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a b s t r a c t

The Higgs boson was discovered by the ATLAS and CMS Collaborations in 2012 using
data from Run 1 of the Large Hadron Collider (2010−2012). In Run 2 (2015−2018),
about 140 fb−1 of proton–proton collisions at a centre-of-mass energy of 13 TeV were
collected by the ATLAS experiment. This review presents the most important Run 2
results obtained by the ATLAS Collaboration regarding the properties of the Higgs boson
and its interactions with other particles. The performed studies significantly enhance the
understanding of the Higgs boson, while hunting for deviations from the predictions of
the Standard Model of particle physics.
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1. Introduction

One of the main motivations for building the Large Hadron Collider (LHC) was to investigate the nature of electroweak
ymmetry breaking. After the discovery of the Higgs boson [1,2] by the ATLAS and CMS Collaborations [3,4], the focus
as shifted to the measurement of its properties. Ever since, an important goal has been to determine whether the Higgs
oson can be a portal to so-far undiscovered phenomena.
This report summarises the expansive Higgs boson analysis programme performed by the ATLAS Collaboration with

he data recorded during Run 2 of the LHC (2015−2018) and discusses the wealth of exciting results available at the
time of its publication. Unless otherwise specified, all results are based on the full Run 2 data sample, corresponding to
140 fb−1 of proton–proton (pp) collisions recorded with the ATLAS detector [5]. For detailed discussions of technical
aspects of the conducted analyses, the reader is referred to the original publications, which are cited throughout the
report. Searches for exotic Higgs boson decays and additional Higgs bosons are covered elsewhere [6].

1.1. The Higgs mechanism

The Standard Model of particle physics (SM) is a relativistic quantum field theory based on gauge symmetries that
describes the elementary particles and their interactions [7–10]. Seemingly forbidden by gauge invariance, massive W
and Z bosons are enabled by electroweak symmetry breaking. In its simplest form, electroweak symmetry breaking is
realised through the introduction of a complex doublet scalar field, which manifests itself in a neutral scalar boson, the
Higgs boson [11–15]. While the Higgs field potential itself is invariant under the SU(2) transformation, its shape allows for
spontaneous symmetry breaking, which keeps the gauge symmetries intact but leads to a vacuum expectation value that is
non-zero and non-invariant under SU(2). Interactions between the Higgs field and the fermions, the Yukawa interactions,
give rise to the masses of the fermions. The Yukawa couplings and the Higgs boson mass are free parameters in the SM.

The LHC offers a unique opportunity to study the Higgs sector and therefore the nature of electroweak symmetry
breaking. With the measurement of the Higgs boson mass, the SM Higgs sector is fully determined by experimentally
measured parameters. Measurements of the Higgs boson couplings to other particles and the Higgs boson self-coupling
are of particular importance. The Yukawa sector describes a completely new boson–fermion interaction that is the only
interaction in the SM that distinguishes between particles of different masses and therefore flavours. The Higgs boson
self-coupling is mainly probed through double Higgs boson production and is an important parameter of the Higgs field
potential, which is related to the structure of the vacuum and governs the properties of the electroweak phase transition
in the early universe [16,17].

The SM Higgs boson is a scalar boson: spin zero and its interactions are even under charge–parity (CP) conjugation. In pp
collisions, the main Higgs boson production mechanisms predicted by the SM are gluon–gluon fusion (ggF), vector-boson
fusion (VBF), and associated production with vector bosons (VH , where V represents a W or Z boson), top- or bottom-
quark pairs (t t̄H , bb̄H), or a single top quark (tH). The different production processes can be tagged through dedicated
selection criteria, taking advantage of the particular signatures of the different final states. They are shown, together with
the main predicted decay processes, in Fig. 1. The corresponding diagrams for double Higgs boson production through
the ggF and VBF mechanisms are shown in Fig. 2. The expected width of the SM Higgs boson for a mass of 125 GeV is
4.1 MeV [18].

1.2. SM predictions for Higgs boson production and decay

Complementing the measurement programme at the LHC, there is an intense effort ongoing to calculate Higgs boson
production cross-sections and branching ratios, as well as their associated uncertainties, to the best possible accuracy in
various phase space regions. Furthermore, Monte Carlo (MC) simulations are developed to optimise the experimental data
analysis and to compare observed and expected results. These differential predictions are more challenging and therefore

only available at lower precision than the total production cross-sections.
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Fig. 1. Top: Higgs boson production via (a) gluon–gluon fusion, (b) vector-boson fusion, and (c) associated production with vector bosons, (d) top-
or bottom-quark pairs, or (e) a single top quark. Bottom: Higgs boson decays into (f) a pair of vector bosons, (g) a pair of photons or a Z boson
and a photon, (h) a pair of quarks, and (i) a pair of charged leptons [19].

Fig. 2. Examples of leading-order Feynman diagrams for Higgs boson pair production in the (a and b) ggF HH and (c, d and e) VBF HH modes.

Table 1
SM predictions of Higgs boson production cross-sections for a Higgs boson mass of 125.09 GeV in pp collisions at a centre-of-mass
energy of

√
s = 13 TeV. The values are based on Refs. [21–33] for ggF, Refs. [34–36] for VBF, Refs. [37–45] for WH and ZH , Refs.

[46–49] for t t̄H , Refs. [50–52] for bb̄H , and Refs. [53,54] for tH . They are compiled in Ref. [18].
Process Precision in QCD Precision in EW Cross-section [pb] Fraction [%]

ggF N3LO NLO 48.5+2.7
−3.6 87.2

VBF approx. NNLO NLO 3.78±0.08 6.8
qq → WH NNLO NLO 1.37±0.03 2.44
qq → ZH NNLO NLO 0.76+0.01

−0.02 1.35
gg → ZH NLO LO 0.12+0.03

−0.02 0.22
t t̄H NLO NLO 0.51+0.03

−0.05 0.92
bb̄H NNLO LO 0.49+0.10

−0.12 0.88
tH NLO LO 0.092+0.006

−0.011 0.16

SM Higgs boson production cross-sections are calculated for the different production modes shown in Fig. 1(a)–(e).
The total cross-sections are listed in Table 1, including the achieved accuracy in the electroweak (EW) and strong (QCD)
coupling constant, i.e., tree-level or leading order (LO), next-to-leading order (NLO), next-to-next-to leading order (NNLO),
etc. They are calculated assuming a Higgs boson mass of 125.09 GeV. This value is based on the combined Higgs boson
mass measurement by the ATLAS and CMS Collaborations in the LHC Run 1 [20].
3
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The SM predicts the double Higgs boson production cross-section to be more than a thousand times smaller than single
Higgs boson production: σggF HH = 31.0+2.1

−7.2 fb [18,55–64], computed at NNLO in QCD including approximated mass top
effects, and σVBF HH = 1.73 ± 0.04 fb, at N3LO in QCD, for a Higgs boson mass of 125 GeV [65–67].

Branching fractions, or decay probabilities for the different Higgs boson decays, as depicted in Fig. 1(f)–(i), also depend
on the Higgs boson mass. For a mass of 125.09 GeV, the SM predicts that decays into W bosons have a branching fraction
of 22%, Z bosons of 3%, photons (γ ) of 0.2%, and Z boson and photon of 0.2%. Decays into fermion pairs have the following
branching ratios: bottom quarks 58%, charm quarks 3%, τ leptons 6%, and muons 0.02% [68–72].

For most of the analyses discussed in this report, samples were produced with MC generators as follows: ggF events
were simulated using the Powheg NNLOPS program [33,73–77], which provides NNLO accuracy in QCD. The other
production modes were simulated with the Powheg generator [73–75,78–80] at an accuracy of NLO in QCD, except for
bb̄H and tH , which were simulated using the MadGraph5_aMC@NLO generator, also at NLO accuracy in QCD [81]. In
the majority of cases, the Pythia program is used to simulate decays and to model the effects of parton showering,
hadronisation and the underlying event. To evaluate modelling uncertainties, alternative samples showered with the
Herwig program are used. The effect of multiple interactions in the same and neighbouring LHC bunch crossings (pile-up)
was modelled by overlaying the original hard-scattering event with simulated inelastic pp events. The generated events
were passed through a simulation of the ATLAS detector [82] using Geant4 [83].

1.3. The LHC run 1 legacy: From the discovery of the Higgs boson to the first property measurements

1.3.1. The Higgs boson discovery
By 2012, both the LEP collider at CERN and the Tevatron collider at Fermilab had searched for the Higgs boson and

excluded the existence of a SM Higgs boson with a mass below 114.4 GeV [84] or between 149 and 182 GeV [85] at 95%
confidence level (CL). SM consistency fits based on precision electroweak measurements hinted at a Higgs boson with a
mass of ∼90 ± 30 GeV [86,87].

Due to record centre-of-mass energies and a steady increase in collected pp data, Run 1 of the LHC saw a continuous
widening of the excluded mass ranges for a SM Higgs boson, except for masses around 125 GeV, where, during the 2011
and 2012 data taking, the data recorded by the ATLAS and CMS detectors showed an excess over the background-only
hypothesis.

On July 4th, 2012, based on approximately 10 fb−1 of recorded LHC data each, the ATLAS and CMS Collaborations
individually announced the discovery of a neutral boson with a mass of about 125 GeV [1,2]. As shown in Fig. 3, multiple
decay channels contributed to the combined significance of the excess, which exceeded the five standard deviation (σ )
discovery threshold. The ones with the highest significances were the γ γ and four-lepton (ZZ∗

→ 4ℓ, ℓ = e, µ) final
states, which provide an excellent invariant mass resolution and favourable signal-to-background ratios, as well as the
WW ∗

→ eνµν final state. Fig. 4 shows the observed excess in the γ γ and 4ℓ invariant mass distributions, and in
the transverse mass distribution for the H → WW ∗

→ eνµν decay channel, where the transverse momentum of the
neutrinos is estimated through the missing transverse momentum in the detector. This results in the wider distribution

seen in Fig. 4(c). The transverse mass is defined as mT =

√
(EℓℓT + Emiss

T )2 − |p⃗ ℓℓ
T + p⃗ miss

T |
2, where p⃗ ℓℓ

T is the transverse
momentum vector of the dilepton system, p⃗ miss

T is the missing transverse momentum vector with magnitude Emiss
T , and

EℓℓT is the square root of sum in quadrature of the magnitude of p⃗ ℓℓ
T and the invariant mass of the dilepton system.

1.3.2. First measurements of the Higgs boson properties
The data produced by the LHC and recorded by the ATLAS and CMS detectors in Run 1, in particular the 20 fb−1 of

data at 8 TeV centre-of-mass energy recorded in 2012, allowed the first measurements of the properties of the newly
discovered particle.

A Higgs boson mass measurement in the H → ZZ∗
→ 4ℓ and H → γ γ decay channels, combining ATLAS and CMS

data, resulted in a value of mH = 125.09±0.24 GeV [20]. This value is used as input to almost all measurements performed
by the ATLAS Collaboration based on the LHC Run 2 data. In most measurements, the effect of the associated uncertainty
is negligible.

Combining ATLAS and CMS Higgs boson measurements from Run 1 in all accessible production and decay channels, the
Higgs boson signal yield relative to the SM prediction, also called signal strength µ, was measured to be 1.09 ± 0.11 [88].
Each experiment observed, with more than 5σ significance, the ggF production process and the decays into two Z bosons,
two W bosons, and two photons. The combination also allowed observation of VBF production and decays into two τ -
leptons. Assuming SM coupling structures, the couplings of the Higgs boson to the gauge bosons were measured with an
accuracy of ∼10%, to top quarks and τ -leptons with ∼17%, and to bottom quarks with ∼30%.

Differential cross-section measurements were performed in the H → γ γ , H → ZZ∗
→ 4ℓ, and H → WW ∗

→ eνµν
decay channels [89–92], analysing Higgs boson kinematics and properties of associated hadronic jet production.

First statements could also be made in Run 1 regarding the spin and CP properties of the newly discovered particle.
The fact that decays into two bosons were observed clearly characterises the particle as a boson, with the diphoton decay
excluding the spin-1 possibility [93,94]. Spin and CP studies of diboson decays [95] confronted the scalar hypothesis with

several alternative spin scenarios, including non-SM spin-0 and spin-2 models with universal and non-universal couplings
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Fig. 3. Left vertical axis: The p-value, i.e., the probability for a background-only experiment to be more like the signal than the observation, for
individual decay channels and their statistical combination. Right vertical axis: The translation to standard deviations. The horizontal axis shows the
Higgs boson mass hypothesis [1].

Fig. 4. Invariant mass distributions in the (a) ZZ∗
→ 4ℓ and (b) γ γ final states, and (c) the transverse mass in the WW ∗

→ eνµν final state,
howing the excesses in data events over the background-only hypotheses that led to the discovery of the Higgs boson [1].
5



ARTICLE IN PRESS
A. Collaboration Physics Reports xxx (xxxx) xxx

t
a

t
t

f

t
M
b
t
q
d
o
F
H

2

2

O
b
d
m
H
v

o fermions and vector bosons. All tested alternative models were excluded in favour of the SM Higgs boson hypothesis
t a CL of more than 99.9%. No sign of CP violation was found in VBF production with τ -lepton decays [96].
An upper limit was set on the width of the Higgs boson by the ATLAS Collaboration of 22.7 MeV [97], which corresponds

o roughly six times the SM expectation. This assumed that the signal strength on the Higgs boson peak and off-shell is
he same [98–101].

Within the achieved statistical and systematic uncertainties, all measurements in Run 1 agreed with the predictions
or a SM Higgs boson.

In Run 2 of the LHC, the ATLAS detector recorded 140 fb−1 of pp collision data. For this data sample, the SM predicts a
otal of ∼9 million Higgs bosons produced at the ATLAS interaction point, of which 0.3% are experimentally accessible [19].
aking use of this unprecedented amount of data, the goals for Run 2 included a more precise determination of the Higgs
oson mass and width (see Section 2), and of fiducial and differential cross-sections (see Section 3). Measurements of
he Higgs boson couplings to fermions, in particular the direct observation of the Yukawa couplings to third generation
uarks (see Section 4) were eagerly anticipated, as were the searches for rare decays (see Sections 4 and 5). The larger
ata sample also allowed increased precision on the measured Higgs boson production cross-sections and couplings to
ther particles (see Section 6) and the study of the CP properties of both the boson and fermion couplings (see Section 7).
inally, enormous progress was made regarding the search for Higgs boson pair production and the constraints on the
iggs boson self-coupling (see Section 8).

. Higgs boson mass and width

.1. Higgs boson mass

The SM predicts the existence of a Higgs boson but not its mass, which therefore has to be measured experimentally.
nce the mass of the Higgs boson is known, together with the masses of fermions, the SM production cross-section and
ranching ratios can be calculated. They can then be checked experimentally to search for deviations from SM predictions
ue to potential new phenomena. The value of the Higgs boson mass also affects the SM predictions of the effective weak
ixing angle and, logarithmically, the W boson mass (see e.g., Ref. [102]). Moreover, the shape and energy evolution of the
iggs potential are directly related to the Higgs boson mass, which therefore determines the stability of the electroweak
acuum [16,103].
Among the various decay modes, H → γ γ and H → ZZ∗

→ 4ℓ play a special role in the characterisation of the Higgs
boson and in particular the measurement of its mass. Both final states are fully reconstructable, provide an excellent mass
resolution, and are accompanied by well-understood backgrounds. Among the two, H → γ γ yields more signal events,
while H → ZZ∗

→ 4ℓ benefits from a higher signal-to-background ratio.
The H → γγ decay channel [104] allows the direct observation of a narrow mass peak over a smooth background

that can be determined directly from the collected data. The typical mass resolution in the ATLAS detector is 1.7 GeV for a
Higgs boson mass of 125 GeV. The main background process is non-resonant γ γ production with a smaller contribution
of about 25% from γ +jet and dijet processes where one or two of the hadronic jets are misidentified as photons. In
the H → γ γ analysis, the Higgs boson properties (e.g., signal yield, mass) are measured in events with at least two
isolated and well-identified photon candidates. The selection efficiency for events with a SM Higgs boson decaying into
two photons is about 36%. Depending on the measurement being performed, events are classified into different categories
to improve the specific sensitivity to a given observable. In the case of the Higgs boson mass measurement, the selected
events are classified into 14 categories with different signal-to-background ratios, invariant mass resolutions and photon
energy scale uncertainties.

The invariant diphoton mass distribution (mγ γ ) of the simulated signal in each category is found to be very well
described by a double-sided Crystal Ball [105] probability density function. The normalisation factors of the signal, one
for each category, are treated as free parameters in the fit to reduce the model-dependence of the measurement. In each
category, the mγ γ distribution of the background processes is represented by either an exponential function, a power-law
function, or the exponential of a second-order polynomial.

One key aspect of the mass measurement in the H → γ γ channel is the careful control of the systematic uncertainties,
mainly arising from the photon energy scale. A significant effort was devoted during Run 2 to substantially reduce these
uncertainties, resulting in a decrease of a factor close to four compared to the mass measurement performed with
the initial 36 fb−1 of LHC Run 2 data [106]. This improvement in the photon energy scale calibration was achieved
through a better understanding of the energy response across the longitudinal layers of the ATLAS electromagnetic
calorimeter and a new correction implemented in the extrapolation of the electron energy scale measured in Z → ee
events to photons [107]. The impact of the photon energy scale uncertainty on the mass measurement was reduced to
83 MeV. Systematic uncertainties related to the choice of the function used to describe the background are also taken
into account, with a minor impact on the mass measurement, but more relevant for analyses targeting the measured
signal yield. The measured mass of the Higgs boson in the H → γ γ final state using the full Run 2 data sample is
mH = 125.17 ± 0.11(stat.) ± 0.09(syst.) GeV. The measurement is statistically limited, hence opening the possibility for
substantial improvements with the future LHC runs. The diphoton invariant mass distribution of all selected data events,
weighted according to the signal-to-background ratio in the respective category, and the fitted functions are shown in
Fig. 5(a).
6
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Fig. 5. (a) Weighted diphoton invariant mass distribution of all selected data events, overlaid with the result of the fit [104]. (b) Four-lepton invariant
mass distribution of the selected events in data compared with the simulation [108].

H → ZZ∗
→ 4ℓ decays [108] are reconstructed by requiring two pairs of oppositely charged same-flavour isolated

lectrons or muons in the final state. One of the two pairs, the leading lepton pair is required to have an invariant mass
ompatible with that of the Z boson. The events are split into four sub-channels according to the flavour of the leading
nd subleading lepton pair (4µ, 2e2µ, 2µ2e, 4e). The selection efficiency ranges between 31% and 16%, depending on the

sub-channel. The dominant background process is non-resonant ZZ → 4ℓ production, which is suppressed in this specific
measurement by using a neural network (NN) based classifier. The measurement of the Higgs boson mass is carried out by
simultaneously fitting the reconstructed invariant mass of the four-lepton system (m4ℓ) in the four sub-channels using an
unbinned maximum-likelihood approach. The resolution of m4ℓ varies from approximately 1.5 GeV to 2.1 GeV. The signal
model comprises a double-sided Crystal Ball probability density function, with the mean of its Gaussian core determined
as a function of mH and the standard deviation expressed as a function of the predicted event-level resolution. In the
fitting procedure, the normalisations of the signal and background components are treated as free parameters for each of
the four sub-channels.

Fig. 5(b) shows the four-lepton invariant mass distribution of the selected events in data compared with the simulation.
The Higgs boson mass measured in the H → ZZ∗

→ 4ℓ channel using the Run 2 data sample is mH = 124.99 ±

0.18(stat.) ± 0.04(syst.) GeV, with the dominant source of systematic uncertainty arising from the uncertainties in the
muon momentum scale, resolution and sagitta bias correction (28 MeV) and the electron energy scale (19 MeV).

The combination of the mass measurements performed with the H → γ γ and H → ZZ∗
→ 4ℓ channels using

Run 1 and Run 2 [20] data results in a Higgs boson mass of mH = 125.11 ± 0.09(stat.) ± 0.06(syst.) GeV [109], which
corresponds to an experimental precision of 0.09%. With the current precision achieved in the Higgs boson mass, the
impact of its uncertainty on the Higgs boson production cross-sections and branching ratios is below 1%. A summary plot
of the Higgs boson mass measurements performed in Run 1 and Run 2 and their combination is shown in Fig. 6.

2.2. Higgs boson width

Once the mass of the Higgs boson is known, the SM allows the width to be computed. For a Higgs boson with a mass
of 125 GeV, the expected width is only ΓH = 4.1 MeV [18]. Any deviation from this value would indicate the presence of
phenomena beyond the SM, e.g., Higgs boson decays into so-far unknown particles.

Due to the experimental mass resolution in the most precise channels (H → γ γ and H → ZZ∗
→ 4ℓ) of the

order of 1−2 GeV, a direct measurement of the SM width of the Higgs boson is not achievable from the detected
lineshapes. Similarly, the corresponding lifetime is so short that the decay length is extremely small, well beyond the
experimental resolution on the reconstruction of the displaced vertex from the beam spot. In addition, the width cannot
be extracted from the rate measurement in the different decay channels because only cross-section times branching-ratio
measurements are possible at the LHC. However, in 2012, a different method was proposed, which relies on measuring
on-shell and off-shell Higgs boson production [98–101]. In the SM, despite the small total width, about 10% of the
gg → H∗

→ VV (V = W , Z) events are produced with an invariant mass larger than twice the vector bosons masses. In
particular, the vector bosons from the Higgs boson decay and the top quarks running in the ggF production loop can be
on-shell above the thresholds of 2mV and 2mt , respectively. On-shell Higgs boson production is inversely proportional to
the width, e.g., for ggF production with the Higgs boson decaying into two V bosons

σ on−shell
gg→H→VV ∝

g2
ggF ,on−shellg

2
HVV ,on−shell

, (1)

ΓHmH

7
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Fig. 6. ATLAS Higgs boson mass measurement combining LHC Run 1 and Run 2 results in the H → γ γ and H → ZZ∗
→ 4ℓ final states [109].

where gggF ,on−shell and gHVV ,on−shell are the on-shell couplings associated with the Higgs boson production and decay. On
the other hand, off-shell Higgs boson production has negligible dependence on the width, e.g.,

σ off−shell
gg→H→VV ∝

g2
ggF ,off−shellg

2
HVV ,off−shell

m2
VV

. (2)

Similar expressions apply to electroweak production, where the gggF coupling is replaced by the gHVV coupling. If the
ffective couplings have a known relationship (e.g., the one predicted in the SM) in the on-shell and off-shell regimes,
he ratio of the off-shell to the on-shell production allows the determination of ΓH .

The off-shell Higgs boson signal cannot be treated independently of the gg → VV background due to significant
egative interference between the two processes [98]. For a given off-shell signal strength µoff−shell, the expected number
f events as a function of the invariant mass of the diboson system, mVV , is positive and corresponds to the sum of the
g → VV background, the off-shell signal, which is proportional to µoff−shell, and the (negative) interference term, which
s proportional to

√
µoff−shell. Additionally, when extracting the width of the Higgs boson, it must also be assumed that any

new phenomena affecting the off-shell signal strength and the off-shell couplings do not modify the relative phase of the
interfering signal and background processes. The full Run 2 data sample is used to study off-shell Higgs boson production
and set an upper limit on the width of the Higgs boson through the ZZ → 4ℓ and ZZ → 2ℓ2ν final states [110], which
ere identified as the most sensitive channels in Run 1 [111].
The ZZ → 4ℓ analysis selects events with two same-flavour oppositely charged dilepton pairs and a four-lepton

nvariant mass above the on-shell ZZ production threshold. The mass of each dilepton pair is required to be compatible
ith that of a Z boson. The signal regions are designed to be sensitive to both the electroweak and ggF production
odes, considering only events with m4ℓ > 220 GeV, while events with 180 < m4ℓ < 220 GeV are used to constrain

he normalisation of the dominant qq → ZZ process. To enhance the signal sensitivity, a multi-class dense NN is
sed to distinguish among the off-shell Higgs boson signal, the interfering background and non-interfering background.
wo separate NNs are trained for ggF and electroweak-induced signals. The NN’s output is employed to define the
inal observable, serving as a discriminating variable in the corresponding signal region. Fig. 7(a) shows the observed
istribution of the NN based discriminant in the ggF signal region compared with the SM expectations.
In the ZZ → 2ℓ2ν final state, the presence of neutrinos prevents the kinematic reconstruction of mZZ . The

iscriminating variable used to enhance sensitivity to the off-shell production of the Higgs boson is therefore the
ransverse mass, computed from the transverse components of the momenta, defined as

mZZ
T ≡

√(√
m2

Z + (pℓℓT )2 +

√
m2

Z + (Emiss
T )2

)2

−
⏐⏐p⃗ℓℓT + p⃗ miss

T

⏐⏐2, (3)

which is reconstructed from the mass of the Z boson mZ , the transverse momentum vector of the dilepton system p⃗ℓℓT
and the missing transverse momentum vector p⃗ miss

T , along with their respective magnitudes. Signal events are selected
by requiring two oppositely charged electron or muon candidates with a dilepton invariant mass compatible with the Z
boson mass and high Emiss

T , vetoing events with a third lepton. Additional selection criteria are optimised to maximise
the signal significance relative to the main backgrounds, which include ZZ , WZ , WW , top-quark, and W/Z+jets processes.
Fig. 7(b) shows the observed mZZ distribution compared with the SM prediction in the ggF signal region.
T
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Fig. 7. (a) Observed and expected distribution of the NN-based observable sensitive to the off-shell production in the 4ℓ channel in the ggF signal
egion [110]. (b) Observed and expected transverse mass distribution in the 2ℓ2ν channel in the ggF signal region [110].

Combining the 4ℓ and 2ℓ2ν channels, the ratio of the off-shell Higgs boson production rate to its SM prediction
µoffshell) is measured. The data are found to be consistent with SM predictions, rejecting the hypothesis of no off-
hell Higgs boson production (µoffshell = 0) with an observed (expected) statistical significance of 3.3 (2.2)σ , thus
roviding experimental evidence for this process. In addition, these results are combined with the on-shell Higgs boson
easurements in the H → ZZ∗

→ 4ℓ channel [112], obtaining an indirect measurement of the width of the Higgs boson
f ΓH = 4.5+3.0

−2.5 MeV, in agreement with the SM expectation, and observed (expected) lower and upper limits on the total
idth of 0.5 (0.1) < ΓH < 10.2 (10.6) MeV at 95% CL.

. Fiducial and differential cross-sections

Fiducial and differential cross-section measurements allow the characterisation of the Higgs boson through production-
nd decay-related distributions. They are usually performed inclusively over all production modes. Compared to measure-
ents of event yields, these cross-section measurements have the advantage that they can be easily interpreted and used
y physicists outside the ATLAS Collaboration, as they include corrections for detector effects.
In each final state, a fiducial phase space is chosen to reduce the extrapolation from the measured phase space and

herefore the model dependence of the measurement. The fiducial phase space is defined at particle level, i.e., based on
enerated stable particles, approximating the selection of reconstructed events. After selecting the events, the extraction
f the signal event yields and the correction to the fiducial phase space are performed simultaneously using a likelihood
it.

.1. Fiducial and total cross-sections

Higgs boson production cross-sections are measured in the γ γ and ZZ∗
→ 4ℓ final states. The event selections are

ery similar to those discussed in Section 2, but the events are not separated into different categories. The Higgs boson
roduction cross-section times branching ratio measured in the γ γ fiducial volume is 67 ± 6 fb [113], while the cross-
ection times branching ratio measured in the ZZ∗

→ 4ℓ fiducial volume is 3.28 ± 0.32 fb [114]. Both results are in
greement with the SM predictions (64±4 fb and 3.41±0.18 fb, respectively [18]), and achieve a precision of about 10%.
To allow the combination of the ZZ∗

→ 4ℓ and γ γ measurements [115], total cross-sections are extracted by
xtrapolating from the fiducial to the total phase space, also correcting for the branching fractions. The combination
mproves the statistical power by roughly doubling the analysed data sample, as the lower cross-section times branching
raction of the ZZ∗

→ 4ℓ decay channel is balanced by a better signal-over-background ratio compared to the γ γ
easurement. On the other hand, the combination increases the model-dependence of the result. The extrapolation

actors rely on SM predictions and uncertainties related to the measured cross-sections of the different Higgs boson
roduction modes are taken into account. The reduction in statistical uncertainties is significantly larger than the
dditional uncertainties due to the extrapolation, which are at the per-cent level. The cross-sections measured at different
entre-of-mass energies are presented in Fig. 8, together with the SM prediction. For pp collisions at 13 TeV centre-of-mass
nergy, the measured cross-section is 55.5 ± 3.2(stat.)+2.4

−2.2(syst.) = 55.5+4.0
−3.8 pb, achieving a precision of about 7%. Good
agreement with the SM prediction (55.6 ± 2.2 pb [18]) is observed.

9
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Fig. 8. Total pp → H + X cross-sections measured at centre-of-mass energies of 7, 8 and 13 TeV in the ZZ∗
→ 4ℓ and γ γ decay channels, and their

ombination, compared with SM predictions [115].

.2. Differential cross-sections

Measurements of differential cross-sections allow probing of Higgs boson kinematics, such as the Higgs boson
ransverse momentum pHT and rapidity, and other aspects of Higgs boson production and decay, such as the number
nd properties of the associated hadronic jets. The ZZ∗

→ 4ℓ and γ γ differential cross-section measurements are
performed individually and combined, to benefit from the reduced statistical uncertainties. As for the total cross-section,
the necessary extrapolation introduces additional model-dependent uncertainties.

For each observable, a likelihood fit performs the extraction of the signal event yields in each bin. It uses dedicated
factors for the correction of measurement inefficiencies, a migration matrix for the unfolding of resolution effects, and
the measured luminosity to determine the cross-sections. No regularisation is applied. In addition to the experimental
and background uncertainties, uncertainties related to the model dependence of the unfolding are included.

The pHT distribution of the Higgs boson is one of the most interesting observables to measure as it could be sensitive to
different phenomena beyond the SM (BSM). It could differ from the SM prediction if the Higgs boson were produced
together with an invisible particle or if so-far unknown particles contributed to the ggF loop. In addition, the pHT
distribution, the overall production rate and the H → γ γ branching fraction are sensitive to the Yukawa couplings
of the Higgs boson to the bottom and charm quarks. Both the contributions of these quarks to the loop-induced ggF
production and bb̄ and cc̄ initiated Higgs boson production play an important role. The pHT would also be modified by the
presence of new dynamics. Constraints on non-SM interactions can be set within an effective field theory model, as shown
in Section 6. A combined measurement of pHT , extrapolated to the total phase space, is shown in Fig. 9(a). The binning
was chosen to adequately capture the shape of the distribution for the subsequent interpretations. A precision of 20% is
achieved in some regions. Fig. 9(b) shows the observed limits at 95% CL on the Yukawa coupling-strength modifiers of
the bottom and charm quarks, defined as the ratios of the measured Yukawa couplings to their SM values [116], based
on the shape and normalisation of the pHT distribution. The combination of these constraints with those from the H → bb̄
nd H → cc̄ analyses is discussed in Section 4.
Fig. 10 shows the rapidity of the Higgs boson measured in the H → γ γ decay channel and the invariant mass of

the off-shell Z boson in the H → ZZ∗
→ 4ℓ decay channel. The rapidity of the Higgs boson is sensitive to the parton

distribution functions of the colliding protons, and is also influenced by QCD radiative corrections. The invariant mass
of the off-shell Z boson would be modified by the presence of a ‘dark’ Z boson mixing with the SM [117,118]. It is also
sensitive to anomalous couplings and can be interpreted in the pseudo-observable framework [119]. The two results are
a subset of the measured distributions, which cover a broad range of observables, ranging from Higgs boson kinematics
to properties of the associated hadronic jets and of the Higgs boson decay products.

Despite the missing information from the neutrinos in the final state and thanks to the relatively high branching
ratio, it is also possible to measure differential cross-sections in the WW ∗

→ eνµν final state [120,121]. In this channel,
the measurements are not performed inclusively, but separately for ggF and VBF production. Events are selected if they
contain two oppositely charged, different-flavour leptons (electrons or muons). Further requirements are applied to ensure
a non-negligible missing transverse momentum in the event. To suppress ττ background from the Υ meson, or from an
off-shell photon or Z boson (Drell–Yan) a minimum requirement on the invariant mass of the two leptons is applied.
After the event selection, the dominant backgrounds to the Higgs boson signal are non-resonant WW production, top
10
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Fig. 9. (a) Higgs boson transverse momentum measured in the ZZ∗
→ 4ℓ and γ γ decay channels, and their combination, compared with two SM

ggF predictions, which are scaled to the total expected N3LO cross-section and added to the predictions for the other production modes. (b) Observed
limits at 95% CL on the Yukawa coupling-strength modifiers based on both the shape and normalisation of the Higgs boson transverse momentum
distribution. The SM prediction and the observed best-fit values are also indicated [115].

Fig. 10. (a) The rapidity of the Higgs boson measured in the H → γ γ decay channel [113], and (b) the invariant mass of the off-shell Z boson in
the H → ZZ∗

→ 4ℓ decay channel [114]. The measurements are compared with different SM ggF predictions that are added to predictions for the
other production modes. For the invariant mass, the ggF predictions are scaled to the total N3LO cross-sections.

pair production, the Drell–Yan process, and jets that are misidentified as leptons. Dedicated control regions are created
that are enriched in these background processes. They are used in the subsequent fit to extract correction factors to the
estimated yields, which are extracted from MC for most backgrounds. To estimate the background from events with jets
misidentified as leptons, correction factors are determined from data and applied to the corresponding control region.
In the VBF analysis, an additional control region enriched in ggF events is added to the fit to estimate this background.
In the ggF analysis, the small contributions from other Higgs boson production modes are estimated by using simulated
11
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Fig. 11. Higgs boson transverse momentum measured for VBF production in the WW ∗
→ eνµν decay channel compared with different SM

redictions [121].

vents scaled to the expected SM cross-sections. The unfolding is performed by inverting the response matrix. In the ggF
nalysis, a Tikhonov regularisation term [122] is included in the likelihood to avoid large statistical fluctuations. Fig. 11
hows pHT measured for VBF production in the WW ∗

→ eνµν decay channel.
Good agreement is seen between all measured differential cross-sections and the state-of-the-art SM predictions.

4. Higgs boson couplings to fermions

4.1. Observation of the Higgs boson couplings to third generation fermions: τ -leptons, top and bottom quarks

In the SM, fermions obtain their masses by interacting with the Higgs field via the Yukawa coupling. One of the major
achievements during Run 2 of the LHC was the direct confirmation of the Yukawa couplings to third generation fermions.
This was accomplished by studying the fermionic decays of the Higgs boson and the associated production of the Higgs
boson with pairs of top quarks.

The observation of Higgs boson decays into two τ-leptons was established during Run 1 through a combination of
measurements by the ATLAS and CMS Collaborations, with a significance of 5.5σ [88]. ATLAS achieved a single-experiment
observation using 36.1 fb−1 of Run 2 data in combination with Run 1 data [123].

All combinations of hadronic and leptonic τ -lepton decays are considered. They are treated as separate analysis
channels due to differences in their background composition. In all channels, the dominant background is the Z → ττ

process. Therefore, the best sensitivity can be achieved for topologies in which Z boson production is suppressed, such as
Lorentz-boosted ggF and VBF production. The relative contributions from other backgrounds, primarily from top-quark and
vector-boson decays, as well as from misidentified leptonic or hadronic τ -lepton decays, vary considerably depending on
the τ -lepton decay mode. The invariant mass of the ττ system is used to discriminate between Higgs boson and Z boson
production and to extract the signal yield, making the mass resolution extremely important. An algorithm is employed
that determines the most probable ττ mass for the event, assuming that the measured missing transverse momentum
originates from neutrinos in a resonant ττ final state [124]. Several categories are defined based on the Higgs boson
production mode, particularly probing VBF and boosted Higgs boson production via ggF. The normalisations of the major
backgrounds are constrained using data from different control regions. The yields of the Z → ττ background are estimated
directly from a fit to the final discriminating variable.

In Fig. 12(a), the reconstructed invariant mass of the ττ system is shown for all signal regions using the 2015–2016
ATLAS data sample [123]. The H → ττ signal is established with an observed (expected) significance of 4.4σ (4.1σ ), which
increases to 6.4σ (5.4σ ) when combined with the Run 1 results.

With the data collected by the end of Run 2, it is possible to probe the H → ττ cross-section in the four major
production modes (ggF, VBF, VH , and t t̄H), and as a function of the kinematic properties of the events in ggF and
electroweak production processes [125]. In Fig. 12(b), the reconstructed invariant mass of the τlepτhad pair is shown, where
one τ -lepton decays leptonically and one hadronically. The measured cross-sections times branching ratio for |yH | < 2.5 in

+ 0.91 + 0.032
the dominant ggF and VBF production modes are 2.65± 0.41(stat.)
− 0.67(syst.) pb and 0.197± 0.028(stat.)

− 0.026(syst.) pb
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Fig. 12. (a) The invariant mass of the ττ system for all combinations of τ -lepton decays using 36.1 fb−1 of data [123]. (b) The same observable
considering only signal regions with one τ -lepton decaying leptonically and one decaying hadronically for 139 fb−1 of data [125]. (c) The measured
cross-sections times branching ratio in nine different kinematic regions compared with the SM expectations [125].

respectively, in agreement with the SM expectations. Cross-sections of the production of a Higgs boson decaying into
τ -leptons are measured as a function of pHT , the number of jets produced in association with the Higgs boson, and the
invariant mass of the two leading jets mjj, as shown in Fig. 12(c). The achieved statistical and systematic uncertainties
are 24% for the electroweak production of the Higgs boson with two jets and mjj greater than 350 GeV and about 40% for
the boosted ggF production.

The observation of t t̄H production [126] was an important breakthrough. Since the strength of the Yukawa
interaction is proportional to the fermion mass, the predicted Yukawa coupling of the top quark is the largest one in
the SM, with a value close to unity. Indirect constraints on this coupling were already obtained through ggF production
and Higgs boson decays into photons, which occur via quantum loops (Fig. 1). In the SM, the dominant contribution to
the former arises from diagrams featuring the top quark or the bottom quark in the loop, along with their interference.
Meanwhile, in the latter case, the primary contribution is due to the W boson in the loop or the top quark [127]. However,
13
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o-far unknown phenomena could affect these loops, therefore a direct measurement through t t̄H production is necessary
o disentangle and probe potential BSM effects.

The presence of complex final states and large irreducible backgrounds, combined with a small predicted rate (about
% of the total Higgs boson production), makes the measurement of t t̄H challenging. Different analyses using up to

79.8 fb−1 of Run 2 data and targeting various Higgs boson decay channels were combined, leading to the observation
of this production mode in 2018 [126].

The search for t t̄H production via H → bb̄ decays [128] benefits from the large Higgs boson branching fraction
to bottom quarks, but suffers from sizeable backgrounds, primarily from events with a top quark pair and additional
heavy-flavour jets, which are also challenging to model. Events are selected in which one or both top quarks decay
semileptonically. The events are further categorised using the jet multiplicity and the probability that a certain jet
originates from a bottom quark (b-tagging). This allows nine signal-enriched regions to be defined, with a maximum purity
at the level of about 5%, and ten background-enriched control regions. Multivariate discriminants based on kinematic
variables are trained for each region to further enhance the signal-to-background separation. The signal yield is extracted
through a global fit in which the normalisation of the t t̄ +heavy flavour background components is allowed to float
freely. An excess over the background-only hypothesis is observed (expected) with a significance of 1.4σ (1.6σ ) with
the 2015–2016 data sample, corresponding to 36.1 fb−1 of Run 2 data.

Searching for t t̄H production, the H → WW ∗, H → ττ , and the H → ZZ∗ decays are difficult to disentangle, as they
lead to similar final states featuring the presence of multiple leptons. Therefore, they are treated together in a common
t t̄H,H → multilepton analysis [129]. The t t̄H , H → ZZ∗

→ 4ℓ contribution is studied in a dedicated analysis and
minimised to be negligible in the t t̄H,H → multilepton analysis with a selection based on the four-lepton invariant
mass. Events are categorised into seven orthogonal categories based on the number of light leptons and hadronically
decaying τ -lepton candidates. The t t̄ background is suppressed by requiring two leptons with the same charges or at
least three leptons of any charges. The defined categories have different background compositions and a wide range of
total yields and signal purities. The irreducible background is predominantly composed of SM processes with prompt
leptons, such as t t̄W , t t̄Z , and diboson production. Control regions are used to extract the normalisation for these
backgrounds and estimate the backgrounds with non-prompt light leptons and mis-identified hadronically decaying τ -
lepton candidates. Dedicated multivariate discriminants are employed in most of the signal regions to further enhance the
signal-to-background separation. In Fig. 13(a), the observed and expected yields in the signal regions and control regions
are shown. A combined profile likelihood fit across all regions extracts the signal with an observed (expected) significance
of 4.1σ (2.8σ ) with the 2015–2016 data sample, corresponding to 36.1 fb−1 of Run 2 data.

The t t̄H , H → ZZ∗
→ 4ℓ final state is treated in a dedicated analysis [126], separating events in which both top

quarks decay hadronically from events in which at least one top quark decays semileptonically and employing a boosted
decision tree (BDT) in each region. Due to the small Higgs boson branching ratio to four leptons, the expected rates are
very low. The expected background contamination is also small. The simulation predicts 0.6 signal events, and an expected
significance of 1.2σ . No events are observed with 79.8 fb−1 of Run 2 data.

The t t̄H analysis using H → γ γ decays [126] benefits from a very clean signature, with a peak in the invariant mass
distribution of the diphoton system over a smooth background, but it suffers from a low rate. The main background
processes are non-resonant diphoton production and other Higgs boson production modes. Regarding the associated top
quark decays, this analysis distinguishes between leptonic events (where at least one light lepton is present) and hadronic
channels. BDTs are employed in various analysis categories to separate the signal from backgrounds. As shown in Fig. 13(b),
the signal is extracted from signal-plus-background fits to the γ γ invariant mass distribution, with the background
constrained by the mass sidebands. The resulting observed (expected) significance is 4.1σ (3.7σ ) with 79.8 fb−1 of Run 2
data.

Combining the various decay modes, along with the results obtained using the Run 1 data, an observed (expected)
significance of 6.3σ (5.1σ ) for t t̄H production is achieved with 36.1−79.8 fb−1 of Run 2 data [126]. Assuming SM branching
fractions, the total t t̄H production cross-section at 13 TeV is measured to be 670 ± 90(stat.)+110

−100(syst.) fb, in agreement
with the SM prediction. Fig. 13(c) shows the combined event yields in all analysis categories as a function of log10(S/B),
where S and B are the expected signal and background yields extracted from the fit, with a clearly visible signal-like
excess over the background at high log10(S/B).

Exploiting the full Run 2 data sample, it is possible to make cross-section measurements as a function of pHT in t t̄H
production, both in the H → γ γ [131] and H → bb̄ [130] final states. Fig. 13(d) shows the results obtained in the H → bb̄
final state.

The observation of Higgs boson decays into bottom-quark pairs in 2018 was another significant milestone in the
understanding of Higgs boson interactions [132]. This observation provides direct evidence of the Yukawa coupling of the
Higgs boson with down-type quarks.

The H → bb̄ decay has the largest branching ratio in the SM at about 58%. However, inclusive H → bb̄ searches are
very challenging at the LHC due to backgrounds arising from multijet production that are orders of magnitudes larger than
Higgs boson production. The most sensitive analysis is based on VH production, where events are categorised according to
the number of charged leptons (muons or electrons) from the vector boson decays. Events containing zero or two leptons
target ZH production, while events with one lepton target WH production. All events are required to have at least two

jets, of which exactly two must have a high probability to originate from bottom quarks. The primary background sources
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Fig. 13. (a) Comparison of the data to the prediction in the different signal and control regions of the t t̄H , H → multilepton analysis, after the
fit is performed [129]. (b) The diphoton invariant mass distribution in the t t̄H,H → γ γ analysis [126]. (c) Event yields as a function of log10(S/B)
for data, background and a Higgs boson signal for all decay channels considered, using up to 79.8 fb−1 of data, leading to the observation of t t̄H
production [126]. (d) Measured t t̄H production cross-sections normalised to the SM expectation as function of pHT in the H → bb̄ final state [130].

are V+jets and t t̄ production, and their normalisation is constrained using dedicated control regions. The separation
between the signal and background is achieved using the invariant mass of the bb̄ system mbb̄ and several other kinematic
observables, such as the transverse momentum of the vector boson. These observables are used as input to BDTs in the
different signal regions. Based on the first 79.8 fb−1 of Run 2 data, the analysis yields an observed significance for VH ,
H → bb̄ production of 4.9σ (4.2σ expected). Combining this result with the searches for H → bb̄ in other Higgs boson
production modes, a significance of 5.4σ is observed, with an expectation of 5.5σ . Furthermore, the combination of this
esult with the other searches for VH production provides the first observation of this process with a significance of 5.3σ
4.8σ expected).

In addition, an analysis without multivariate discriminants (cut-based analysis) is performed as a cross-check. In this
ase, mbb̄ is used as the discriminating variable and additional selection criteria are employed, e.g., on the separation
etween the two b-tagged jets, to increase the purity of the signal regions. The VZ process with the Z boson decaying
nto bb̄ offers a powerful validation of the cut-based analysis, as this process closely resembles the Higgs boson signal
xcept for the lower invariant mass of the bb̄ system. Fig. 14(a) shows the invariant mass distribution of the bb̄ system
fter subtracting all backgrounds except for the VZ process, using the first 79.8 fb−1 of data in Run 2. The VZ contribution
s clearly visible, along with a significant excess at higher mbb̄ values due to VH production.

The full Run 2 data sample allows further improvements in the VH , H → bb̄ measurements [133], yielding a measured
ignal strength relative to the SM prediction of µbb

VH = 1.02+0.12
−0.11(stat.)

+0.14
−0.13(syst.). Fig. 14(b) shows the observed and

predicted discriminant distribution used to separate the Higgs boson signal from the backgrounds in one of the signal
regions. In addition, cross-sections of associated production of a Higgs boson decaying into bottom quark pairs and a
vector boson decaying into leptons are measured as a function of the vector boson transverse momentum in kinematic
15
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Fig. 14. (a) The S/B weighted bb̄ invariant mass distribution for the cut-based VH,H → bb̄ analysis after the subtraction of all backgrounds but the
Z and ZZ diboson processes, based on Run 2 data collected up to 2017 [132]. (b) Observed and predicted distribution for one of the 14 BDTs used

o separate the Higgs boson signal from the background processes in the VH,H → bb̄ analysis performed with the full Run 2 data sample [133]. (c)
The production cross-section of the Higgs boson times the H → bb̄ and V → leptons branching ratios as a function of the transverse momentum
of the vector boson pVT [134].

fiducial volumes, with uncertainties ranging from 30% in the highest pVT region (pVT > 250 GeV) to 85% in the lowest
75 GeV < pZT < 150 GeV).

For transverse momenta of the Higgs boson above about 300 GeV, the decay products of the Higgs boson in the
H,H → bb̄ process cannot always be reconstructed through two jets with a small radius parameter R (R = 0.4). The

collimated Higgs boson decay products may however be reconstructed as a single jet with a large radius parameter (R = 1).
This boosted region is particularly interesting due to its sensitivity to BSM physics at high energy scales. The measured
signal strength for the VH,H → bb̄ events reconstructed as a single large-radius jet with pVT > 250 GeV with the full Run
2 data is µbb

VH = 0.72+0.39
−0.36 [135].

A combination of the VH,H → bb̄ measurements targeting different transverse momentum regions by reconstructing
the Higgs boson as two individual jets [133] or a single large-radius jet [135] is also performed [134]. The overlap between
the two analyses is addressed by switching from the former to the latter at a pV of 400 GeV. Cross-sections are measured
T
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Fig. 15. (a) Invariant mass distribution of the two charm-tagged jets in a selected signal region of the H → cc̄ analysis [116]. The H → cc̄ signal is
lso shown, scaled by 300 times the SM prediction. (b) The observed and expected 95% CL upper limits on the VH , H → cc̄ signal strength in the

different analysis categories and for the combined fit [116].

as function of the transverse momentum of the W and Z bosons and found to be compatible with the SM expectations,
as shown in Fig. 14(c).

Higgs bosons decaying into bottom-quark pairs are also studied in the VBF production mode [136], resulting in a
measured yield of 0.95+0.38

−0.36 times the one predicted by the SM with the full Run 2 data sample, corresponding to an
observed (expected) significance of 2.6σ (2.8σ ).

Run 2 data are also exploited to study the inclusive production of the Higgs boson at high transverse momentum in the
H → bb̄ decay channel [137]. The observed (expected) 95% CL upper limit on the Higgs boson production cross-section
for pHT > 1 TeV is 9.6 (7.4) fb, while the SM cross-section in the same kinematic region is 0.13 fb.

4.2. Higgs boson couplings to the second generation fermions: H → cc̄ and H → µµ

One of the challenges tackled during Run 2 was the investigation of the Yukawa interactions of the Higgs boson with the
fermions of the second generation. As the Yukawa interaction is the only known fundamental interaction that distinguishes
between fermion generations, the study of the couplings beyond the third generation is crucial.

Higgs boson decays into charm quark–antiquark pairs are usually searched for in events compatible with VH
production [116]. As in the H → bb̄ case, this production mode provides the possibility for efficient triggering and
background rejection through the leptonic decays of the associated W or Z bosons. Nevertheless, the analysis of H → cc̄
encounters several additional challenges. The branching ratio for Higgs boson decays into charm quark–antiquark pairs
is B(H → cc̄) = 2.89%, approximately 20 times smaller than the branching ratio for Higgs boson decays into bottom
quark–antiquark pairs. In addition, charm-hadron decays have less distinct signatures compared to those of bottom-
hadron decays due to the shorter lifetime of charm hadrons. A dedicated algorithm requires jets to have a high probability
to originate from charm quarks while vetoing jets likely to originate from bottom quarks, allowing the possibility to
statistically combine the H → cc̄ and H → bb̄ analyses. This configuration gives an average efficiency of 27% to tag c-jets
in simulated t t̄ events, with b- and light-jet misidentification rates of 8% and 1.6%, respectively. Similarly to the H → bb̄
analysis, events are classified according to the number of charged leptons in the events. Additional cuts are applied in the
various categories to suppress the V+jet, t t̄ and diboson backgrounds. The VH , H → cc̄ signal and background yields are
obtained through a simultaneous fit to the invariant mass of the charm-tagged jets (mcc̄). The analysis strategy is validated
by the simultaneous measurement of diboson processes with one of the bosons decaying into at least one charm quark.
Fig. 15(a) shows the observed mcc̄ distribution in data compared with the SM prediction for one of the analysis categories.
The upper limit on the VH , H → cc̄ signal strength for each of the vector boson decay channels considered in the analysis
is shown in Fig. 15(b), and their combination yields an observed (expected) upper limit on the VH , H → cc̄ signal strength
of 26 (31) at 95% CL.

A statistical combination of the H → cc̄ and H → bb̄ analyses is performed to simultaneously constrain the coupling-
strength modifiers κb and κc , which are defined as the ratios of the measured Yukawa couplings to their SM values [116].
The combination ensures a reduced model dependency of the result, as, even after the H → cc̄ analysis selection, the VH ,

¯ ¯
H → bb process is expected to be two to eight times larger than the VH , H → cc contribution, depending on the signal

17



ARTICLE IN PRESS
A. Collaboration Physics Reports xxx (xxxx) xxx

b

Fig. 16. (a) The observed constraints on κb and κc at 68% and 95% CL from a fit to multivariate discriminants used to identify VH events with Higgs
osons decaying into bb̄ or cc̄ , assuming no decays into BSM particles [116]. (b) Observed contours for the κb and κc parameters from a simultaneous

fit to the pHT distributions measured in H → γ γ and H → ZZ∗
→ 4ℓ decays and to the multivariate discriminants in (a) [115].

region. The observed bounds in the κc–κb plane are shown in Fig. 16(a). The observed (expected) upper limit on the ratio
yields |κc/κb| < 4.5 (5.1) at 95% CL. This bound is slightly smaller than the mb/mc ratio [138], indicating that the Higgs
boson to charm-quark coupling is weaker than the Higgs boson to bottom-quark coupling. The direct limits on the κb and
κc coupling-strength modifiers are combined with the ones from the fiducial differential cross-section measurements of
pHT in the H → γ γ and H → ZZ∗

→ 4ℓ final states (Section 3). The resulting constraints are shown in Fig. 16(b) [115].
The H → µµ decay channel presents a unique opportunity to investigate the interactions of the Higgs boson with

second-generation fermions. Despite its low SM branching ratio (approximately 2.17 × 10−4), the expected sensitivity in
this decay channel surpasses the H → cc̄ decay channel, thanks to the lower background contamination and the better
invariant mass resolution. Considerable effort was dedicated to further enhance the sensitivity of this decay channel during
Run 2 [139], capitalising particularly on continuous improvements in analysis techniques and muon reconstruction.

Events are selected that contain two isolated muons with opposite charges and high transverse momenta, reconstructed
within the acceptance of the ATLAS muon spectrometer. The dominant background is the Drell–Yan process. The selected
events are then categorised using multivariate techniques that exploit kinematic and topological differences among the
various Higgs boson production modes and background processes, typically resulting in a signal-to-background ratio (S/B)
ranging from 0.1% to 8% in the 120 GeV < mµµ < 130 GeV window.

Thanks to the excellent muon momentum resolution, the resonant behaviour of the Higgs boson signal in the mµµ

distribution can be utilised after categorisation to extract the signal yield and determine background normalisation and
shape parameters, as shown in Fig. 17. The resolution of the mµµ resonance is improved by including photons from QED
final-state radiation through which muons can lose a significant fraction of their energy. The signal is modelled using a
double-sided Crystal Ball function, with the width of the Gaussian component ranging from 2.6 to 3.2 GeV depending on
the specific category.

The observed (expected) significance over the background-only hypothesis for a Higgs boson with a mass of 125.09 GeV
is 2.0σ (1.7σ ). The best-fit value of the signal strength parameter, defined as the ratio of the observed signal yield to the
one expected in the SM, is µ = 1.2 ± 0.6.

5. Search for rare loop-induced decays of the Higgs boson

Higgs boson decays into two leptons and a photon can occur at tree level through the Yukawa coupling of a Higgs
boson to leptons, or through quantum loops of virtual particles. Representative Feynman diagrams are shown in Fig. 18.
The corresponding invariant mass distributions of the electron pair in H → eeγ decays are presented in Fig. 19.
Due to the small Yukawa couplings to electrons, the tree-level diagram in Fig. 18(a) is only relevant for H → µµγ .
Rare loop processes are interesting to study, as they could be modified by so-far undiscovered particles modifying the
branching ratios [140]. Furthermore, the three-particle final state might in the future allow CP studies of the corresponding
couplings [141,142].

ATLAS has performed searches for Higgs boson decays into two leptons and a photon, with mℓℓ below 30 GeV, mostly
targeting the decay into a virtual photon and a photon [143], as well for decays with mℓℓ close to the Z pole [144],
dominated by decays into a Z boson and a photon. Searches for Higgs bosons decaying into a meson and a photon [145]
are not discussed here, as the SM branching ratios are too small to be detectable at the LHC (see instead Ref. [6]).

Events with a photon and two electrons or two muons are selected. For the low-mℓℓ analysis, the invariant mass of

the two leptons mℓℓ is required to be smaller than 30 GeV. For the Zγ analysis, the dilepton invariant mass must be
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Fig. 17. Dimuon invariant mass spectrum in all analysis categories observed in data, with the events and probability density functions (pdfs) weighted
y ln(1+ S/B) [139] where S corresponds to the observed signal yield in the 120 GeV < mµµ < 130 GeV window and B is the background yield in
he same window, both derived by the fit to the data.

Fig. 18. Representative Feynman diagrams of Higgs boson decays into two leptons and a photon.

ithin 10 GeV of the Z boson mass. In the eeγ final state, for low invariant masses and high transverse momenta of the
ielectron system, the two electromagnetic showers can overlap in the calorimeter. Therefore, the search for low-mℓℓ final
tates also considers events if they contain a photon and an object that is compatible with two very close electrons. In
ddition to the categorisation into lepton final states, further categorisations are introduced, guided by the different signal-
o-background ratios of the various Higgs boson production modes: categories targeting VBF production, ℓℓγ final states
ith high transverse momenta, and the remainder. In each of the two dilepton mass ranges, a simultaneous parameterised

it is performed over the mℓℓγ mass distributions in all categories, to extract the number of signal events. As in the γ γ
final state, uncertainties in the choice of fit function for the background are included. Overall, statistical uncertainties
are dominant. Fig. 20 shows the mℓℓγ distributions, with each data event weighted by a category-dependent weight that
depends on the signal-to-background ratio in a window around the resonance peak.

Testing the low-mℓℓ regime, evidence for the H → ℓℓγ process is found with a significance of 3.2σ over the
background-only hypothesis, compared with an expected significance of 2.1σ for the SM prediction. The best-fit value of
the signal-strength parameter is µ = 1.5 ± 0.5. The Higgs boson production cross-section times the H → ℓℓγ branching
ratio for mℓℓγ < 30 GeV is determined to be 8.7+2.8

−2.7 fb.
In the search for the Zγ process, the observed (expected) significance is 2.2σ (1.2σ ). The best-fit value for the
→ Zγ signal strength is found to be µ = 2.0 +1.0

−0.9. As the analysis is limited by the small expected number of signal
events, a combination is performed with the CMS analysis [146], effectively doubling the data sample, which pushes the
significance above the evidence threshold: 3.4σ with an expectation of 1.6σ . The corresponding best-fit signal strength
s µ = 2.2 ± 0.7 [147].

. Cross-sections and couplings from combined fits

Higgs boson measurements with different decay signatures can be combined to extract as complete a portrait of
he Higgs boson as possible [19]. The combination harnesses the statistical power of an unprecedented number of

iggs boson measurements to extract inclusive cross-sections and cross-sections for different production processes and
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Fig. 19. Distribution of the invariant mass of the two electrons in H → eeγ decays [148]. The red line shows the tree level diagram, the dashed line
the decay into a Z boson and a photon, and the thin blue line the decay into a virtual photon and a photon. The dotted line comes from four-point
box diagrams, not discussed here. The low-mℓℓ and Zγ signal regions used in the ATLAS analyses are indicated by vertical lines.

Fig. 20. (a) The mℓℓγ distributions for the low-mℓℓ analysis [143], and (b) the Zγ analysis [144], where every data event is reweighted by a
category-dependent weight, ln(1+ SX/BX ), with X = 90% (68%) for the low-mℓℓ (Zγ ) analysis. Here, SX is the number of signal events in the smallest
window containing X% of the expected signal, and BX is the expected number of background events in the same window.

kinematic regions. Each production–decay process is sensitive to different combinations of Higgs boson couplings to other
fundamental particles, and the combination allows all accessible couplings to be constrained simultaneously.

Analyses in the following Higgs boson decay channels are considered in the combination: H → γ γ [131],
H → ZZ∗

→ 4ℓ [112], H → WW ∗
→ eνµν [149,150], H → Zγ → ℓℓγ [144], H → bb̄ [130,133,135–137], H → ττ [125],

H → µµ [139], H → cc̄ [116]. They provide measurements in different Higgs boson production modes and phase space
regions. A complementary analysis of the t t̄H process, sensitive to WW ∗, ZZ∗ and ττ final states is included, as well [129].
Furthermore, searches for Higgs bosons decaying into invisible particles, such as dark matter candidates, are considered,
most notably those targeting the VBF and ZH production mechanisms [151,152]. These are included in a subset of the fits.

The statistical analysis of the data is based on a combined likelihood function, calculated by forming the product of
the likelihood functions describing each of the input measurements [153]. A multitude of results can be extracted from
the combination of the different analyses. Each result is obtained under certain assumptions, as detailed below.
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Fig. 21. (a) Observed and predicted Higgs boson production cross-sections, assuming SM values for the branching ratios. (b) Observed and expected
branching fractions assuming SM values for the cross-sections [19].

Fig. 22. Observed event rate divided by predicted SM event rate for different combinations of Higgs boson production and decay processes [19].

6.1. Global signal strength, production cross-sections and decay branching ratios

Assuming each production–decay process scales with the same global signal strength µ, the measured number of
produced Higgs bosons relative to the SM prediction is
µ = 1.05± 0.06 = 1.05± 0.03(stat.)± 0.03(exp.)± 0.04(sig.th.)± 0.02(bkg.th.), where the total uncertainty is split into
statistical, experimental and theoretical uncertainties (signal and background).

The cross-sections of the different Higgs boson production processes are measured assuming SM values for the decay
branching fractions and vice versa, as shown in Fig. 21. All major production modes are now observed, including the WH
and ZH processes individually. An unprecedented upper limit at 95% CL was observed for tH production: 15 times the
SM cross-section (7 times expected), with a strong correlation between the t t̄H and tH measurements. Fig. 22 shows the
observed event rate divided by the predicted SM event rate for different combinations of Higgs boson production and
decay processes. This measurement does not require any assumptions on cross-sections or branching ratios and nicely
illustrates the sensitivity of the analyses in the different decay channels. Excellent overall agreement is observed with the
SM predictions over multiple orders of magnitude.

6.2. Higgs boson couplings to other particles

To extract the couplings of the Higgs boson to other particles, a formalism has to be introduced. In the κ-framework
[127], the cross-section times the branching fraction for an individual measurement is parameterised in terms of
multiplicative coupling-strength modifiers that do not change kinematic distributions but only the strength of the coupling
to a given particle compared to that expected in the SM. For example, the partial width of the decay into two bottom
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Fig. 23. Fit in the κF–κV plane, showing the best fit value and the 68% and 95% CL regions [19]. This fit is performed assuming that there are no
SM contributions to invisible or undetected Higgs boson decays.

uarks is parameterised as Γb/Γ
SM
b = κ2

b . Care is taken to adjust the total width of the Higgs boson accordingly, and in
ome fits BSM contributions to undetected or invisible decays are included, where undetected decays are hidden by large
ackgrounds. For production and decays through quantum loops (e.g., ggF and H → γ γ ), either effective coupling-strength
odifiers are introduced (κg and κγ ), or the loops are resolved into the different particle contributions according to the
M.
Assuming all coupling-strength modifiers to fermions (κF ) scale the same way, as do all modifiers to vector bosons

κV ), one can perform a two-dimensional fit in κF and κV , finding the best fit value and the 68% and 95% CL regions, as
hown in Fig. 23. Here, the loops are assumed to be as in the SM with no BSM contributions to undetected or invisible
ecays allowed. The SM value lies within the 95% CL region.
Still resolving the loop-induced processes according to the SM and not allowing for additional decays, the coupling-

trength modifiers for individual particles can be fit separately. The reduced coupling-strength modifiers are defined as
κV gV/2v =

√
κV (mV/v) for weak bosons with a mass mV , and κFgF = κFmF/v for fermions with a mass mF , where gV

and gF are the corresponding absolute coupling strengths and v = (
√
2GF)−

1
2 ∼ 246 GeV is the vacuum expectation value

f the Higgs field, which can be derived from the measurement of the Fermi constant GF [154]. Fig. 24 shows these reduced
coupling-strength modifiers as a function of the particle masses. The SM predicts a striking diagonal line, encapsulating
the essence of the SM Higgs Lagrangian, which agrees very well with the measured values over about three orders of
magnitude. Two versions of the fit are performed, as the sensitivity of the analyses to the charm quark coupling is still
rather low. In one, the modification to the charm quark coupling is fixed to be the same as for the top quark coupling,
and in the other, the charm quark coupling is a free parameter.

Finally, a fit is performed allowing for new contributions to the loop-induced processes by using effective coupling-
strength modifiers for the gluon, photon and Zγ couplings. Fig. 25 shows the results of two fits: allowing (and not
allowing) for undetected and invisible non-SM contributions to the branching ratios. When these contributions are
allowed, the searches for invisibly decaying Higgs bosons produced via VBF or ZH production are included in the fit,
κV ≤ 1 is imposed to avoid degeneracies, and upper limits are set at 95% CL on the undetected and invisible branching
fractions to non-SM particles. It can be seen that allowing for undetected and invisible BSM contributions does not change
the fitted coupling-strength modifiers significantly. The modifiers for the coupling strength to top-quark, bottom-quark
and τ -lepton are measured with uncertainties ranging from about 7% to 12%, to W and Z bosons with uncertainties of
about 6%, and for the effective loop-induced coupling strength to photons and gluons with 6% and 7%, respectively. The
upper limit on the invisible (undetected) BSM branching ratio is 0.13 (0.12), improving on the direct searches alone (see
Ref. [6]).

6.3. Production cross-sections in different kinematic regions and their interpretation

A comprehensive study is performed measuring cross-sections separately per production mechanism in different
phase space regions, referred to as simplified template cross-sections (STXS) [18,155–157]. The STXS framework has
been designed to maximise the sensitivity of Higgs boson cross-section measurements to BSM effects, while minimising
their theory dependence and allowing for the combination of analyses in different decay channels. The measurements
and the SM predictions are shown in Fig. 26. Different kinematic regimes are targeted, for example Higgs bosons
produced with high transverse momenta, which could be modified by BSM phenomena at high energies. Selections are
also made based on the properties of the hadronic jets in the events, for example separating VBF- and VH-enriched
qq → Hqq production. The measured cross-sections could reveal phenomena beyond the SM that are not observable
22
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Fig. 24. Higgs boson coupling-strength modifiers and their uncertainties versus the particle masses, compared with the SM prediction [19]. For the
bottom and the top quark, the masses are evaluated at a scale corresponding to that of the Higgs boson mass. Loop-induced processes are resolved
according to the SM predictions, and no decays into non-SM particles are allowed.

through measurements of the coupling strengths. Furthermore they can be used as a basis for electroweak fits and BSM
interpretations.

The measurement of the production cross-sections in different kinematic regions, separated by decay mode, is
nterpreted in the SM effective field theory (SMEFT) [158]. This allows effects of unknown phenomena at energy scales Λ
hat are large compared to the vacuum expectation value of the Higgs field, and that reduce to the SM at lower energies,
o be searched for without having to rely on a specific model. A complete set of higher-order-in-mass operators invariant
nder the SM gauge group is built from the SM fields [159]. They are scaled by Wilson-coefficients, which are zero in the
M. If dimension-five operators are ignored, because they violate lepton number conservation, the leading contributions to
hysical observables are expected to come from dimension-six operators, which can describe CP-even or CP-odd couplings.
here are several complete sets (bases), of these dimension-six operators e.g., the Warsaw [160–162], Higgs [18,163] and
ISZ [164] bases.
Here, the Warsaw basis is used, and only CP-even operators are considered (see Section 7 for searches for CP-odd

ffects). When parameterising the cross-section times branching ratios through SMEFT, the series needs to be truncated
y construction. Two different choices are considered: keeping only the linear terms of the new operators (proportional
o Λ−2), or including quadratic terms (proportional to Λ−4) as well, along with products of different Wilson coefficients.
he second choice is more complete, but also less consistent as it does not include terms from dimension-eight operators
ith the same suppression factor. The input measurements do not allow constraints to be put on all relevant Wilson
oefficients simultaneously. The solution chosen in this analysis is a rotated basis, which allows linear combinations that
ombine operators with similar predicted effects on the measurements [165].
Fig. 27 shows the fitted values of the rotated coefficients for the linear and the linear+quadratic fit, including their

ncertainties. All coefficients are compatible with the SM expectation of zero. The strongest constraints can be found
n coefficients which affect SM processes that are suppressed by small Yukawa couplings or include quantum loops.
he operators corresponding to ceH,22, ceH,33, cbH are effectively modifiers of the Higgs Yukawa coupling to muons, τ -
eptons and bottom quarks, respectively, while non-zero values of cHq would modify VH production. The eigenvectors e[i]

ggF

ncapsulate changes to the ggF production and e[i] could affect the H → γ γ and H → Zγ decays.
Hγ γ ,Zγ
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Fig. 25. Coupling-strength modifiers and their uncertainties per particle type with effective gluon, photon and Zγ couplings, assuming the BSM
contribution to undetected and invisible branching fractions to be zero (solid lines), and allowing them to contribute to the width of the Higgs
boson (dashed lines). For the second case, the undetected branching ratio is assumed to be larger or equal to zero, and κV is assumed to be smaller
or equal to one. Limits on the undetected and invisible branching fractions to non-SM particles are shown in the bottom panel [19].

7. Study of CP properties and search for anomalous interactions

In the SM, the Higgs boson is a CP-even scalar with the following quantum numbers: JCP = 0++. Any sign of CP-
dd couplings in the production or decay of the Higgs boson would be an unambiguous indication of BSM phenomena.
oreover, it would provide a so-far unknown source of CP violation that could play a fundamental role in explaining the
atter–antimatter asymmetry in the universe.
CP-odd Higgs boson couplings to other particles can be described by adding corresponding terms to the SM La-

rangian [159,166,167]. Couplings to bosons and fermions are investigated separately, also probing for mixtures between
ure CP-odd and CP-even couplings. While a CP-odd component of the vector-boson couplings to the Higgs boson would
e naturally suppressed by the scale at which BSM physics becomes relevant [159,168], this suppression does not happen
or Yukawa couplings, where CP-odd Higgs−fermion couplings may be significant already at tree level [166,167].

.1. CP properties in interactions with vector bosons

Higgs boson couplings to vector bosons are usually parameterised in the SMEFT framework (see Section 6). In the
arsaw basis, there are three relevant dimension-six operators describing CP-odd interactions at the HVV vertex, scaled
y the following Wilson coefficients: cHB̃, cHW̃B, and cHW̃ . Adding these CP-odd operators to the Lagrangian, and assuming
he coefficients of the CP-even dimension-six operators to be zero, the new matrix element can be written as the sum of
he SM matrix element MSM and the CP-odd BSM Matrix element MBSM . The HISZ basis also contains three coefficients
o describe CP-odd interactions. By setting d̃ = d̃ and the third coefficient to zero, the HISZ basis allows the strength of
B
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Fig. 26. Observed and predicted Higgs boson production cross-sections in different kinematic regions [19].

CP violation to be described by a single parameter d̃, through

M = MSM + d̃ · MBSM ,

here the dependence on d̃ has explicitly been factored out [96,169].
Experimentally, Higgs boson couplings to vector bosons can be probed in Higgs boson production (most prominently

he VBF production mode) and Higgs boson decays into Z or W bosons. BSM effects on couplings can be probed by
easuring cross-sections in different kinematic regions (see Section 6) and with CP-sensitive observables (this section),
hich, compared to the cross-section measurements specifically target CP-odd BSM effects.
The CP-sensitive observable of choice is the matrix-element-based ‘Optimal Observable’ [170–172], defined as

OO =
2Re(M∗

SMMBSM )
|MSM |

2 .

This distribution is symmetric with a mean value of zero for a CP-even Higgs boson and becomes asymmetric when
contributions from CP-odd BSM couplings are present. In the measurements discussed below, only the shape of the
distribution is considered, such that exclusively CP-odd BSM effects are probed.

The Optimal Observable for a given VBF event is calculated based on matrix elements extracted from MC simulations
at LO in QCD. From the data, the four-momenta of the Higgs boson and the two VBF jets are used as input to OO. The
omentum fractions of the initial-state partons are extracted by making use of the energy–momentum conservation in the
ollision, taking into account all possible quark flavour combinations as predicted by the parton distribution function [173].
The CP properties are probed in VBF production for Higgs bosons decaying into two τ -leptons [173], two photons [174],

our leptons [169], or two W bosons [121]. The H → ZZ∗
→ 4ℓ analysis also makes use of the decay characteristics, which

are accessed through the reconstructed four-momenta of the decay leptons, to extract CP information.
In the H → ττ decay channel, the variable OO is measured in bins of a BDT that is trained to distinguish the VBF signal

rom the background of non-Higgs and non-VBF processes. A simultaneous fit is performed over these signal regions and
number of control regions, enriched in the most important background processes, to extract the strength of a possible
P-odd parameter d̃.
In the H → γ γ decay channel, two BDTs are trained to suppress ggF and non-Higgs contributions creating a sample

nriched in VBF events. To estimate the remaining background, the signal yield is extracted from a combined unbinned
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Fig. 27. Comparison of the observed parameters of the rotated basis with the SMEFT model that keeps only terms linear in the new operators
blue) and the model including quadratic terms (orange), where all other coefficients and nuisance parameters are profiled, i.e., set to the values
hat maximise the likelihood [158]. The top panel shows the symmetrised 68% CL uncertainty σ of each parameter measurement (left vertical axis)
nd the corresponding energy scale Λ/

√
σ , Λ = 1 TeV that is probed (right vertical axis). The bottom panel shows the measured parameter value,

68% (solid) and 95% (dashed) CL intervals, divided by the symmetrised uncertainty shown in the top panel.

maximum-likelihood fit applied to the mγ γ distribution of the observed data in each bin of OO (see Fig. 28). Using the
H → γ γ channel, constraints are extracted for d̃ and, separately, for the Wilson coefficient of the relevant operator cHW̃
in the Warsaw basis.

In order to extract a constraint on cHW̃ in the H → ZZ∗
→ 4ℓ decay channel, both the VBF production and properties

of the H → ZZ∗
→ 4ℓ decay are used. A NN is trained by creating samples depleted or enriched in VBF, and a fit is

performed simultaneously over the different regions. The Wilson coefficients cHB̃ and cHW̃B, and d̃ are extracted from the
decays. Each coefficient is fitted separately, based on a dedicated Optimal Observable.

The measurements of differential VBF cross-sections in the H → WW ∗
→ eνµν decay channel, discussed in Section 3,

are used to constrain the Wilson coefficients cHW̃ , cHB̃, and cHW̃B [121]. The distribution of the azimuthal angle difference
between the two jets produced together with the Higgs boson is used as discriminant observable.

No deviation from a pure CP-even coupling is found in any of the studies. Fig. 29 summarises some of the resulting
constraints on the Wilson coefficients in both the Warsaw and HISZ bases.

The CP properties of the effective Higgs–gluon coupling are studied in the H → WW ∗
→ eνµν decay channel [175].

The Lagrangian can be extended by a CP-odd term as

LHgg = −
gHgg
4
κgg (cosα Ga

µνG
a,µν

+ sinα Ga
µν G̃

a,µν)H, (4)

here Ga
µν is the gluon field strength tensor, G̃a,µν

= Ga
ρσ ϵ

µνρσ /2 is the dual tensor, gHgg is the effective coupling for the
M CP-even ggF interaction, κgg is the coupling-strength modifier for the effective Higgs−gluon interaction and α is the
P-mixing angle, which is zero in the SM. The azimuthal angle difference between the two jets produced together with
he Higgs boson is used as CP-sensitive observable. Events are selected with two jets and kinematics compatible with
he ggF production mode. A BDT is applied to reduce the background contamination and control regions are defined for
he most important backgrounds. A maximum-likelihood fit over all considered regions is performed. Using the angular
istribution and the overall rate, a value of tanα = 0.0 ± 0.4(stat.) ± 0.3(syst.) is obtained for the tangent of the mixing

angle for CP-even and CP-odd contributions.
The H → WW ∗

→ eνµν decay channel also allows the Higgs boson coupling to longitudinally and transversely
polarised W and Z bosons to be studied separately [175]. The azimuthal angle difference between the jets and the
production rates in the signal regions are used. To probe both production and decay, events are selected that are
compatible with the VBF production mode. The polarisation-dependent coupling-strength modifiers are defined as the
ratios of the measured polarisation-dependent coupling strengths to those predicted by the SM, and are determined to

+0.10 +0.09 +0.2
be aL = 0.91
−0.18(stat.)−0.17(syst.) and aT = 1.2 ± 0.4(stat.)

−0.3(syst.), compatible with the SM value of 1.
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Fig. 28. Distribution of the Optimal Observable in the H → γ γ decay channel, for events enriched in the VBF production mode, with
18 < mγ γ < 132 GeV [174]. The total background includes events from non-VBF Higgs production. The bottom panel contains the background-
ubtracted distribution for data as well as the prediction for the SM and for two non-zero values of d̃. The invariant mass distribution is shown in
he inset on the top right. Category-dependent weights are applied.

Fig. 29. Comparison of results extracted using the CP sensitive observables in the H → ZZ∗
→ 4ℓ channel, the H → WW ∗

→ eνµν differential
ross-section measurement in the VBF production mode, the H → γ γ VBF measurement of cHW̃ in the Warsaw basis, and the combined VBF
measurement of d̃ in the H → γ γ and H → ττ decay channels. Furthermore, the results based on the rate measurements in the H → ZZ∗

→ 4ℓ
cross-section measurement of Ref. [112] (‘STXS H4l’) are added, which cannot distinguish between CP-odd and CP-even effects. The data points and
68% CL uncertainty bars show the observed values with statistical and systematic uncertainties. The d̃ best fit points and uncertainty bars are scaled
by a factor of ten. In the H → ZZ∗

→ 4ℓ channel, only the linear parameterisation is considered (the effects of adding the quadratic terms are found
to be negligible), while for the other analyses, the linear plus quadratic parameterisation is applied.
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Fig. 30. (a) Angle between the τ -lepton decay planes [176]. Events are weighted by ln(1+S/B), where S is the signal and B the background yield in
he respective category. The best fit is shown in solid pink, while the red and green lines correspond to the predictions for the pure CP-even (scalar,
M) and pure CP-odd (pseudoscalar) hypotheses, respectively, all scaled to the best-fit H → ττ yield. (b) Two-dimensional likelihood contours for
t cosα and κt sinα, measured in the H → γ γ decay channel, with ggF and H → γ γ constrained by the Higgs boson coupling combination [177].

7.2. CP properties in interactions with fermions

The general effective Yukawa interaction between the Higgs boson and fermions, including a CP-odd term at tree level,
can be parameterised as

LHFF = −
mF

v
κF (cosα ψ̄ψ + sinα ψ̄ iγ5ψ)H. (5)

Here, mF is the fermion mass, v is the vacuum expectation value of the Higgs field, κF is the scaling factor for the
ukawa coupling, ψ are the fermion fields, and α is the CP-mixing angle. The SM corresponds to a CP-even coupling with
= 0 and κF = 1 while a pure CP-odd coupling would be realised for α = 90◦. CP properties of the Higgs–τ -lepton and

Higgs–top-quark couplings are probed.
The transverse spin components of the τ-leptons in the H → ττ decays are affected by the CP-mixing angle α [176]

nd can be probed through the directions of the τ -lepton decay products. At least one of the τ -leptons is required to decay
adronically and decay planes are formed for each τ -lepton from the different visible decay products, i.e., leptons or pions,
nd, where necessary, the impact parameters of these objects. The angle ϕ∗

CP between these planes is calculated, which
an be analytically related to α [166,167,178]. The event selection and background estimates follow the analysis discussed
n Section 4. Categories are created to target VBF production and ggF production with Higgs bosons at high transverse
omenta. A BDT classifier is used to further increase the purity of VBF events. In addition, Z → ττ control regions are
lso formed. Fig. 30(a) shows the measured angle between the decay planes, which is used to extract φτ = α.
Allowing for a free normalisation of the H → ττ branching fraction, α is measured to be 9◦

± 16◦, with an expected
alue of 0◦

± 28◦ under the SM assumption. The pure CP-odd hypothesis is disfavoured at a level of 3.4σ .
The CP properties of the Higgs–top-quark couplings are probed in the H → γ γ [177] and H → bb̄ decay

hannels [179], using the t t̄H and tH production mechanisms. Both production rates and kinematic distributions depend
n the CP properties, with the tH rate being particularly sensitive due to interference effects of diagrams. Furthermore, the
gF production and the H → γ γ decay rates are also affected, as there is a top-quark contribution in the loop diagrams.
For the H → γ γ channel, BDTs are used to identify the hadronic decay products for the reconstruction of the two

op quarks, to reduce the background, and to separate CP-even and CP-odd contributions. The latter relies on kinematic
istributions of the photons and top quarks and properties of the diphoton and t t̄ systems, as well as various azimuthal
ngles. Events with at least one top quark candidate decaying semileptonically are separated from the fully hadronic
vents. A combined fit is performed over the mγ γ distributions in all signal regions and a pure CP-odd coupling of the
iggs boson to top quarks is excluded at 3.9σ , with |α| > 43◦ excluded at 95% CL. The likelihood contours as a function
f κt cosα and κt sinα are shown in Fig. 30.
In the H → bb̄ case, either one or both of the top quarks are required to decay semileptonically. Signal candidate

nd control regions are formed based on the number of light- and heavy-flavour jets. The signal candidate regions are
urther split into signal and control regions with different t t̄H sensitivity. CP-sensitive observables are formed using the
irections and azimuthal separation of the top quarks. A combined likelihood fit allows the mixing angle to be measured,
esulting in α = (11 +52

−73)
◦.

In summary, no deviations from the CP-even hypothesis predicted by the SM are observed in the couplings of the
iggs boson to either bosons or fermions. The Run 2 data excludes CP-odd couplings to τ -leptons and top quarks at more
han 3σ . Constraints are set on maximum mixing angles for the fermion couplings and on Wilson coefficients and matrix

lement mixing parameters for the boson couplings.
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c

Fig. 31. Single-Higgs and double-Higgs boson production cross-sections as a function of κλ for

√
s = 13 TeV. The dashed line intercepts the values

orresponding to the SM hypothesis (κλ = 1) [186].

8. The Higgs boson self-coupling

To completely understand the electroweak symmetry breaking mechanism, not only the properties of the Higgs boson,
but also the Higgs field potential have to be probed experimentally. The Higgs field potential is of great interest from a
cosmological perspective, as it determines the structure of the vacuum and influences the electroweak phase transition
in the early universe [16,17]. A deviation of the Higgs boson self-coupling from the SM expectation might point to a
first-order phase transition, a necessary condition for the electroweak baryogenesis mechanism, which in turn may help
solve the matter–antimatter asymmetry puzzle. The Higgs field potential can be expressed as:

V (H) =
1
2
m2

HH
2
+ λHHH v H3

+
1
4
λHHHHH4

+ O(H5) , (6)

where mH is the Higgs boson mass, v is the vacuum expectation value, and λHHH and λHHHH are the trilinear and
quadrilinear Higgs boson self-couplings, respectively. In the SM, once mH and the vacuum expectation value are known,
the Higgs field potential and the Higgs boson self-couplings are fully determined:

O(H5) = 0 and λSMHHH = λSMHHHH = λ , where λ = m2
H/(2v

2) ∼ 0.13 . (7)

To probe deviations from the Higgs boson self-coupling values within the SM Lagrangian structure, the self-coupling-
modifier κλ is introduced as κλ = λHHH/λ

SM
HHH . Many BSM models predict changes in the trilinear and quadrilinear

self-couplings and add additional higher-order terms to the Higgs field potential.
At the LHC, the Higgs boson trilinear self-interaction is directly accessible via the production of Higgs boson pairs

(referred to as double-Higgs). The Higgs boson self-interaction also contributes to other processes via NLO EW corrections.
In particular, it was shown [180–185] that single Higgs boson production cross-sections and branching ratios (referred to
as single-Higgs) are modified if the Higgs boson self-coupling deviates from the SM prediction. Fig. 31 shows the expected
effect of varying κλ on both the double- and single-Higgs boson production cross-sections. Additionally, BSM physics can
give rise to resonant production of Higgs boson pairs mediated by a heavy scalar. More details of resonant double-Higgs
searches can be found in Ref. [6].

8.1. Double Higgs boson production

Double Higgs boson production is sensitive to the Higgs boson trilinear self-coupling at LO. In the SM, the ggF HH
process accounts for more than 90% of the Higgs boson pair-production at the LHC. The process with the second-highest
cross-section at the LHC is VBF HH production. At LO, the ggF HH process proceeds through the destructive interference
of two amplitudes: the box diagram in Fig. 2(a), which is proportional to the square of κt , and the triangle diagram
in Fig. 2(b), which is proportional to the product of κt and κλ. The VBF HH process is described at LO by three Feynman

diagrams: the two vector bosons radiated by the scattering quarks fuse into two Higgs bosons via a HHVV vertex (Fig. 2(c)),
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ith the corresponding amplitude proportional to κ2V = λHHVV/λ
SM
HHVV ; the vector bosons fuse into a virtual Higgs boson

hat decays into two Higgs bosons via a trilinear vertex (Fig. 2(d)), with the amplitude proportional to the product of κV
nd κλ; the vector bosons couple with two single Higgs bosons via two HVV interactions (Fig. 2(e)), with an amplitude
roportional to the square of κV . Due to negative interference, the SM predicts double Higgs boson production to be a
are process, with a total cross-section that is more than a thousand times smaller than for single Higgs boson production
see Section 1.2 for the numerical values).

The various decays of the two Higgs bosons result in many different final states. However, the most sensitive decay
hannels for double Higgs boson production and its properties are those that contain at least one Higgs boson decaying
nto a bottom-quark pair [187–192], thanks to the large branching fraction. In particular, the most sensitive ones are the
hree HH decay channels HH → bb̄bb̄, HH → bb̄τ+τ−, and HH → bb̄γ γ .

The HH → bb̄bb̄ decay mode has the advantage of the largest SM HH decay branching fraction of 33.9%. However,
he double-Higgs search in this final state is also affected by a larger SM background compared to the other HH analyses,
ue to the abundance of QCD multijet processes. The search for HH → bb̄bb̄ [187] selects events that contain at least four
-tagged jets, which are split between VBF HH and ggF HH categories according to the properties of the additional jets
n the event. A further selection aims to reduce the contamination from t t̄ production in the two categories through a
iscriminant that quantifies the probability that an event contains a hadronic top-quark decay. Finally, in each category,
he signal region is defined in a two-dimensional plane of the mass of the two Higgs boson candidates mH1 and mH2,
efined respectively as the one with the highest and lowest transverse momentum, by requiring that XHH < 1.6 with XHH
efined as:

XHH =

√(
mH1 − 124 GeV

0.1 mH1

)2

+

(
mH2 − 117 GeV

0.1 mH2

)2

, (8)

where 124 GeV and 117 GeV are determined as the peak of the mH1 and mH2 distributions for signal events in MC
imulation. The HH invariant mass (mHH ) is used as a discriminating variable in the maximum-likelihood fit to extract
he final results. The background, which is composed mostly of QCD multijet and t t̄ processes, is evaluated with a fully
ata-driven method based on the extrapolation of the mHH distribution from control regions, defined as the signal regions
xcept that exactly two b-tagged jets are required in the events. To account for differences in kinematic properties between
vents with four and two b-tagged jets, a NN trained on data is used to reweight the mHH distribution. The 95% CL upper
imit on the observed (expected) double-Higgs production signal strength is µHH < 5.4 (8.1).

ATLAS has also performed a dedicated search for HH → bb̄bb̄ production via VBF HH in the boosted regime [188],
hich is particularly sensitive to BSM κ2V variations. It results in 95% CL observed (expected) constraints on κ2V equal to
.52 < κ2V < 1.52 (0.32 < κ2V < 1.71). Here, and in the following, unless explicitly stated otherwise, the Higgs boson

couplings to the other particles are fixed to their SM expectations. The 95% CL upper limit on µHH and the constraints on
λ and κ2V , obtained by the combination of the two HH → bb̄bb̄ searches, are shown in Fig. 32 and in Table 2.
The HH → bb̄τ+τ− decay mode has one of the largest branching fractions (7.3%) among the possible HH decay

hannels. The HH → bb̄τ+τ− search [190] includes different signal regions targeting fully hadronic and semileptonic
ττ final states. Events in the semileptonic channel are required to have exactly one electron or muon and one
hadronically decaying τ -lepton with opposite charges. Events in the fully hadronic channel are required to have exactly
two reconstructed hadronically decaying τ -leptons with opposite charge. In both channels, exactly two b-tagged jets are
equired. For each final state, the events are further split in different signal regions: one targeting VBF HH production,
nd two regions, dominated by ggF HH and defined by requiring mHH < 350 GeV and mHH ≥ 350 GeV, respectively. The

high mass region targets SM double-Higgs production, while the low-mass region is more sensitive to BSM values of κλ,
as the double Higgs boson production cross-section would increase in this region if the value of κλ is different from one.
he dominant backgrounds arise from Z + heavy flavour and t t̄ production. Other relevant background contributions are

due to events with a single Higgs boson decaying into τ+τ−: t t̄H , ggF +bb̄, Z(→ bb̄)H , and also Z(→ τ+τ−)H(→ bb̄).
multivariate discriminant is trained separately in each signal region. The fit is performed simultaneously in the signal

egions plus an additional control region that is used to constrain the normalisation of the Z + heavy flavour background
omponent. It results in the best expected sensitivity for SM double-Higgs production in a single channel. Fig. 32 shows
he final 95% CL upper limit on µHH and Table 2 presents the constraints on κλ and κ2V .

The HH → bb̄γγ decay mode has a very small branching ratio (0.26%), but due to its experimentally clean signature
llows for one of the most sensitive HH searches. The HH → bb̄γ γ search [192] selects events with two photons
nd two b-tagged jets, each consistent with a SM Higgs boson decay. The dominant background arises from the SM
ontinuum production of photon pairs and jets and from events with a single Higgs boson decaying into a pair of
hotons. The selected events are split into a low- and a high-mass region according to the value of the four-body mass
∗

bb̄γ γ
= mbb̄γ γ −mbb̄ −mγ γ +250 GeV, where 250 GeV is about twice the Higgs boson mass. Compared to mbb̄γ γ , m

∗

bb̄γ γ
is

hosen because it improves the four-object mass resolution. In each of the two mass regions, defined by m∗

bb̄γ γ
< 350 GeV

nd m∗

bb̄γ γ
≥ 350 GeV, respectively, a multivariate discriminant is used to separate the signal, which includes ggF HH and

BF HH production, from the background, and to define the categories which maximise the double-Higgs significance.
he final results are obtained from a simultaneous fit to the diphoton invariant mass distribution in these categories,
hree in the high-mass region and four in the low-mass region. The 95% CL upper limit on µHH is shown in Fig. 32 and
he constraints on κ and κ are summarised in Table 2.
λ 2V
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Fig. 32. Observed and expected 95% CL upper limits on µHH for double Higgs boson production in the HH → bb̄ℓℓ+Emiss
T , multilepton, HH → bb̄γ γ ,

HH → bb̄τ+τ− and HH → bb̄bb̄ decay channels and their statistical combination [193]. The expected limit is derived assuming µHH = 0.

Table 2
Summary of the observed and expected constraints on κλ and κ2V for the HH → bb̄γ γ , HH → bb̄τ+τ− , HH → bb̄bb̄, multilepton
and HH → bb̄ℓℓ + Emiss

T analyses, and their combination [193]. In the fit, the Higgs boson couplings to the other particles are fixed
to their SM expectations. The expected constraints are derived under the SM hypothesis.
Analysis Obs. 95% CL Exp. 95% CL Obs. 68% CL

HH → bb̄γ γ −1.4 < κλ < 6.9 −2.9 < κλ < 7.8 κλ = 3.0+2.2
−2.5

HH → bb̄τ+τ−
−3.2 < κλ < 9.0 −2.5 < κλ < 9.2 κλ = 0.0+3.3

−1.7

HH → bb̄bb̄ −3 < κλ < 11 −5 < κλ < 11 κλ = 5.8+3.0
−5.2

HH → multilepton −6 < κλ < 12 −4.5 < κλ < 9.6 κλ ∈ [−4.4, 0.6] ∪ [4.3, 9.8]
HH → bb̄ℓℓ+ Emiss

T −6 < κλ < 13 −10 < κλ < 17 κλ = 3 ± 6

HH combination −1.2 < κλ < 7.2 −1.6 < κλ < 7.2 κλ = 3.8+2.1
−3.6

HH → bb̄γ γ −0.5 < κ2V < 2.7 −1.1 < κ2V < 3.3 κ2V = 1.1 ± 0.8
HH → bb̄τ+τ−

−0.5 < κ2V < 2.7 −0.2 < κ2V < 2.4 κ2V = 0.4+1.9
−0.5

HH → bb̄bb̄ 0.5 < κ2V < 1.5 0.4 < κ2V < 1.7 κ2V = 1.01 ± 0.23
HH → multilepton −2.5 < κ2V < 4.6 −1.9 < κ2V < 4.1 κ2V = −0.4+4.1

−1.2

HH → bb̄ℓℓ+ Emiss
T −0.2 < κ2V < 2.4 −0.5 < κ2V < 2.7 κ2V = 1.1 ± 0.7

HH combination 0.6 < κ2V < 1.5 0.4 < κ2V < 1.6 κ2V = 1.02+0.22
−0.23

The analyses in the HH → bb̄bb̄, HH → bb̄τ+τ− and HH → bb̄γ γ decay channels are combined [193] to obtain
more stringent constraints on the production cross-section, the Higgs boson self-coupling, and the HHVV coupling. This
ombination includes also two other searches for double-Higgs production which target rarer or less sensitive final states:
he search for HH events in bb̄ZZ∗, VV ∗VV ∗ (V = W or Z), VV ∗τ+τ−, τ+τ−τ+τ−, γ γVV ∗ and γ γ τ+τ− decay channels
ith leptons in the final states (referred to as ‘‘multilepton’’) [194]; the search for HH → bb̄ℓℓ + Emiss

T , which probes
he HH decay channels where one of the Higgs bosons decays to a b-quark pair and the other to either a boson pair
ZZ∗, WW ∗) or a τ -lepton pair, which then decays to a pair of opposite-sign leptons and neutrinos [195]. The inclusion
f these additional searches maximises the coverage over the combination of HH decays and improves the sensitivity to
M double-Higgs production by 4%.
The combination yields an observed 95% CL upper limit on µHH of 2.9, and an expected upper limit of 2.4 in the absence

f HH production. The individual limits on the signal strength obtained from each channel and their combination are
hown in Fig. 32. The best-fit value of the signal strength is µHH = 0.5+1.2

−1.0, which is compatible with the SM expectation
ith a p-value of 0.64. The observed (expected) significance for double-Higgs production is 0.4 (1.0) standard deviations,
ith respect to the hypothesis of no HH production. The 95% CL intervals for κλ and κ2V are summarised in Table 2. The
ombination and the individual double-Higgs measurements are also interpreted in the context of effective field theory,
s shown in Refs. [190,192,193,196].
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Fig. 33. Examples of one-loop λHHH -dependent diagrams for (a) the Higgs boson self-energy, and for single Higgs boson production in the (b) ggF,
(c) VBF, (d) VH , and (e) t t̄H modes. The self-coupling vertex is indicated by the filled circle [197].

8.2. Self-coupling constraints from single Higgs boson measurements and combination with double Higgs boson searches

An alternative and complementary approach to study the Higgs boson self-coupling was proposed in Refs. [180–185].
Processes involving a single Higgs boson do not depend on λHHH at LO, but the Higgs trilinear self-coupling has to be
taken into account in the calculation of the complete NLO EW corrections. In particular, λHHH contributes via Higgs boson
self-energy loop corrections and additional diagrams, as illustrated for different production modes by the examples in
Fig. 33.

A framework for a global fit to constrain the Higgs boson self-coupling is proposed in Refs. [180,181]. The SM
predictions of the Higgs boson production and branching ratios are modified as:

µif (κλ) = µi(κλ) × µf (κλ) ≡
σi(κλ)
σSM,i

×
Bf (κλ)
BSM,f

, (9)

where µi and µf describe multiplicative corrections to the expected SM Higgs boson production cross-sections (σSM,i) and
branching fractions (BSM,f ) as a function of κλ. The functional dependence of µi(κλ) and µf (κλ) on κλ varies according to
the production mode and the decay channel. Moreover, these functions depend on the kinematic region considered within
each process, especially for the VH and t t̄H production modes. The cross-sections measured in different kinematic regions
from the combined analysis in Section 6.3 are used to constrain κλ. While potential variations across kinematic regions
are not considered for ggF, the differential effects of κλ for VBF, WH , ZH and t t̄H production modes are parameterised as
reported in Ref. [186].

The observed (expected) 95% CL intervals for κλ from single Higgs boson measurements are −4.0 < κλ < 10.3
(−5.2 < κλ < 11.5) [198], which are not much looser than those obtained from the search for double Higgs boson
production, despite the milder dependence of the single Higgs boson cross-sections on κλ. Moreover, since the two
approaches are independent, they can be combined to provide the current most stringent 95% CL interval for κλ, equal to
−0.4 < κλ < 6.3 [198]. This result and the following shown in this section, are based on the combination of a first version
of the HH → bb̄bb̄, HH → bb̄τ+τ− and HH → bb̄γ γ searches in the 140 fb−1 dataset [187,189,191], differently from the
combination presented in the previous section which benefits from improved input analyses.

Double Higgs boson production does not only depend on κλ, but also has a significant dependence on κt because the
two most important diagrams contributing to the ggF HH amplitude (see Fig. 2) contain the coupling of the Higgs boson
to the top quark. Using only double Higgs boson analyses, it is not possible to simultaneously constrain κλ and κt without
spoiling the sensitivity of the measurements of the two coupling-strength modifiers, as shown in Fig. 34. The inclusion of
single Higgs boson measurements makes it possible to eliminate the degeneracy between κλ and κt and leads to a limit
almost identical to that obtained by determining only κλ. The combination of single and double Higgs boson analyses
allows a further generalisation of the fit model by simultaneously profiling κt , κb, κτ , and κV . The constraints on κλ in the
different configurations are summarised in Table 3.

Although still not achieving the sensitivity required to probe the SM, the constraints of the trilinear Higgs boson self-
coupling are starting to enter ranges predicted by BSM physics. They also have exceeded the expectations based on the
Run 2 intermediate analyses [199–202]. This success can be attributed to new analysis techniques and improvements in
the object identification, such as new algorithms for tagging heavy-flavour jets [203]. Future data taking will be critical
to get closer to the first evidence of double Higgs boson production and increase the sensitivity to possible BSM effects
on κ .
λ
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Fig. 34. Observed 68% (95%) CL contours in the κλ–κt plane from single (blue) and double (red) Higgs boson analyses and their combination
(black) [198]. The Higgs boson couplings to the other particles are fixed to their SM expectations.

Table 3
Summary of observed and expected constraints on κλ and corresponding observed best-fit values with their uncertainties [198]. The HH combination
is based on the earlier full Run 2 analyses performed by ATLAS.

Floating parameters Obs. 95% CL Exp. 95% CL Obs. value +1σ
−1σ

HH combination κλ −0.6 < κλ < 6.6 −2.1 < κλ < 7.8 κλ = 3.1+1.9
−2.0

Single-H combination κλ −4.0 < κλ < 10.3 −5.2 < κλ < 11.5 κλ = 2.5+4.6
−3.9

HH + H combination κλ −0.4 < κλ < 6.3 −1.9 < κλ < 7.6 κλ = 3.0+1.8
−1.9

HH + H combination κλ , κt −0.4 < κλ < 6.3 −1.9 < κλ < 7.6 κλ = 3.0+1.8
−1.9

HH + H combination κλ , κt , κV , κb and κτ −1.4 < κλ < 6.1 −2.2 < κλ < 7.7 κλ = 2.3+2.1
−2.0

9. Conclusion and outlook

In Run 2 of the LHC (2015–2018), the ATLAS detector recorded an unprecedented amount of proton–proton collision
ata: 140 fb−1, produced at a record centre-of-mass energy of 13 TeV. The analysis of these data significantly advances

our understanding of the Higgs boson properties and its interactions with other particles.
The mass of the Higgs boson is not predicted by the SM and is a fundamental parameter in the calculation of

ts expected properties. It is measured to be 125.11 ± 0.11 GeV, which corresponds to a precision better than a
ermille, leading to negligible variations in the SM predictions for other Higgs boson properties compared to the current
xperimental uncertainties of the measurements. All the measurements, in particular the production cross-sections and
ecay branching fractions, show very good agreement with the SM predictions within the uncertainties.
Higgs boson production in association with a vector boson and its production in association with two top quarks is

bserved for the first time; together with the Run 1 discoveries, all major Higgs boson production modes at the LHC
ave now been observed. With the observation of H → ττ and H → bb̄ decays, couplings to third generation fermions
re now established, and the search for H → µµ, probing the Yukawa couplings to second generation fermions, yields
significance of 2σ . Evidence is found for H → ℓℓγ decays, both for H → Zγ (in a combination of ATLAS and CMS
nalyses) and lepton pairs with low invariant masses.
Assuming the SM coupling structure, the Higgs boson couplings to theW and Z bosons are measured with uncertainties

f about 6%, and the effective loop-induced couplings to photons and gluons with 6% and 7%, respectively. Couplings
o τ -leptons are measured with uncertainties of 7%, and to the top and bottom quarks with about 12%. The measured
ncertainty in the coupling to muons, which are the first second-generation fermions to be probed, is about 30%. Potential
eviations from the SM predictions are also constrained within the framework of effective field theories. Searches for Higgs
oson pair production achieve uncertainties in the HH cross-section of close to 100%, and reduce the possible range of
he Higgs boson self-coupling (λHHH ) to the interval −0.4 < (λHHH/λSM ) < 6.3 at 95% CL.

Analyses of the data from Run 3 (2022–2025) and the High-Luminosity Runs of the LHC will build on the achieved
esults. Observation of the H → ℓℓγ and H → µµ decays are expected, as well as Higgs boson pair production, and the
recision of the measured couplings and their structures will be significantly enhanced [204–206], further improving the

haracterisation of this key particle.
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