical uncertainties. (c) The observed �NLL curves 
for each analysis channel as a function of d̃, compared with the combined result. For the individual analysis channel �NLL curves, only event yield information in the other 
SRs is used, ensuring that the Optimal Observable distributions in the other SRs do not influence the preferred value of d̃. The signal strength is constrained to be positive in 
these individual channel �NLL curves. For all figures, the dashed horizontal lines show the values of �NLL used to define the 68% and 95% confidence intervals.

The intervals based upon the pre-fit expected �NLL curve in 
Fig. 6(a), where the nuisance parameters and background normal-
ization factors do not take into account the observed data in the 
CRs, are d̃ ∈ [−0.032, 0.031] at 68% CL and d̃ ∈ [−0.12, 0.10] at 95% 
CL.

10. Conclusion

The CP invariance of the Higgs boson coupling to vector bosons 
has been tested in the VBF H → ττ process in 36.1 fb−1 of √

s = 13 TeV proton–proton collision data obtained with the ATLAS 
detector at the LHC. In this analysis, an Optimal Observable was 
used and confidence intervals were set on the CP-mixing parame-
ter d̃.

Since the mean of the Optimal Observable observed in data 
is consistent with zero, and the obtained confidence intervals for 
d̃ are consistent with the Standard Model value d̃ = 0, no evidence 
of CP violation is observed from this analysis. Due to lower than 
expected signal yields in data, no constraints on d̃ can be set at 
95% CL, while the corresponding Standard Model expectation is d̃ ∈
[−0.21, 0.15]. An observed 68% CL interval of d̃ ∈ [−0.090, 0.035]
is obtained, while the corresponding interval based on the expec-
tation is d̃ ∈ [−0.035, 0.033].

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-



12 The ATLAS Collaboration / Physics Letters B 805 (2020) 135426

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. [120].

References

[1] A.D. Sakharov, Violation of CP invariance, C asymmetry, and baryon asymme-
try of the universe, Pisma Zh. Eksp. Teor. Fiz. 5 (1967) 32.

[2] N. Cabibbo, Unitary symmetry and leptonic decays, Phys. Rev. Lett. 10 (1963) 
531.

[3] M. Kobayashi, T. Maskawa, CP-violation in the renormalizable theory of weak 
interaction, Prog. Theor. Phys. 49 (1973) 652.

[4] J.H. Christenson, J.W. Cronin, V.L. Fitch, R. Turlay, Evidence for the 2π decay 
of the K 0

2 meson, Phys. Rev. Lett. 13 (1964) 138.
[5] KTeV Collaboration, Observation of direct CP violation in K S,L → ππ decays, 

Phys. Rev. Lett. 83 (1999) 22, arXiv:hep -ex /9905060.
[6] NA48 Collaboration, A precise measurement of the direct CP violation param-

eter Re(ε′/ε), Eur. Phys. J. C 22 (2001) 231, arXiv:hep -ex /0110019.
[7] BaBar Collaboration, Observation of CP violation in the B0 meson system, 

Phys. Rev. Lett. 87 (2001) 091801, arXiv:hep -ex /0107013.
[8] Belle Collaboration, Observation of large CP violation in the neutral B meson 

system, Phys. Rev. Lett. 87 (2001) 091802, arXiv:hep -ex /0107061.
[9] BaBar Collaboration, Direct CP violating asymmetry in B0 → K +π− decays, 

Phys. Rev. Lett. 93 (2004) 131801, arXiv:hep -ex /0407057.
[10] Belle Collaboration, Evidence for direct CP violation in B0 → K +π− decays, 

Phys. Rev. Lett. 93 (2004) 191802, arXiv:hep -ex /0408100.
[11] LHCb Collaboration, First observation of C P violation in the decays of B0

s
mesons, Phys. Rev. Lett. 110 (2013) 221601, arXiv:1304 .6173 [hep -ex].

[12] LHCb Collaboration, Observation of CP violation in B± → D K ± decays, Phys. 
Lett. B 712 (2012) 203, arXiv:1203 .3662 [hep -ex], Erratum: Phys. Lett. B 713 
(2012) 351.

[13] LHCb Collaboration, Observation of C P violation in charm decays, Phys. Rev. 
Lett. 122 (2019) 211803, arXiv:1903 .08726 [hep -ex].

[14] J. Charles, et al., Current status of the standard model CKM fit and constraints 
on �F = 2 new physics, Phys. Rev. D 91 (2015) 073007, arXiv:1501.05013
[hep -ph].

[15] C. Alpigiani, et al., Unitarity triangle analysis in the standard model and be-
yond, in: Proceedings of the 5th Large Hadron Collider Physics Conference, 
2017, arXiv:1710 .09644 [hep -ph].

[16] P. Huet, E. Sather, Electroweak baryogenesis and standard model CP violation, 
Phys. Rev. D 51 (1995) 379, arXiv:hep -ph /9404302.

[17] M.B. Gavela, P. Hernández, J. Orloff, O. Pène, Standard model CP-violation and 
baryon asymmetry, Mod. Phys. Lett. A 9 (1994) 795, arXiv:hep -ph /9312215.

[18] A.G. Cohen, D.B. Kaplan, A.E. Nelson, Progress in electroweak baryogenesis, 
Annu. Rev. Nucl. Part. Sci. 43 (1993) 27, arXiv:hep -ph /9302210.

[19] A. Riotto, M. Trodden, Recent progress in baryogenesis, Annu. Rev. Nucl. Part. 
Sci. 49 (1999) 35, arXiv:hep -ph /9901362.

[20] W.-S. Hou, Source of CP violation for the baryon asymmetry of the universe, 
Chin. J. Phys. 47 (2009) 134, arXiv:0803 .1234 [hep -ph].

[21] 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].

[22] 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].

[23] ATLAS and 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].

[24] 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].

[25] 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].

[26] ATLAS Collaboration, Evidence for the spin-0 nature of the Higgs boson using 
ATLAS data, Phys. Lett. B 726 (2013) 120, arXiv:1307.1432 [hep -ex].

[27] 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.

[28] CMS Collaboration, Study of the mass and spin-parity of the Higgs boson can-
didate via its decays to Z boson pairs, Phys. Rev. Lett. 110 (2013) 081803, 
arXiv:1212 .6639 [hep -ex].

[29] ATLAS Collaboration, Measurements of Higgs boson properties in the dipho-
ton 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].

[30] ATLAS Collaboration, Measurement of the Higgs boson coupling properties in 
the H → Z Z∗ → 4� decay channel at √s = 13 TeV with the ATLAS detector, J. 
High Energy Phys. 03 (2018) 095, arXiv:1712 .02304 [hep -ex].

[31] CMS Collaboration, Combined search for anomalous pseudoscalar H V V cou-
plings in V H(H → bb̄) production and H → V V decay, Phys. Lett. B 759 
(2016) 672, arXiv:1602 .04305 [hep -ex].

[32] 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].

[33] CMS Collaboration, Constraints on anomalous Higgs boson couplings using 
production and decay information in the four-lepton final state, Phys. Lett. 
B 775 (2017) 1, arXiv:1707.00541 [hep -ex].

[34] CMS Collaboration, Measurements of the Higgs boson width and anomalous 
H V V couplings from on-shell and off-shell production in the four-lepton final 
state, Phys. Rev. D 99 (2019) 112003, arXiv:1901.00174 [hep -ex].

[35] CMS Collaboration, Constraints on anomalous HVV couplings from the pro-
duction of Higgs bosons decaying to τ lepton pairs, Phys. Rev. D 100 (2019) 
112002, arXiv:1903 .06973 [hep -ex].

[36] ATLAS Collaboration, Test of C P invariance in vector-boson fusion production 
of the Higgs boson using the Optimal Observable method in the ditau decay 
channel with the ATLAS detector, Eur. Phys. J. C 76 (2016) 658, arXiv:1602 .
04516 [hep -ex].

[37] D. Atwood, A. Soni, Analysis for magnetic moment and electric dipole mo-
ment form-factors of the top quark via e+e− → tt̄ , Phys. Rev. D 45 (1992) 
2405.

[38] M. Davier, L. Duflot, F. Le Diberder, A. Rouge, The optimal method for the 
measurement of tau polarization, Phys. Lett. B 306 (1993) 411.

[39] M. Diehl, O. Nachtmann, Optimal observables for the measurement of three 
gauge boson couplings in e+e− → W +W − , Z. Phys. C 62 (1994) 397.

[40] J. Brehmer, F. Kling, T. Plehn, T.M.P. Tait, Better Higgs-CP tests through infor-
mation geometry, Phys. Rev. D 97 (2018) 095017, arXiv:1712 .02350 [hep -ph].

[41] ATLAS Collaboration, Cross-section measurements of the Higgs boson decay-
ing into a pair of τ -leptons in proton–proton collisions at √s = 13 TeV with 
the ATLAS detector, Phys. Rev. D 99 (2019) 072001, arXiv:1811.08856 [hep -ex].

[42] L3 Collaboration, Search for anomalous couplings in the Higgs sector at LEP, 
Phys. Lett. B 589 (2004) 89, arXiv:hep -ex /0403037.

[43] W. Buchmüller, D. Wyler, Effective lagrangian analysis of new interactions and 
flavor conservation, Nucl. Phys. B 268 (1986) 621.

[44] V. Hankele, G. Klämke, D. Zeppenfeld, T. Figy, Anomalous Higgs boson cou-
plings in vector boson fusion at the CERN LHC, Phys. Rev. D 74 (2006) 095001, 
arXiv:hep -ph /0609075.

[45] M. Ciccolini, A. Denner, S. Dittmaier, Strong and electroweak corrections to 
the production of a Higgs boson + 2 jets via weak interactions at the Large 
Hadron Collider, 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] 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].

[48] H.-L. Lai, et al., New parton distributions for collider physics, Phys. Rev. D 82 
(2010) 074024, arXiv:1007.2241 [hep -ph].

[49] ATLAS Collaboration, The ATLAS experiment at the CERN Large Hadron Col-
lider, J. Instrum. 3 (2008) S08003.

[50] ATLAS Collaboration, ATLAS Insertable B-Layer Technical Design Report, 
ATLAS-TDR-19, https://cds .cern .ch /record /1291633, 2010, ATLAS Insertable B-
Layer Technical Design Report Addendum, ATLAS-TDR-19-ADD-1, https://cds .
cern .ch /record /1451888, 2012.

http://refhub.elsevier.com/S0370-2693(20)30230-6/bibAA7B1EA09FE773D00096B9A4D4091ED3s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibAA7B1EA09FE773D00096B9A4D4091ED3s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib6181219AAEF8EC633BBA98B46B3DA8FDs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib6181219AAEF8EC633BBA98B46B3DA8FDs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib08F6D6D0AC02D3CA50751DA0A676447As1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib08F6D6D0AC02D3CA50751DA0A676447As1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib50FA619FFBC8A6785678C01ECAD54F55s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib50FA619FFBC8A6785678C01ECAD54F55s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib45B1D53A07EAEAC2962B535027D54801s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib45B1D53A07EAEAC2962B535027D54801s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib3172276D857B666D996887E29E60EBA9s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib3172276D857B666D996887E29E60EBA9s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib99C99ECB4432D4EEB4C05EC42807F91As1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib99C99ECB4432D4EEB4C05EC42807F91As1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib01903941A6159CAAEA1EAD02233A5E94s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib01903941A6159CAAEA1EAD02233A5E94s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib223A282A40131686201938774F10AE5Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib223A282A40131686201938774F10AE5Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib2D5CBB3C525BB842B303A7A25CEFFE55s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib2D5CBB3C525BB842B303A7A25CEFFE55s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib4FBEAA86D5162CD4F4CE1702829BB942s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib4FBEAA86D5162CD4F4CE1702829BB942s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib750831ADB1C2B0D6B0E2D7A51882390Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib750831ADB1C2B0D6B0E2D7A51882390Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib750831ADB1C2B0D6B0E2D7A51882390Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib85DF22E0326800CEC4B5CEB5ACFCB2AFs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib85DF22E0326800CEC4B5CEB5ACFCB2AFs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib07672F0B1F5082F551A776DDCADBC137s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib07672F0B1F5082F551A776DDCADBC137s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib07672F0B1F5082F551A776DDCADBC137s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibFDA27B0C718B5BA58B26A9C50EEEE5D3s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibFDA27B0C718B5BA58B26A9C50EEEE5D3s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibFDA27B0C718B5BA58B26A9C50EEEE5D3s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib8FC63CC30BFF82951E4A3E4CAE7529D6s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib8FC63CC30BFF82951E4A3E4CAE7529D6s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibE6A41D5311752DF8863C172D68535902s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibE6A41D5311752DF8863C172D68535902s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibA1573354308017F6EA8880A5190007A8s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibA1573354308017F6EA8880A5190007A8s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib7DEBE037DE298AF4DCF2D9674BCBCC2Es1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib7DEBE037DE298AF4DCF2D9674BCBCC2Es1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib379229390B6A68E21ACA69564AA53154s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib379229390B6A68E21ACA69564AA53154s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibC1D01ADC84203D290FF00B7CE8E7F7EBs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibC1D01ADC84203D290FF00B7CE8E7F7EBs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibC1D01ADC84203D290FF00B7CE8E7F7EBs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibFC5344C290C6D0F8C86A493CAB594A61s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibFC5344C290C6D0F8C86A493CAB594A61s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibFC5344C290C6D0F8C86A493CAB594A61s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib66F9DE2B02936BA0576846A0A3D1117As1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib66F9DE2B02936BA0576846A0A3D1117As1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib66F9DE2B02936BA0576846A0A3D1117As1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib66F9DE2B02936BA0576846A0A3D1117As1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibE566062E7B1C63794F38A21103BC4F0Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibE566062E7B1C63794F38A21103BC4F0Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibE566062E7B1C63794F38A21103BC4F0Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibE566062E7B1C63794F38A21103BC4F0Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib1F38446E395E3852716EB622210DF0ACs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib1F38446E395E3852716EB622210DF0ACs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib1F38446E395E3852716EB622210DF0ACs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib2B295E10C55F239A084C012CACAF7EE6s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib2B295E10C55F239A084C012CACAF7EE6s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibCAF2CE4A4609A0BC8338AAE3A75B9C5Ds1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibCAF2CE4A4609A0BC8338AAE3A75B9C5Ds1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibCAF2CE4A4609A0BC8338AAE3A75B9C5Ds1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibE5385B55C44DDFB4E526E26E3F9DB13Fs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibE5385B55C44DDFB4E526E26E3F9DB13Fs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibE5385B55C44DDFB4E526E26E3F9DB13Fs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib27B87B85B8A8A9B28A4AC3240B062EA4s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib27B87B85B8A8A9B28A4AC3240B062EA4s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib27B87B85B8A8A9B28A4AC3240B062EA4s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib90369ED1957845B95D4DEFB6A3DE2735s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib90369ED1957845B95D4DEFB6A3DE2735s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib90369ED1957845B95D4DEFB6A3DE2735s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibD463F7D120C01D371F7A3EB274C973F1s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibD463F7D120C01D371F7A3EB274C973F1s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibD463F7D120C01D371F7A3EB274C973F1s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib9CB074777615D4AD17EEA048DA039293s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib9CB074777615D4AD17EEA048DA039293s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib9CB074777615D4AD17EEA048DA039293s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibBF37C1884DC8CC57BF5D61CD76ADC2EFs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibBF37C1884DC8CC57BF5D61CD76ADC2EFs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibBF37C1884DC8CC57BF5D61CD76ADC2EFs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib3AB7B68D3EA48F467223DF6956C50024s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib3AB7B68D3EA48F467223DF6956C50024s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib3AB7B68D3EA48F467223DF6956C50024s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib7047587A68968D4CED52E63867DA76AAs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib7047587A68968D4CED52E63867DA76AAs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib7047587A68968D4CED52E63867DA76AAs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib96F12705327A13456D8AD7AD2C249A5Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib96F12705327A13456D8AD7AD2C249A5Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib96F12705327A13456D8AD7AD2C249A5Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib96F12705327A13456D8AD7AD2C249A5Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib91138AFF14DF7E1B662E33FA1FF91251s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib91138AFF14DF7E1B662E33FA1FF91251s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib91138AFF14DF7E1B662E33FA1FF91251s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibA0D0E0050F221B681BF30CC233769B36s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibA0D0E0050F221B681BF30CC233769B36s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib1478FA63AFD137D349B9663D6D316E0Cs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib1478FA63AFD137D349B9663D6D316E0Cs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibFDB326C80A41D5186776E1E76B14339Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibFDB326C80A41D5186776E1E76B14339Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib085FAF6319CB9AEBFC8C48628776C7A1s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib085FAF6319CB9AEBFC8C48628776C7A1s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib085FAF6319CB9AEBFC8C48628776C7A1s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibAE2D29F4802A8F9F097F949A410E0053s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibAE2D29F4802A8F9F097F949A410E0053s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib7C43BC4805EAD8D4936E1C568530015Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib7C43BC4805EAD8D4936E1C568530015Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibC3D99DE7853FFC6BED4A3E2D9B258F66s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibC3D99DE7853FFC6BED4A3E2D9B258F66s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibC3D99DE7853FFC6BED4A3E2D9B258F66s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib5EFD8FEA1D81ECA6FC18B4EF37D4569Es1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib5EFD8FEA1D81ECA6FC18B4EF37D4569Es1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib5EFD8FEA1D81ECA6FC18B4EF37D4569Es1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib9B72A1B96DC763BD87034A8743CDA4B4s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib9B72A1B96DC763BD87034A8743CDA4B4s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib9B72A1B96DC763BD87034A8743CDA4B4s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib706004C87EF9D86F2CE881668AA0CF01s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib706004C87EF9D86F2CE881668AA0CF01s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib706004C87EF9D86F2CE881668AA0CF01s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib706004C87EF9D86F2CE881668AA0CF01s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibBA228A27BB6BDF869899D72504DFD165s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibBA228A27BB6BDF869899D72504DFD165s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib056639B7F1021D88F8AB6CE16DFB6236s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib056639B7F1021D88F8AB6CE16DFB6236s1
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1451888
https://cds.cern.ch/record/1451888


The ATLAS Collaboration / Physics Letters B 805 (2020) 135426 13

[51] B. Abbott, et al., Production and integration of the ATLAS Insertable B-Layer, J. 
Instrum. 13 (2018) T05008, arXiv:1803 .00844 [physics .ins -det].

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

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

[54] T. Gleisberg, S. Höche, F. Krauss, M. Schönherr, S. Schumann, et al., Event gen-
eration with SHERPA 1.1, J. High Energy Phys. 02 (2009) 007, arXiv:0811.4622
[hep -ph].

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

[56] F. Cascioli, P. Maierhöfer, S. Pozzorini, Scattering amplitudes with open loops, 
Phys. Rev. Lett. 108 (2012) 111601, arXiv:1111.5206 [hep -ph].

[57] 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].

[58] ATLAS Collaboration, Measurement of the cross-section for electroweak pro-
duction of dijets in association with a Z boson in pp collisions at √s = 13 TeV
with the ATLAS detector, Phys. Lett. B 775 (2017) 206, arXiv:1709 .10264
[hep -ex].

[59] 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.

[60] 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].

[61] 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, arXiv:1002 .2581 [hep -ph].

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

[63] 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].

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

[65] T. Sjöstrand, et al., An introduction to PYTHIA 8.2, Comput. Phys. Commun. 
191 (2015) 159, arXiv:1410 .3012 [hep -ph].

[66] 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].

[67] M. Bahr, et al., Herwig++ physics and manual, Eur. Phys. J. C 58 (2008) 639, 
arXiv:0803 .0883 [hep -ph].

[68] J. Bellm, et al., Herwig 7.0/Herwig++ 3.0 release note, Eur. Phys. J. C 76 (2016) 
196, arXiv:1512 .01178 [hep -ph].

[69] 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].

[70] 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].

[71] 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].

[72] 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].

[73] 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].

[74] 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].

[75] 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].

[76] G. Luisoni, P. Nason, C. Oleari, F. Tramontano, H W ±/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].

[77] 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.

[78] A. Denner, S. Dittmaier, S. Kallweit, A. Mück, Electroweak corrections to Higgs-
strahlung off W/Z bosons at the Tevatron and the LHC with Hawk, J. High 
Energy Phys. 03 (2012) 075, arXiv:1112 .5142 [hep -ph].

[79] 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].

[80] 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].

[81] 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].

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

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

[84] W. Beenakker, et al., Higgs radiation off top quarks at the tevatron and the 
LHC, Phys. Rev. Lett. 87 (2001) 201805, arXiv:hep -ph /0107081.

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

[86] S. Dawson, L.H. Orr, L. Reina, D. Wackeroth, Next-to-leading order QCD correc-
tions to pp → tt̄h at the CERN Large Hadron Collider, Phys. Rev. D 67 (2003) 
071503, arXiv:hep -ph /0211438.

[87] 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.

[88] 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].

[89] 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].

[90] 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].

[91] 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].

[92] K. Melnikov, F. Petriello, Electroweak gauge boson production at hadron col-
liders through O(α2

s ), Phys. Rev. D 74 (2006) 114017, arXiv:hep -ph /0609070.
[93] C. Anastasiou, L. Dixon, K. Melnikov, F. Petriello, High precision QCD at hadron 

colliders: electroweak gauge boson rapidity distributions at next-to-next-to 
leading order, Phys. Rev. D 69 (2004) 094008, arXiv:hep -ph /0312266.

[94] S. Alioli, S.-O. Moch, P. Uwer, Hadronic top-quark pair-production with one jet 
and parton showering, J. High Energy Phys. 01 (2012) 137, arXiv:1110 .5251
[hep -ph].

[95] T. Sjöstrand, S. Mrenna, P.Z. Skands, PYTHIA 6.4 physics and manual, J. High 
Energy Phys. 05 (2006) 026, arXiv:hep -ph /0603175.

[96] M. Czakon, P. Fiedler, A. Mitov, Total top-quark pair-production cross section 
at hadron colliders through O (α4

S ), Phys. Rev. Lett. 110 (2013) 252004, arXiv:
1303 .6254 [hep -ph].

[97] E. Re, Single-top Wt-channel production matched with parton showers using 
the POWHEG method, Eur. Phys. J. C 71 (2011) 1547, arXiv:1009 .2450 [hep -
ph].

[98] F. Maltoni, K. Mawatari, M. Zaro, Higgs characterisation via vector-boson fu-
sion and associated production: NLO and parton-shower effects, Eur. Phys. J. 
C 74 (2014) 2710, arXiv:1311.1829 [hep -ph].

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

[100] S. Agostinelli, et al., Geant4—a simulation toolkit, Nucl. Instrum. Methods 
Phys. Res., Sect. A 506 (2003) 250.

[101] A.D. Martin, W.J. Stirling, R.S. Thorne, G. Watt, Parton distributions for the 
LHC, Eur. Phys. J. C 63 (2009) 189, arXiv:0901.0002 [hep -ph].

[102] ATLAS Collaboration, Summary of ATLAS Pythia 8 tunes, ATL-PHYS-PUB-2012-
003, https://cds .cern .ch /record /1474107, 2012.

[103] J.H. Friedman, Greedy function approximation: a gradient boosting machine, 
Ann. Stat. 29 (2001) 1189.

[104] ATLAS Collaboration, ATLAS data quality operations and performance for 
2015-2018 data-taking, arXiv:1911.04632 [hep -ex], 2019.

[105] R.K. Ellis, I. Hinchliffe, M. Soldate, J.J. Van Der Bij, Higgs decay to τ+τ−: a 
possible signature of intermediate mass Higgs bosons at high energy hadron 
colliders, Nucl. Phys. B 297 (1988) 221.

[106] ATLAS Collaboration, Observation and measurement of Higgs boson decays to 
W W ∗ with the ATLAS detector, Phys. Rev. D 92 (2015) 012006, arXiv:1412 .
2641 [hep -ex].

[107] ATLAS Collaboration, Performance of b-jet identification in the ATLAS experi-
ment, J. Instrum. 11 (2016) P04008, arXiv:1512 .01094 [hep -ex].

[108] ATLAS Collaboration, Optimisation of the ATLAS b-tagging performance for the 
2016 LHC Run, ATL-PHYS-PUB-2016-012, https://cds .cern .ch /record /2160731, 
2016.

[109] A. Elagin, P. Murat, A. Pranko, A. Safonov, A new mass reconstruction tech-
nique for resonances decaying to ττ , Nucl. Instrum. Methods Phys. Res., Sect. 
A 654 (2011) 481, arXiv:1012 .4686 [hep -ex].

[110] 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].

[111] ATLAS Collaboration, Reconstruction, energy calibration, and identification of 
hadronically decaying tau leptons in the ATLAS experiment for Run-2 of the 
LHC, ATL-PHYS-PUB-2015-045, https://cds .cern .ch /record /2064383, 2015.

[112] ATLAS Collaboration, Measurement of the tau lepton reconstruction and iden-
tification performance in the ATLAS experiment using pp collisions at √s =
13 TeV, ATLAS-CONF-2017-029, https://cds .cern .ch /record /2261772, 2017.

http://refhub.elsevier.com/S0370-2693(20)30230-6/bib9E883091983A86566DA1E6C91FADBD1Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib9E883091983A86566DA1E6C91FADBD1Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib04611ECB35A3F867CA2E2EFCBBF3DEE3s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib04611ECB35A3F867CA2E2EFCBBF3DEE3s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib46C8C5B5268716BA9990E14DA0C9B873s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib46C8C5B5268716BA9990E14DA0C9B873s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib7D2BD9A59B00F5082A765F3BDF683D40s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib7D2BD9A59B00F5082A765F3BDF683D40s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib7D2BD9A59B00F5082A765F3BDF683D40s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib87EE95F4EB9F9F9D67094359AEB92BD9s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib87EE95F4EB9F9F9D67094359AEB92BD9s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib0180B187EF62C83C3A9C22DC5BEA0A4Es1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib0180B187EF62C83C3A9C22DC5BEA0A4Es1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib0D3832DB1E9EBED6C5C5ACDAEEAE703Cs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib0D3832DB1E9EBED6C5C5ACDAEEAE703Cs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib34F81B7C5BC1174C203B9CDB14399A23s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib34F81B7C5BC1174C203B9CDB14399A23s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib34F81B7C5BC1174C203B9CDB14399A23s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib34F81B7C5BC1174C203B9CDB14399A23s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib3A24A19433E33759C33299ED983D19A0s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib3A24A19433E33759C33299ED983D19A0s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibB0C1000ED892F16F66601C3580FB1EBAs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibB0C1000ED892F16F66601C3580FB1EBAs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibB0C1000ED892F16F66601C3580FB1EBAs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib52AF3F5B5F4B1F178841EE3D8CCF4035s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib52AF3F5B5F4B1F178841EE3D8CCF4035s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib52AF3F5B5F4B1F178841EE3D8CCF4035s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibB569403C0BF50B1F1D88FDB7200EFFCFs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibB569403C0BF50B1F1D88FDB7200EFFCFs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib49D5D401B5C86DC7F2101D6F9088720Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib49D5D401B5C86DC7F2101D6F9088720Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib49D5D401B5C86DC7F2101D6F9088720Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib36AD0014B33AFD1DC6632FB71B1ED7D0s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib36AD0014B33AFD1DC6632FB71B1ED7D0s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib52E0141B59A5D3E5BF7C55D1B143BBEEs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib52E0141B59A5D3E5BF7C55D1B143BBEEs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibCF8841EB3B8ADAC22745ECF3AB724642s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibCF8841EB3B8ADAC22745ECF3AB724642s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibCF8841EB3B8ADAC22745ECF3AB724642s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibE33EC5EB1D9CF4178438882A50EF156Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibE33EC5EB1D9CF4178438882A50EF156Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibA7E1901DE5619FCB7F66AF96C961ECEEs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibA7E1901DE5619FCB7F66AF96C961ECEEs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib89E462530A10F72074E1F4E62C5A18E0s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib89E462530A10F72074E1F4E62C5A18E0s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib89E462530A10F72074E1F4E62C5A18E0s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib039A1BD5854321D0ADA8833F7E3DF2FAs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib039A1BD5854321D0ADA8833F7E3DF2FAs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib039A1BD5854321D0ADA8833F7E3DF2FAs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib31FCCA957CA0BDF80CC39EA834138130s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib31FCCA957CA0BDF80CC39EA834138130s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib31FCCA957CA0BDF80CC39EA834138130s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib1EC2F872B161D5FFF377F6D224065AB8s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib1EC2F872B161D5FFF377F6D224065AB8s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib1EC2F872B161D5FFF377F6D224065AB8s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib2EE022488431F4BE6610CF989FD29E9Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib2EE022488431F4BE6610CF989FD29E9Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib2EE022488431F4BE6610CF989FD29E9Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib314585850C3115ABE7C73A7C696E0772s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib314585850C3115ABE7C73A7C696E0772s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib6FA0BD25A187F9A0EFFF95EF4E6437BCs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib6FA0BD25A187F9A0EFFF95EF4E6437BCs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib6FA0BD25A187F9A0EFFF95EF4E6437BCs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibE2175EAA463A8408868645998F0F29E3s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibE2175EAA463A8408868645998F0F29E3s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibE2175EAA463A8408868645998F0F29E3s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib3E0BB66AF1C06B414FB8AD12B6379D15s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib3E0BB66AF1C06B414FB8AD12B6379D15s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib3E0BB66AF1C06B414FB8AD12B6379D15s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib919573C663527184F0FDF361E31C64DBs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib919573C663527184F0FDF361E31C64DBs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib919573C663527184F0FDF361E31C64DBs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibFAFD7D19A90DF6A7730FB272BB36343Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibFAFD7D19A90DF6A7730FB272BB36343Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibFAFD7D19A90DF6A7730FB272BB36343Bs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibC8E93623A4C88F8AD196B2A299A2087Ds1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibC8E93623A4C88F8AD196B2A299A2087Ds1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibC8E93623A4C88F8AD196B2A299A2087Ds1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibACBE524FB680EA622B417257F6A37597s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibACBE524FB680EA622B417257F6A37597s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibACBE524FB680EA622B417257F6A37597s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib894F1FED214516699D94AC55A42B64EDs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib894F1FED214516699D94AC55A42B64EDs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibCC774FD737F8B6E920C074760BBF9777s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibCC774FD737F8B6E920C074760BBF9777s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib0EAB47D6D2CF0433F3BAB4A46378C135s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib0EAB47D6D2CF0433F3BAB4A46378C135s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib0B16C1E9269818F4EE736EF81DC1EB59s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib0B16C1E9269818F4EE736EF81DC1EB59s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibACA89C3E9DDE3C56AAAAC1FA4D5AABE0s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibACA89C3E9DDE3C56AAAAC1FA4D5AABE0s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibACA89C3E9DDE3C56AAAAC1FA4D5AABE0s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibA0A0DC94820DD48AD4670169F67B140Fs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibA0A0DC94820DD48AD4670169F67B140Fs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibA0A0DC94820DD48AD4670169F67B140Fs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib970D7388F9F7DC2899B9789C6108761Fs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib970D7388F9F7DC2899B9789C6108761Fs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib970D7388F9F7DC2899B9789C6108761Fs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib17D66DEC55E3E60257D56FF52C6D7C8Fs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib17D66DEC55E3E60257D56FF52C6D7C8Fs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib17D66DEC55E3E60257D56FF52C6D7C8Fs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibFC91AA1E8C9BF5888F9E2C40C9327E6Fs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibFC91AA1E8C9BF5888F9E2C40C9327E6Fs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibFC91AA1E8C9BF5888F9E2C40C9327E6Fs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibAB19568B47A51A33925F85309D928E62s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibAB19568B47A51A33925F85309D928E62s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibAB19568B47A51A33925F85309D928E62s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib865B18D5C2B4DE7FDE33CAF4A556A97Ds1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib865B18D5C2B4DE7FDE33CAF4A556A97Ds1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib989EE18ADDDE29A18C93F695C477F7C4s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib989EE18ADDDE29A18C93F695C477F7C4s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib989EE18ADDDE29A18C93F695C477F7C4s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibC068847476062893157889ADC505B2BAs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibC068847476062893157889ADC505B2BAs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibC068847476062893157889ADC505B2BAs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib8E0BC180543D5F603283642FE92FCE87s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib8E0BC180543D5F603283642FE92FCE87s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib5B9B1358DD0F1944F4EDE2F60F34D0F0s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib5B9B1358DD0F1944F4EDE2F60F34D0F0s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib5B9B1358DD0F1944F4EDE2F60F34D0F0s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib3004E1A04FF134D1E82AE4009EF866ECs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib3004E1A04FF134D1E82AE4009EF866ECs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib3004E1A04FF134D1E82AE4009EF866ECs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib606B5F861A74FE2E3750A4CAE9A47FE9s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib606B5F861A74FE2E3750A4CAE9A47FE9s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib606B5F861A74FE2E3750A4CAE9A47FE9s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib4E3CA389538E71FECA0A5141F11B7EE3s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib4E3CA389538E71FECA0A5141F11B7EE3s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib0007C799EF8EB6DA5C7060ECB206F5EAs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib0007C799EF8EB6DA5C7060ECB206F5EAs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibB9DF205757C6167680CCD591E54114ADs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibB9DF205757C6167680CCD591E54114ADs1
https://cds.cern.ch/record/1474107
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib45C4EC4FE5ADB54D0E1CFC4A66164F28s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib45C4EC4FE5ADB54D0E1CFC4A66164F28s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib0A2507F0E08277FFB87BD64ECBABF729s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib0A2507F0E08277FFB87BD64ECBABF729s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib0DA2AE247037FA6AE629388A07119CFDs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib0DA2AE247037FA6AE629388A07119CFDs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib0DA2AE247037FA6AE629388A07119CFDs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibDCFEA3DAE2233472266958953D1DC573s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibDCFEA3DAE2233472266958953D1DC573s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibDCFEA3DAE2233472266958953D1DC573s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib9C71F285DE2882874082D0F7B67E5A23s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib9C71F285DE2882874082D0F7B67E5A23s1
https://cds.cern.ch/record/2160731
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib6F58E06BA378BDFF536C9DEB85250488s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib6F58E06BA378BDFF536C9DEB85250488s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib6F58E06BA378BDFF536C9DEB85250488s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib9BDF7B157224DBA8A093B98A01B00921s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib9BDF7B157224DBA8A093B98A01B00921s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib9BDF7B157224DBA8A093B98A01B00921s1
https://cds.cern.ch/record/2064383
https://cds.cern.ch/record/2261772


14 The ATLAS Collaboration / Physics Letters B 805 (2020) 135426

[113] ATLAS Collaboration, Electron and photon energy calibration with the ATLAS 
detector using 2015–2016 LHC proton–proton collision data, J. Instrum. 14 
(2019) P03017, arXiv:1812 .03848 [hep -ex].

[114] ATLAS Collaboration, Electron reconstruction and identification in the ATLAS 
experiment using the 2015 and 2016 LHC proton–proton collision data at √

s = 13 TeV, Eur. Phys. J. C 79 (2019) 639, arXiv:1902 .04655 [hep -ex].
[115] 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].

[116] ATLAS Collaboration, Performance of missing transverse momentum recon-
struction with the ATLAS detector using proton–proton collisions at √

s =
13 TeV, Eur. Phys. J. C 78 (2018) 903, arXiv:1802 .08168 [hep -ex].

[117] ATLAS Collaboration, Measurement of b-tagging efficiency of c-jets in tt̄
events using a likelihood approach with the ATLAS detector, ATLAS-CONF-
2018-001, https://cds .cern .ch /record /2306649, 2018.

[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] LHC Higgs Cross Section Working Group, Handbook of LHC Higgs cross sec-
tions: 4. Deciphering the nature of the Higgs sector, arXiv:1610 .07922 [hep -
ph], 2016.

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

The ATLAS Collaboration

G. Aad 102, B. Abbott 129, D.C. Abbott 103, A. Abed Abud 36, K. Abeling 53, D.K. Abhayasinghe 94, 
S.H. Abidi 167, O.S. AbouZeid 40, N.L. Abraham 156, H. Abramowicz 161, H. Abreu 160, Y. Abulaiti 6, 
B.S. Acharya 67a,67b,n, B. Achkar 53, S. Adachi 163, L. Adam 100, C. Adam Bourdarios 5, L. Adamczyk 84a, 
L. Adamek 167, J. Adelman 121, M. Adersberger 114, A. Adiguzel 12c, S. Adorni 54, T. Adye 144, 
A.A. Affolder 146, Y. Afik 160, C. Agapopoulou 65, M.N. Agaras 38, A. Aggarwal 119, C. Agheorghiesei 27c, 
J.A. Aguilar-Saavedra 140f,140a,af , F. Ahmadov 80, W.S. Ahmed 104, X. Ai 18, G. Aielli 74a,74b, S. Akatsuka 86, 
T.P.A. Åkesson 97, E. Akilli 54, A.V. Akimov 111, K. Al Khoury 65, G.L. Alberghi 23b,23a, J. Albert 176, 
M.J. Alconada Verzini 161, 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 129, B. Ali 142, M. Aliev 166, G. Alimonti 69a, 
C. Allaire 65, B.M.M. Allbrooke 156, B.W. Allen 132, P.P. Allport 21, A. Aloisio 70a,70b, F. Alonso 89, 
C. Alpigiani 148, A.A. Alshehri 57, E. Alunno Camelia 74a,74b, M. Alvarez Estevez 99, M.G. Alviggi 70a,70b, 
Y. Amaral Coutinho 81b, A. Ambler 104, L. Ambroz 135, C. Amelung 26, D. Amidei 106, 
S.P. Amor Dos Santos 140a, S. Amoroso 46, C.S. Amrouche 54, F. An 79, C. Anastopoulos 149, N. Andari 145, 
T. Andeen 11, C.F. Anders 61b, J.K. Anders 20, A. Andreazza 69a,69b, V. Andrei 61a, C.R. Anelli 176, 
S. Angelidakis 38, A. Angerami 39, A.V. Anisenkov 122b,122a, A. Annovi 72a, C. Antel 54, M.T. Anthony 149, 
E. Antipov 130, M. Antonelli 51, D.J.A. Antrim 171, F. Anulli 73a, M. Aoki 82, J.A. Aparisi Pozo 174, 
L. Aperio Bella 15a, J.P. Araque 140a, V. Araujo Ferraz 81b, 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 171, O. Arnaez 167, H. Arnold 120, Z.P. Arrubarrena Tame 114, G. Artoni 135, S. Artz 100, 
S. Asai 163, T. Asawatavonvanich 165, N. Asbah 59, E.M. Asimakopoulou 172, L. Asquith 156, J. Assahsah 35d, 
K. Assamagan 29, R. Astalos 28a, R.J. Atkin 33a, M. Atkinson 173, N.B. Atlay 19, H. Atmani 65, K. Augsten 142, 
G. Avolio 36, M.K. Ayoub 15a, G. Azuelos 110,ao, H. Bachacou 145, K. Bachas 68a,68b, M. Backes 135, 
F. Backman 45a,45b, P. Bagnaia 73a,73b, M. Bahmani 85, H. Bahrasemani 152, A.J. Bailey 174, V.R. Bailey 173, 
J.T. Baines 144, C. Bakalis 10, O.K. Baker 183, P.J. Bakker 120, D. Bakshi Gupta 8, S. Balaji 157, 
E.M. Baldin 122b,122a, P. Balek 180, F. Balli 145, W.K. Balunas 135, J. Balz 100, E. Banas 85, A. Bandyopadhyay 24, 
Sw. Banerjee 181,i, A.A.E. Bannoura 182, L. Barak 161, 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 132, T. Barklow 153, R. Barnea 160, 
B.M. Barnett 144, R.M. Barnett 18, Z. Barnovska-Blenessy 60a, A. Baroncelli 60a, G. Barone 29, A.J. Barr 135, 
L. Barranco Navarro 45a,45b, F. Barreiro 99, J. Barreiro Guimarães da Costa 15a, S. Barsov 138, 
R. Bartoldus 153, G. Bartolini 102, A.E. Barton 90, P. Bartos 28a, A. Basalaev 46, A. Basan 100, A. Bassalat 65,ak, 
M.J. Basso 167, R.L. Bates 57, S. Batlamous 35e, J.R. Batley 32, B. Batool 151, M. Battaglia 146, M. Bauce 73a,73b, 
F. Bauer 145, K.T. Bauer 171, H.S. Bawa 31, J.B. Beacham 49, T. Beau 136, P.H. Beauchemin 170, F. Becherer 52, 
P. Bechtle 24, H.C. Beck 53, H.P. Beck 20,r , K. Becker 178, C. Becot 46, A. Beddall 12d, A.J. Beddall 12a, 
V.A. Bednyakov 80, M. Bedognetti 120, C.P. Bee 155, T.A. Beermann 182, M. Begalli 81b, M. Begel 29, 
A. Behera 155, J.K. Behr 46, F. Beisiegel 24, A.S. Bell 95, G. Bella 161, 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 161, D.P. Benjamin 6, M. Benoit 54, J.R. Bensinger 26, S. Bentvelsen 120, L. Beresford 135, 
M. Beretta 51, D. Berge 19, E. Bergeaas Kuutmann 172, N. Berger 5, B. Bergmann 142, L.J. Bergsten 26, 
J. Beringer 18, S. Berlendis 7, G. Bernardi 136, C. Bernius 153, F.U. Bernlochner 24, T. Berry 94, P. Berta 100, 
C. Bertella 15a, I.A. Bertram 90, O. Bessidskaia Bylund 182, N. Besson 145, A. Bethani 101, S. Bethke 115, 
A. Betti 42, A.J. Bevan 93, J. Beyer 115, D.S. Bhattacharya 177, P. Bhattarai 26, R. Bi 139, R.M. Bianchi 139, 
O. Biebel 114, D. Biedermann 19, R. Bielski 36, K. Bierwagen 100, N.V. Biesuz 72a,72b, M. Biglietti 75a, 

http://refhub.elsevier.com/S0370-2693(20)30230-6/bibFB3D6468D348D63BAEFE16FEEE8CD741s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibFB3D6468D348D63BAEFE16FEEE8CD741s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibFB3D6468D348D63BAEFE16FEEE8CD741s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib80BBDAFE55799B5F090ADEC8B253206Ds1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib80BBDAFE55799B5F090ADEC8B253206Ds1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib80BBDAFE55799B5F090ADEC8B253206Ds1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib7B63AC2B5857E461FDE6F62926362D93s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib7B63AC2B5857E461FDE6F62926362D93s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib7B63AC2B5857E461FDE6F62926362D93s1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibF9EA24B9721D2A4109021C894AE79C2Cs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibF9EA24B9721D2A4109021C894AE79C2Cs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bibF9EA24B9721D2A4109021C894AE79C2Cs1
https://cds.cern.ch/record/2306649
https://cds.cern.ch/record/2677054
https://cds.cern.ch/record/2677054
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib76A47355E4F07DAB4C017255EB1BE4ECs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib76A47355E4F07DAB4C017255EB1BE4ECs1
http://refhub.elsevier.com/S0370-2693(20)30230-6/bib76A47355E4F07DAB4C017255EB1BE4ECs1
https://cds.cern.ch/record/2202407


The ATLAS Collaboration / Physics Letters B 805 (2020) 135426 15

T.R.V. Billoud 110, M. Bindi 53, A. Bingul 12d, C. Bini 73a,73b, S. Biondi 23b,23a, M. Birman 180, T. Bisanz 53, 
J.P. Biswal 3, D. Biswas 181,i, A. Bitadze 101, C. Bittrich 48, K. Bjørke 134, 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, 
A. Bocci 49, D. Boerner 46, D. Bogavac 14, A.G. Bogdanchikov 122b,122a, C. Bohm 45a, V. Boisvert 94, 
P. Bokan 53,172, T. Bold 84a, A.E. Bolz 61b, M. Bomben 136, M. Bona 93, J.S. Bonilla 132, M. Boonekamp 145, 
C.D. Booth 94, H.M. Borecka-Bielska 91, L.S. Borgna 95, A. Borisov 123, G. Borissov 90, J. Bortfeldt 36, 
D. Bortoletto 135, D. Boscherini 23b, M. Bosman 14, J.D. Bossio Sola 104, K. Bouaouda 35a, J. Boudreau 139, 
E.V. Bouhova-Thacker 90, D. Boumediene 38, S.K. Boutle 57, A. Boveia 127, J. Boyd 36, D. Boye 33c,al, 
I.R. Boyko 80, A.J. Bozson 94, J. Bracinik 21, N. Brahimi 102, G. Brandt 182, O. Brandt 32, F. Braren 46, 
B. Brau 103, J.E. Brau 132, W.D. Breaden Madden 57, K. Brendlinger 46, L. Brenner 46, R. Brenner 172, 
S. Bressler 180, 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 147d, E. Brost 29, J.H Broughton 21, P.A. Bruckman de Renstrom 85, 
D. Bruncko 28b, A. Bruni 23b, G. Bruni 23b, L.S. Bruni 120, S. Bruno 74a,74b, M. Bruschi 23b, N. Bruscino 73a,73b, 
P. Bryant 37, L. Bryngemark 97, T. Buanes 17, Q. Buat 36, P. Buchholz 151, A.G. Buckley 57, I.A. Budagov 80, 
M.K. Bugge 134, F. Bührer 52, O. Bulekov 112, T.J. Burch 121, S. Burdin 91, C.D. Burgard 120, A.M. Burger 130, 
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 158, A.R. Buzykaev 122b,122a, G. Cabras 23b,23a, S. Cabrera Urbán 174, 
D. Caforio 56, H. Cai 173, V.M.M. Cairo 153, O. Cakir 4a, N. Calace 36, P. Calafiura 18, A. Calandri 102, 
G. Calderini 136, 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 155, M. Calvetti 72a,72b, R. Camacho Toro 136, S. Camarda 36, 
D. Camarero Munoz 99, P. Camarri 74a,74b, D. Cameron 134, C. Camincher 36, S. Campana 36, 
M. Campanelli 95, A. Camplani 40, A. Campoverde 151, V. Canale 70a,70b, A. Canesse 104, M. Cano Bret 60c, 
J. Cantero 130, T. Cao 161, Y. Cao 173, M.D.M. Capeans Garrido 36, M. Capua 41b,41a, R. Cardarelli 74a, 
F. Cardillo 149, G. Carducci 41b,41a, I. Carli 143, T. Carli 36, G. Carlino 70a, B.T. Carlson 139, L. Carminati 69a,69b, 
R.M.D. Carney 153, S. Caron 119, E. Carquin 147d, S. Carrá 46, J.W.S. Carter 167, M.P. Casado 14,e, 
A.F. Casha 167, R. Castelijn 120, F.L. Castillo 174, L. Castillo Garcia 14, V. Castillo Gimenez 174, 
N.F. Castro 140a,140e, A. Catinaccio 36, J.R. Catmore 134, A. Cattai 36, V. Cavaliere 29, E. Cavallaro 14, 
M. Cavalli-Sforza 14, V. Cavasinni 72a,72b, E. Celebi 12b, L. Cerda Alberich 174, K. Cerny 131, A.S. Cerqueira 81a, 
A. Cerri 156, L. Cerrito 74a,74b, F. Cerutti 18, A. Cervelli 23b,23a, S.A. Cetin 12b, Z. Chadi 35a, D. Chakraborty 121, 
J. Chan 181, W.S. Chan 120, W.Y. Chan 91, J.D. Chapman 32, B. Chargeishvili 159b, D.G. Charlton 21, 
T.P. Charman 93, C.C. Chau 34, S. Che 127, S. Chekanov 6, S.V. Chekulaev 168a, G.A. Chelkov 80, B. Chen 79, 
C. Chen 60a, C.H. Chen 79, H. Chen 29, J. Chen 60a, J. Chen 39, J. Chen 26, S. Chen 137, S.J. Chen 15c, 
X. Chen 15b, 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 145, L. Chevalier 145, V. Chiarella 51, 
G. Chiarelli 72a, G. Chiodini 68a, A.S. Chisholm 21, A. Chitan 27b, I. Chiu 163, Y.H. Chiu 176, M.V. Chizhov 80, 
K. Choi 11, A.R. Chomont 73a,73b, S. Chouridou 162, Y.S. Chow 120, M.C. Chu 63a, X. Chu 15a,15d, 
J. Chudoba 141, J.J. Chwastowski 85, L. Chytka 131, D. Cieri 115, K.M. Ciesla 85, D. Cinca 47, V. Cindro 92, 
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