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1. Introduction

The scalar sector represents the cornerstone of the standard model of particle physics (SM).
By postulating the existence of a scalar field subject to a potential with a non-zero vacuum ex-
pectation value, the Brout-Englert-Higgs mechanism [1, 2] predicts a spontaneous breaking of the
electroweak symmetry, thus explaining the origin of the mass of the W and Z bosons and regular-
ising the theory at the TeV scale. Moreover, fermion masses are explained with the introduction of
a Yukawa interaction with their corresponding fields. The manifestation of the scalar sector of the
SM is the existence of the Higgs boson (H), i.e. the quantum of the field, and its study is one of the
priorities of the research programme of the CERN LHC.

An extensive study of the properties and couplings of the Higgs boson is being performed
by the ATLAS [3] and CMS [4] Collaborations at the CERN LHC. In particular, the large dataset
collected during the LHC Run 2 operations represents an unprecedented possibility for precision
Higgs boson measurements. This document focuses on the latest experimental results, obtained
with the datasets collected at

√
s = 13TeV in 2016 (about 36fb−1), 2017 (about 44fb−1) and 2018

(about 60fb−1) operations.

2. Mass and width

The mass of the Higgs boson (mH) represents a fundamental parameter of the SM and its
measurement fully determines the properties of the scalar sector. The value of mH is measured
in the two high-resolution decay channels H → γγ and H → ZZ∗ → 4`. The precision of the
measurement crucially relies on the performance in the determination of the photon and lepton
energy scales. Figure 1 reports a summary of the result obtained by the ATLAS Collaboration in
the combination of the two decay channels with the Run 1 and Run 2 2016 datasets [5], and the
CMS result in the four lepton channel with the Run 2 2016 dataset [6]. The measured values of mH

are:

Experiment Measurement (Stat. Syst.) Channel and dataset
ATLAS mH = 124.97±0.24GeV (±0.16 ±0.18) 4` + γγ , Run 1 + Run 2 (2016)
CMS mH = 125.26±0.21GeV (±0.20 ±0.08) 4`, Run 2 (2016)

The value of mH is thus known to a precision of about 2 per mille, still dominated by statistical
uncertainties in the four lepton channel.

The SM predicts a width of the Higgs boson (ΓH) of about 4MeV, out of the direct reach of the
experiments. However, an indirect constraint on ΓH can be derived by comparing the on-shell and
off-shell cross sections of the gg→H→ ZZ∗ process. Because of the interference of Higgs boson
production with the background processes, the ratio of these two quantities directly depends on
the Higgs boson width, under the model-dependent assumption of identical on-shell and off-shell
coupling modifiers.

The ATLAS Collaboration has derived constraints in both the 4` and 2`2ν channels with
the Run 2 2016 dataset [7], while the CMS Collaboration used the 4` channel only, combining
the Run 1 and Run 2 2016 and 2017 measurements [8]. The upper limits derived by the two
experiments at the 95% confidence level are:
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Figure 1: Left: summary of the measured Higgs boson mass values in the 4` and γγ final states
by the ATLAS Collaboration [5]. Right: negative log-likelihood as a function of the Higgs boson
mass for the CMS measurement in the 4` decay channel [6].

Experiment Observed Expected ZZ∗ decay channel and dataset
ATLAS ΓH < 14.4MeV ΓH < 15.2MeV 4` + 2`2ν , Run 2 (2016)
CMS ΓH < 9.16MeV ΓH < 13.7MeV 4`, Run 1 + Run 2 (2016 + 2017)

Figure 2 shows the negative log-likelihood scans as functions of ΓH for the ATLAS and CMS
measurements. In particular, it can be observed from the CMS result that the experimental mea-
surements are starting to set a lower bound on ΓH , complementing direct searches based on the
Higgs boson lifetime measurement [9].
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Figure 2: Negative log-likelihood profile as a function of the Higgs boson width for the ATLAS
combined measurement in the 4` and 2`2ν final states [7] (left) and for the CMS measurement in
the 4` final state [8] (right).
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3. Signal strength and coupling measurements

A global view of the Higgs boson interactions with bosons and fermions is obtained by study-
ing the production cross sections in several modes and exploring different decay channels. The
ATLAS and CMS Collaborations have combined the measurements in the γγ , ZZ∗, WW∗, ττ , and
bb decay channels studying the production modes by gluon (ggF) and vector boson (VBF) fusion,
and in associated production with a vector boson (VH) and top quark pairs (ttH) [10, 11]. For each
individual production mode i and decay channel f , a signal strength µ f

i is defined as the ratio of
the measured cross section times branching fraction to the prediction of the SM. This represents
the most generic parametrisation per production and decay mode, and the corresponding result is
summarised in Fig. 3 by the measurement performed by the ATLAS Collaboration. It can be no-
ticed how both the experimental and theoretical systematic uncertainties have approximately the
same magnitude as statistical ones. For a global signal strength µ that affects simultaneously all
the production and decay modes, the measured values are µ = 1.11+0.09

−0.08 (ATLAS, 2016 and 2017
dataset) and µ = 1.17±0.10 (CMS, 2016 dataset).

Signal strengths per production and decay modes can also be defined by introducing a common
parameter for different measurements, as shown in Fig. 4. It can be observed how systematic uncer-
tainties are either dominant or at the same level of the statistical uncertainties in all the production
and decay modes, with the exception of the signal strength of the H→ µµ process.

Signal strength measurements can be interpreted to derive constraints on the Higgs boson
couplings. This is done in the context of the κ-framework, introducing a set of parameters that
modify the strength of the tree level Higgs boson couplings to the different particles. For Higgs
production initiated by i and decaying into f , i.e. i→H→ f , these parameters can be defined from
the production cross section and partial decay width as κ2

i = σi/σSM
i and κ2

f = Γ f /ΓSM
f , with the

Higgs boson total width also modified consequently by κ2
H = ∑Γ f /∑ΓSM

f . Therefore:

σ ×B (i→ H→ f ) =
σi×Γ f

ΓH
=

σSM
i ×ΓSM

f

ΓSM
H

×
(

κ2
i κ2

f

κ2
H

)
(3.1)

In case of loop-induced processes, individual κ can also be resolved in terms of the modifiers
of the couplings to SM particles. In this case, assuming that there are no extra particles in the loops
of the processes considered, coupling modifiers can be defined either separately for each particle
or with a common modifier for fermions (κF) and bosons (κV). The result is illustrated in Fig. 5.
Alternatively, additional degrees of freedom can be added to the tree level couplings to parametrise
the effects of physics beyond the SM (BSM), as illustrated in Fig. 6. Effective gluon and photon
interactions κg and κγ are defined to parametrise the effects of BSM particles in the loops. Branch-
ing fractions are also considered for invisible (Binv, for missing transverse momentum signatures)
and undetectable particles (Bundet, for signatures where no current experimental sensitivity exists).
The values of Binv and Bundet are either considered separately or together as a single parameter
BBSM = Binv +Bundet. To compensate for the extra degrees of freedom, additional constraints
are introduced by requiring BBSM = 0 (black line), κV < 1 (red line), or by adding off-shell cross
section measurements with the same modifier as the on shell measurements κon = κoff (black line).
Compatibility with the SM hypothesis is observed in all cases.
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Figure 3: Summary of the measured signal strengths for the production and decay modes studied
by the ATLAS Collaboration [10].

These results can be reinterpreted in the context of specific BSM physics models that predict
extensions of the scalar sectors, such as the two Higgs doublet model (2HDM) or the minimal
supersymmetric SM (MSSM). The precision of the Higgs boson coupling measurements allows to
probe broad regions of these models parameter space, as extensively discussed in [10, 11].

4. From observations to precision measurements

The large dataset collected at the LHC Run 2 by the ATLAS and CMS experiments represents a
unique opportunity to perform a detailed study of all the Higgs boson production modes, effectively
marking a transition from their discovery to the study of their properties. An example is the ttH
production, that has been observed in 2018 by the ATLAS and CMS Collaborations [12, 13] with
the analysis of the Run 1 and of part of the Run 2 dataset, using a combination of the bb, γγ , ZZ,
WW and ττ decay channels. The measured signal strengths are 1.32+0.28

−0.26 (ATLAS) and 1.26+0.31
−0.26
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Figure 4: Measured combined signal strengths per production (left, ATLAS Collaboration [10])
and decay mode (right, CMS Collaboration [11]) of the Higgs boson.

(CMS). About one year later, the increase in the size of the available dataset allows us to deepen
the understanding of this rare process by studying it with more precision in various decay modes.

The decay mode to two photons is particularly challenging because of the small branching
fraction, and thus benefits of the large size of the full Run 2 dataset. The result published by
the ATLAS Collaboration [14] achieved almost a single channel observation with an observed
(expected) significance of 4.9σ (4.2σ ) and a measured signal strength of 1.38+0.41

−0.36. The diphoton
invariant mass spectrum, that combines all the hadronic and leptonic categories studied in this
result, is shown in Fig. 7. Similarly, an updated result by the CMS Collaboration with the 2016 and
2017 datasets [15] sets a value of µ = 1.7+0.6

−0.5.
The study of ttH in hadronic and multilepton final states benefits of larger branching fractions,

but is experimentally challenging because of the complex final states that require the usage of
advanced signal identification techniques. As an example, the recent search for ttH(bb) by the
CMS Collaboration [16] uses machine learning methods to reject the abundant multijet and tt
background, achieving with the 2016 and 2017 datasets an evidence for this process (3.9σ observed
significance and 3.5σ expected, with µ = 1.15+0.32

−0.29). Similarly, boosted decision trees are used
in the study of multilepton final states [17], that targets H → WW∗ and H → ττ decays in 7
exclusive categories. An evidence of the ttH process is also achieved with an observed (expected)
significance of 3.2σ (4.0σ ) and a measured signal strength of 0.96+0.34

−0.31. The output of these
discriminants in two of the most sensitive categories of the two analyses are shown in Fig. 8.

Similarly to the ttH case, the study of H→ bb decays has quickly evolved from the observa-
tion of this process to its characterisation. The existence of the bottom quark Yukawa coupling has
been recently established with a significance larger than 5σ by both the ATLAS and CMS Collab-
orations [18, 19]. The ATLAS Collaboration has recently studied the cross section times branching

5
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vector bosons), multiplied by the value of the particle mass and normalised to the vacuum expec-
tation value. Right: measured values of the common coupling modifiers for fermions and vector
bosons [10].

fraction of the VH(bb) process in exclusive regions of the vector boson pT [20]. Sensitivity to the
transverse momentum is retained through the shape of the boosted decision tree discriminant that
is used to separate the signal from the multijet background, and templates for two (three) intervals
of the W (Z) boson pT are simultaneously fit to the data. The output of the discriminant and the
measured cross sections in bins of the vector boson pT are shown in Fig. 9. Good compatibility
with the SM predictions is observed within uncertainties.

5. Simplified template cross section measurements

With the increasing precision of Higgs boson measurements, the κ framework described in
Section 3 does not allow allow to fully explore the information provided by experimental results.
For example, BSM physics may modify specific kinematic region of Higgs boson production such
as those with high transverse momentum. However, experimental analyses are often too complex
to easily unfold the final result in terms of underlying Higgs boson properties. The simplified tem-
plate cross section (STXS) framework defines fiducial regions in the phase space of Higgs boson
production, allowing to develop sophisticated and optimised analysis methods while ensuring their
interpretability, and minimising their dependence on underlying theoretical assumptions. Depend-
ing on the statistical power of individual analyses, more granular STXS regions can be defined, and
a staged approach has been adopted by experiments. Stage 0 STXS correspond to the individual
production modes, while stage 1 corresponds to a further splitting into kinematic regions. An ex-
ample of STXS measurement is the study of VH(bb) production in intervals of the vector bosons
pT described in Section 4.

The STXS framework allows to develop advanced analysis techniques while providing a the-
oretically clean and interpretable result. An example is the analysis of the H→ ττ process [21],
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where the CMS Collaboration has developed sophisticated neural networks with multiprocess clas-
sification to optimally explore four final states of the ττ system, bringing sensitivity to the gluon
and vector boson fusion kinematics. In clean decay channels such as H→ γγ [22] the granularity of
the STXS regions can be improved by further classifying the gluon and vector boson fusion phase
space in terms of the kinematics of the Higgs boson and of the jets produced in association. Finally,
the STXS approach is designed to be increasingly granular as more data become available. Using
the full Run 2 dataset and the clean H→ ZZ∗→ 4`, the CMS Collaboration has performed mea-
surements using the so-called stage 1.1 STXS [23], with 10 bins for gluon fusion-like production,
5 bins for vector boson fusion-like production, three bins for VH-like production (with leptonic V
decays) and a single bin for ttH and single top quark associated production. The STXS measure-
ments performed by the CMS Collaboration in three final states discussed above are summarised
in Fig. 10.

A combined STXS measurements for different channels has been performed by the ATLAS
Collaboration [10], as shown in Fig. 11, using the 2016 and 2017 datasets. A general good agree-
ment with the SM prediction is observed within uncertainties. In the regions that are most sensitive
to BSM physics contributions, such as those characterised by high tranverse momenta, the statisti-
cal uncertainty is still the dominant one, and the result is thus expected to be improved further with
the analysis of the full Run 2 dataset.

It should be mentioned that fully differential measurements are also performed by the experi-
ments beyond STXS measurements. The CMS Collaboration has performed differential measure-
ments in the four lepton final state using the full Run 2 dataset [23], and the ATLAS Collaboration
has performed combined differential measurements in the four lepton and diphoton decay channels
with the 2016 dataset [24]. A more extensive discussion of the status of these measurements as of
this conference is reported in [25].

6. Probing the self-coupling in single Higgs boson measurements

While the Higgs boson self-coupling λHHH can be directly measured in Higgs boson pair (HH)
production, its experimental study in this process is challenging because of the small production
cross section and, consequently, Higgs boson self interactions have not yet been observed. Sin-
gle Higgs boson production provides a complementary access to this elusive coupling thanks to
the possibility to perform an indirect measurement, being sensitive to λHHH through loop-level
contributions. These λHHH-dependent next-lo-leading (NLO) electroweak corrections [26, 27] af-
fect both the total Higgs boson production rate and the differential cross sections. Variations are
expected in all the main production modes, with the largest effects observed for ttH production.
It must be noted that complete differential effects have not yet been computed for gluon fusion,
although they are expected to be small [28], therefore only changes in the total cross section are
presently investigated in this production mode.

The STXS measurements discussed in Section 5 have been reinterpreted by the ATLAS Col-
laboration in terms of variations of the Higgs boson self-coupling [29], parametrising the expected
change of cross section in each bin of the measurement. The result is shown in Fig. 12, and
corresponds to a best fit value of κλ = 4.0+4.3

−4.1, where κλ is the Higgs boson self coupling value
normalised to the SM prediction (κλ = λHHH/λ SM

HHH). The result assumes that only κλ can vary,
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Figure 10: Simplified template cross section measurements performed by the CMS Collaboration
in the H → ττ [21] (top left), H → γγ [22] (top right), and H → ZZ∗ → 4` [23] (bottom) decay
channels.

while all the other couplings are fixed to the SM prediction. If also κV is floated, the sensitivity is
reduced by about 50%, and no sensitivity is retained when introducing other degrees of freedom in
the fit, because the current single Higgs boson measurements do not allow to disentangle variations
of κλ from the effects of other couplings. This can be reduced in future by exploring in more detail
the differential information, and by performing a combined measurement with HH results. This
combination has been performed by the ATLAS Collaboration after this conference [30], using the
same κ framework as the result presented above to combine the leading order κλ constraint from
HH to the loop-level indirect determination from single Higgs measurements.
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Figure 11: Combined measurement of the STXS performed by the ATLAS Collaboration [10].

7. Future prospects

The ultimate precision in the determination of the Higgs boson couplings will be reached at the
high-luminosity LHC (HL-LHC), where each experiment is expected to collect a dataset of about
3000fb−1. The high instantaneous luminosity of the HL-LHC, with a number of simultaneous pp
interactions per bunch crossing of 140 to 200, represent significant challenges that the experiments
are tackling with an ambitious programme of detector upgrade.

The precision in the determination of the Higgs boson couplings has been estimated by ex-
trapolating the current measurements to an integrated luminosity of 3000fb−1 per experiment [31].
The performance in object reconstruction efficiencies, misidentification rates and resolutions are
assumed to be similar to the LHC Run 2, considering that the detector upgrades will compensate
for the harsher collision conditions. Scenarios are defined for the experimental systematic uncer-
tainties, assuming either the same values of the LHC Run 2, or scaling them with the luminosity
until a minimal value is reached. Theory uncertainties are generally considered to be reduced by
a factor of two. A summary of the projected precision in the Higgs boson couplings measurement
with these assumptions is reported in Fig. 13. Most couplings are expected to be measured to a
precision ranging between 2 to 4%. The theory uncertainties are the dominant ones in most cases,
with the exception of the searches for rare processes such as H→ µµ and H→ Zγ .
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Figure 4: Profile likelihood scan, in terms of �2 ln⇤(�), performed as a function of � on data (a) and on the Asimov
dataset [32] generated under the SM hypothesis (b). The solid black line shows the profile likelihood distributions
obtained including all systematic uncertainties (“Total”). Results from a statistic only fit “Stat. only” (black dashed
line), including the experimental systematics “Stat. + Exp. Sys.” (blue solid line) , adding theory systematics related
to the signal “Stat.+ Exp. Sys.+ Sig. Th. Sys.” (red solid line) are also shown. The dotted horizontal lines show the
�2 ln⇤(�) = 1 and �2 ln⇤(�) = 4 levels that are used to define the ±1� and ±2� uncertainties on �.

Figure 5. The dominant contributions to the � sensitivity derive from the di-boson decay channels ��,
Z Z⇤, WW⇤ and from the ggF and ttH production modes.

The production mode that is most sensitive to the Higgs boson self-coupling is gluon fusion. In order to
cross-check the e�ect on the results from assuming a kinematic independent parametrization of the gluon
fusion production cross-section as a function of �, an additional fit has been performed by excluding the
STXS bins with Higgs boson transverse momentum above 120 GeV. This has been technically realized by
introducing signal strength parameters for these STXS bins and profiling them independently in the fit.
The result is a minimal change of the central value (⇠ 5%) and uncertainty on �.
In addition, the impact on the � determination of using an inclusive cross-section measurement, rather than
the di�erential cross-section information contained in the STXS bins, has been studied. An alternative fit
has been performed where the VBF, VH and ZH production modes are considered as single inclusive bins.
Compared to the use of di�erential information, the inclusive fit does not currently lead to a significant loss
in sensitivity to �. However, di�erential information should help most in the ttH production mode, where
it is currently not considered. All results are summarised in Table 6.

5.2 Results of fits to � and either V or F

Two additional fit configurations are considered in this note, in which a simultaneous fit is performed to �
and F , or to � and V . The remaining coupling modifier that is not included in the fit, V in the first case
and F in the second case, is kept fixed to the SM prediction. These fits target BSM scenarios where new
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Figure 12: Negative log-likelihood profile as a function of the Higgs boson self coupling modifier
from the reinterpretation of single Higgs boson production STXS measurements.
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These coupling measurements assume the absence of sizable
additional contributions to GH . As recently suggested, the patterns
of quantum interference between background and Higgs-mediated
production of photon pairs or four leptons are sensitive to GH .
Measuring the off-shell four-fermion final states, and assuming
the Higgs couplings to gluons and ZZ evolve off-shell as in the
SM, the HL-LHC will extract GH with a 20% precision at 68% CL.
Furthermore, combining all Higgs channels, and with the sole
assumption that the couplings to vector bosons are not larger than
the SM ones (kV  1), will constrain GH with a 5% precision at
95% CL. Invisible Higgs boson decays will be searched for at
HL-LHC in all production channels, VBF being the most sensitive.
The combination of ATLAS and CMS Higgs boson coupling mea-
surements will set an upper limit on the Higgs invisible branching
ratio of 2.5%, at the 95% CL. The precision reach in the mea-
surements of ratios will be at the percent level, with particularly
interesting measurements of kg/kZ, which serves as a probe of
new physics entering the H ! gg loop, can be measured with an
uncertainty of 1.4%, and kt/kg, which serves as probe of new
physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-
eration quarks from a variety of observables is given in Fig. 2
(left). It includes: (i) HL-LHC projections for exclusive decays of
the Higgs into quarkonia; (ii) constraints from fits to differential
cross sections of kinematic observables (in particular pT); (iii)
constraints on the total width GH relying on different assumptions
(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
constraint of 5% on the width mentioned herein); and (v) the direct search for Higgs decays to cc using inclusive charm tagging
techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of kc / 2. A combination of
ATLAS, CMS and LHCb results would further improve this constraint to kc / 1.

The Run 2 experience in searches for Higgs pair production led to a reappraisal of the HL-LHC sensitivity, including several
channels, some of which were not considered in previous projections: 2b2g , 2b2t , 4b, 2bWW, 2bZZ. Assuming the SM Higgs
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Figure 2. Left: Summary of the projected HL-LHC limits on the quark Yukawa couplings. Right: Summary of constraints on
the SMEFT operators considered. The shaded bounds arise from a global fit of all operators, those assuming the existence of a
single operator are labeled as "exclusive". From Ref. [2].

2

Figure 13: Summary of the projected uncertainties on the Higgs boson couplings measurements
at the HL-LHC, combining the ATLAS and CMS results [31]. The red and green lines denote the
theory and the experimental systematic uncertainties, while the blue line indicates the statistical
ones. The total uncertainty is denoted by the grey box.

8. Conclusions

The Higgs boson is a unique particle in Nature, and its thorough characterisation is essential
to explore the properties of the scalar sector of the standard model of particle physics. A broad
program of measurements is being conducted by the ATLAS and CMS Collaborations, that have
studied the Higgs boson mass, width, couplings, and properties. The Run 2 dataset provides an
unprecedented opportunity for Higgs boson studies, with the experimental exploration marking a
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transition from observations to precision measurements as more data are available. A broad and
exciting research program is ahead of the experimental community, from the preparation of updated
results using the full Run 2 dataset to the HL-LHC precision measurements.
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