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• gauge sector tested through Electroweak Precision measurement at LEP/LHC

• Higgs sector testable only at LHC: strong constraints from the requirement to have a spontaneously broken 

gauge theory (therefore re-normalisable):  particle masses and Higgs boson couplings strongly related

• Measuring the Higgs couplings is a test of the SM in the Higgs boson sector 
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5 11. Status of Higgs Boson Physics

and singlets, respectively, while in each term, ĥfij
, f = u, d, l is parametrized by a 3 ◊ 3 matrix in

family space. The mass term for neutrinos is omitted, but could be added in an analogous manner
to the up-type quarks when right-handed neutrinos are supplementing the SM particle content
(neutrinos can also acquire Majorana masses via non-renormalisable dimension-5 interactions with
the Higgs field [23]). Once the Higgs field acquires a VEV, and after rotation to the fermion mass
eigenstate basis that also diagonalises the Higgs-fermion interactions, ĥfij

æ hfi
”ij (the diagonal

Yukawa coupling hfi
is often denoted as yfi

), all fermions acquire a mass given by mfi
= hfi

v/
Ô

2.
The indices i, j = 1, 2, 3 refer to the three families in the up-quark, down-quark or charged lepton
sectors. Remarkably, if the Yukawa interactions Eq. (11.6) are indeed fully responsible for the
fermion masses, the Higgs interactions do not mediate flavour changing neutral currents at tree-
level. It should be further noted that the EWSB mechanism provides no additional insight on
possible underlying reasons for the large variety of mass values of the fermions, often referred to as
the flavour hierarchy. The fermion masses, accounting for a large number of the free parameters of
the SM, are simply translated into Yukawa couplings.

11.2.1 The SM Higgs boson mass, couplings and quantum numbers
The SM Higgs boson is a CP -even scalar of spin 0. Its mass is given by mH =

Ô
2⁄ v, where ⁄ is

the self coupling parameter in V (Õ). The expectation value of the Higgs field, v = (
Ô

2GF )≠1/2
¥

246 GeV, is fixed by the Fermi coupling GF , which is determined with a precision of 0.6 ppm
from muon decay measurements [24]. The quartic coupling ⁄ is a free parameter in the SM, and
hence, there is no a priori prediction for the Higgs mass. Moreover the sign of the mass parameter
m

2 = ≠⁄v
2 has to be negative for the EW symmetry breaking to take place, but there is no a

priori understanding of what decides of this sign. The experimentally measured Higgs boson mass,
mH = 125.25 ± 0.17 GeV [24], implies that ⁄ ƒ 0.13 and |m| ƒ 88.4 GeV.

The Higgs boson couplings to the fundamental particles are set by their masses. This is a new
type of interaction; very weak for light particles, such as up and down quarks, and electrons, but
strong for heavy particles such as the W and Z bosons and the top quark. More precisely, the SM
Higgs couplings to fundamental fermions are linearly proportional to the fermion masses, whereas
the couplings to bosons are proportional to the square of the boson masses. The SM Higgs boson
couplings to gauge bosons and fermions, as well as the Higgs boson self coupling, are summarized
in the following Lagrangian:
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where V = W
± or Z and ”W = 1, ”Z = 1/2. As a result, the dominant mechanisms for Higgs

boson production and decay involve the coupling of H to W , Z and/or the third generation quarks
and leptons. The Higgs boson coupling to gluons [25,26] is induced at leading order by a one-loop
process in which H couples to a virtual tt̄ pair (with minor contributions from the other lighter
quarks). Likewise, the Higgs boson coupling to photons is also generated via loops, although in
this case the one-loop graph with a virtual W

+
W

≠ pair provides the dominant contribution [27]
and it is interfering destructively with the smaller contribution involving a virtual tt̄ pair (as such,
the Higgs coupling to photons is sensitive to the relative phase of the interactions between bosons
and fermions).
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æ hfi
”ij (the diagonal

Yukawa coupling hfi
is often denoted as yfi

), all fermions acquire a mass given by mfi
= hfi

v/
Ô

2.
The indices i, j = 1, 2, 3 refer to the three families in the up-quark, down-quark or charged lepton
sectors. Remarkably, if the Yukawa interactions Eq. (11.6) are indeed fully responsible for the
fermion masses, the Higgs interactions do not mediate flavour changing neutral currents at tree-
level. It should be further noted that the EWSB mechanism provides no additional insight on
possible underlying reasons for the large variety of mass values of the fermions, often referred to as
the flavour hierarchy. The fermion masses, accounting for a large number of the free parameters of
the SM, are simply translated into Yukawa couplings.

11.2.1 The SM Higgs boson mass, couplings and quantum numbers
The SM Higgs boson is a CP -even scalar of spin 0. Its mass is given by mH =

Ô
2⁄ v, where ⁄ is

the self coupling parameter in V (Õ). The expectation value of the Higgs field, v = (
Ô

2GF )≠1/2
¥

246 GeV, is fixed by the Fermi coupling GF , which is determined with a precision of 0.6 ppm
from muon decay measurements [24]. The quartic coupling ⁄ is a free parameter in the SM, and
hence, there is no a priori prediction for the Higgs mass. Moreover the sign of the mass parameter
m

2 = ≠⁄v
2 has to be negative for the EW symmetry breaking to take place, but there is no a

priori understanding of what decides of this sign. The experimentally measured Higgs boson mass,
mH = 125.25 ± 0.17 GeV [24], implies that ⁄ ƒ 0.13 and |m| ƒ 88.4 GeV.

The Higgs boson couplings to the fundamental particles are set by their masses. This is a new
type of interaction; very weak for light particles, such as up and down quarks, and electrons, but
strong for heavy particles such as the W and Z bosons and the top quark. More precisely, the SM
Higgs couplings to fundamental fermions are linearly proportional to the fermion masses, whereas
the couplings to bosons are proportional to the square of the boson masses. The SM Higgs boson
couplings to gauge bosons and fermions, as well as the Higgs boson self coupling, are summarized
in the following Lagrangian:

L = ≠g
Hff̄

f̄fH + gHHH

6 H
3 + gHHHH

24 H
4 + ”V VµV

µ

3
gHV V H + gHHV V

2 H
2
4

(11.7)

with

g
Hff̄

© yf = mf

v
, gHV V = 2m

2
V

v
, gHHV V = 2m

2
V

v2 , gHHH = 3m
2
H

v
, gHHHH = 3m

2
H

v2 , (11.8)

where V = W
± or Z and ”W = 1, ”Z = 1/2. As a result, the dominant mechanisms for Higgs

boson production and decay involve the coupling of H to W , Z and/or the third generation quarks
and leptons. The Higgs boson coupling to gluons [25,26] is induced at leading order by a one-loop
process in which H couples to a virtual tt̄ pair (with minor contributions from the other lighter
quarks). Likewise, the Higgs boson coupling to photons is also generated via loops, although in
this case the one-loop graph with a virtual W

+
W

≠ pair provides the dominant contribution [27]
and it is interfering destructively with the smaller contribution involving a virtual tt̄ pair (as such,
the Higgs coupling to photons is sensitive to the relative phase of the interactions between bosons
and fermions).

11th August, 2022



B. Di Micco Higgs couplings - Quy Nhon 6 - 12 August 2023

Higgs boson couplings overview
3

the heavy-quark loop-mediated gluon–gluon fusion process (ggF). The second most copious process is
vector-boson fusion (VBF) where two weak bosons, either / or , bosons, fuse to produce a Higgs boson
(7%). Next in rate is production of a Higgs boson in association with a weak (+ = , , /) boson (4%).
Production of a Higgs boson in association with a pair of top quarks (CC̄�) or 1-quarks (11̄�) each account
for about 1% of the total rate. The contribution of other @@̄� processes is much smaller and experimentally
not accessible. Only about 0.05% of Higgs bosons are produced in association with a single top quark
(C�). Representative Feynman diagrams of these processes are shown in Figures 1(a)–1(e). After it is
produced, the Higgs boson is predicted to decay almost instantly, with a lifetime of 1.6 ⇥ 10�22 seconds.
More than 90% of these decays are via eight decay modes (see Figures 1(f)–1(i)): decays into gauge boson
pairs, i.e. , bosons with a probability, or branching fraction, of 22%, / bosons 3%, photons (W) 0.2%, /
boson and photon 0.2%, as well as decays into fermion pairs, i.e. 1-quarks 58%, 2-quarks 3%, g-leptons
6%, and muons (`) 0.02%. There may also be decays of the Higgs boson into invisible particles, above the
SM prediction of 0.1%, which are also searched for. Such decays are possible in theories beyond the SM,
postulating, for example, the existence of dark-matter particles which do not interact with the detector.
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Figure 1: Examples of Feynman diagrams for Higgs boson production and decays. The Higgs boson is produced
via gluon–gluon fusion (a), vector-boson fusion (VBF; b), and associated production with vector bosons (c), top- or
1-quark pairs (d), or a single top quark (e). f–i, The Higgs boson decays into a pair of vector bosons (f), a pair of
photons or a / boson and a photon (g), a pair of quarks (h), and a pair of charged leptons (i). Loop-induced Higgs
boson interactions with gluons or photons are shown in blue, processes involving couplings to , or / bosons in
green, to quarks in orange, and to leptons in red. Two di�erent shades of green (orange) are used to separate the VBF
and +� (CC� and C�) production processes.

In this Article, the mutually exclusive measurements of Higgs boson production and decays probing all
processes listed above are combined, taking into account the correlations among their uncertainties. In a
single measurement, di�erent couplings generally contribute in the production and decay. The combination
of all measurements is therefore necessary to constrain these couplings individually. This allows key tests
of the Higgs sector of the SM to be performed, including the determination of the coupling strengths of the
Higgs boson to various fundamental particles and a comprehensive study of the kinematic properties of
Higgs boson production. The latter could reveal new phenomena beyond the SM that are not observable
through measurements of the coupling strengths.
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1-quark pairs (d), or a single top quark (e). f–i, The Higgs boson decays into a pair of vector bosons (f), a pair of
photons or a / boson and a photon (g), a pair of quarks (h), and a pair of charged leptons (i). Loop-induced Higgs
boson interactions with gluons or photons are shown in blue, processes involving couplings to , or / bosons in
green, to quarks in orange, and to leptons in red. Two di�erent shades of green (orange) are used to separate the VBF
and +� (CC� and C�) production processes.

In this Article, the mutually exclusive measurements of Higgs boson production and decays probing all
processes listed above are combined, taking into account the correlations among their uncertainties. In a
single measurement, di�erent couplings generally contribute in the production and decay. The combination
of all measurements is therefore necessary to constrain these couplings individually. This allows key tests
of the Higgs sector of the SM to be performed, including the determination of the coupling strengths of the
Higgs boson to various fundamental particles and a comprehensive study of the kinematic properties of
Higgs boson production. The latter could reveal new phenomena beyond the SM that are not observable
through measurements of the coupling strengths.
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Production mode and branching fractions
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Figure 2: The agreement with the SM predictions for production modes and decay channels.
Signal strength parameters extracted for (left) various production modes µi, assuming B f

=

(B f
)SM, and (right) decay channels µ f , assuming si = (si)SM. The thick (thin) black lines

indicate the 1 (2) s.d. confidence intervals, with the systematic and statistical components of
the 1 s.d. interval indicated by the red and blue bands, respectively. The vertical dashed line
at unity represents the values of µi and µ f in the SM. The covariance matrices of the fitted
signal strength parameters are shown in Extended Data Fig. B.5. The p-value with respect to
the SM prediction are 3.1% and 30.1% for the left and right plot, respectively. The p-value
corresponds to the probability that a result deviates as much, or more, from the SM prediction
as the observed one.

and µ f , our measurements are shown in Fig. 2. The production modes ggH, VBF, WH, ZH,
and ttH are all observed with a significance of 5 s.d. or larger.

5.2 The k-framework for coupling modifiers.

Beyond-the-SM physics is expected to affect the production modes and decay channels in a
correlated way if they are governed by similar interactions. Any modification in the interaction
between the Higgs boson and, e.g. the W bosons and top quarks not only would affect the
H ! WW (Fig. 1g) or H ! gg (Fig. 1i and 1j) decay rates, but also the production cross
section for the ggH (Fig. 1a), WH (Fig. 1c), and VBF (Fig. 1b) modes. To probe such deviations
from the predictions of the SM, the k-framework [38] is used. The quantities, such as si, G f , and
GH, computed from the corresponding SM predictions, are scaled by k2

i
, as indicated by the

vertex labels in Fig. 1. As an example, for the decay H ! gg proceeding via the loop processes
of Fig. 1i or 1j, the branching fraction is proportional to k2

g or (1.26kW � 0.26kt)
2. In the SM all

k values are equal to one.

A first such fit to Higgs boson couplings introduces two parameters, kV and kf, scaling the
Higgs boson couplings to massive gauge bosons and to fermions, respectively. With the limited
data set available at the time of discovery, such a fit provided first indications for the existence
of both kinds of couplings. The sensitivity with present data is much improved, and both
coupling modifiers are measured to be in agreement, within an uncertainty of 10%, with the
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Figure 2: Observed and predicted Higgs boson production cross-sections and branching fractions. a, Cross
sections for di�erent Higgs boson production processes are measured assuming SM values for the decay branching
fractions. b, Branching fractions for di�erent Higgs boson decay modes are measured assuming SM values for the
production cross sections. The lower panels show the ratios of the measured values to their SM predictions. The
vertical bar on each point denotes the 68% confidence interval. The ?-value for compatibility of the measurement
and the SM prediction is 65% for a and 56% for b.

Branching fractions of individual Higgs boson decay modes are measured by setting the cross sections for
Higgs boson production processes to their respective SM values. The results are shown in Figure 2(b). The
branching fractions of the WW, // , ,±

,
⌥ and g

+
g
� decays, which were already observed in the Run 1

data, are measured with a precision ranging from 10% to 12%. The 11̄ decay mode is observed with a
signal significance of 7.0f (expected 7.7f), while the observed (expected) signal significances for the
� ! `

+
`
� and � ! /W decays are 2.0f (1.7f) and 2.3f (1.1f), respectively.

The assumptions about the relative contributions of di�erent decay or production processes in the above
measurements are relaxed by directly measuring the product of production cross section and branching
fraction for di�erent combinations of production and decay processes. The corresponding results are
shown in Figure 3. The measurements are in agreement with the SM prediction.

To determine the value of a particular Higgs boson coupling strength, a simultaneous fit of many individual
production times branching fraction measurements is required. The coupling fit presented here is performed
within the ^-framework [53] with a set of parameters + that a�ect the Higgs boson coupling strengths
without altering any kinematic distributions of a given process.

Within this framework, the cross section times the branching fraction for an individual measurement is
parameterized in terms of the multiplicative coupling strength modifiers ^. A coupling strength modifier
^? for a production or decay process via the coupling to a given particle ? is defined as ^

2
? = f?/fSM

?

or ^
2
? = �?/�SM

? , respectively, where �? is the partial decay width into a pair of particles ?. The
parameterization takes into account that the total decay width depends on all decay modes included in
the present measurements, as well as currently undetected or invisible, direct or indirect decays predicted
by the SM (such as those to gluons, light quarks, or neutrinos) and the hypothetical decays into non-SM

7

ATLAS and 
CMS measure 
cross section 
and branching 
fraction as 
signal strength 
parameters
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Coupling measurements
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Figure 3: Ratio of observed rate to predicted SM event rate for di�erent combinations of Higgs boson
production and decay processes. The horizontal bar on each point denotes the 68% confidence interval. The
narrow grey bands indicate the theory uncertainties in the SM cross-section times the branching fraction predictions.
The ?-value for compatibility of the measurement and the SM prediction is 72%.

particles. The decays to non-SM particles are divided into decays to invisible particles and other decays
that would be undetected due to large backgrounds. The corresponding branching fractions for the two are
denoted by ⌫inv. and ⌫u., respectively.

In the following, three classes of models with progressively fewer assumptions about coupling strength
modifiers are considered. SM values are assumed for the coupling strength modifiers of first-generation
fermions, and the modifiers of the second-generation quarks are set to those of the third generation except
where ^2 is left free-floating in the fit. Due to their small sizes, these couplings are not expected to
noticeably a�ect any of the results. The ggF production and the � ! WW and � ! /W decays are
loop-induced processes. They are either expressed in terms of the more fundamental coupling strength scale
factors corresponding to the particles that contribute to the loop-induced processes in the SM, or treated
using e�ective coupling strength modifiers ^6, ^W and ^/W , respectively. The latter scenario accounts for
possible loop contributions from particles beyond the SM. The small contribution from the loop-induced
66 ! /� process is always parameterized in terms of the couplings to the corresponding SM particles.

The first model tests one scale factor for the vector bosons, ^+ = ^, = ^/ , and a second, ^� , which applies
to all fermions. In general, the SM prediction of ^+ = ^� = 1 does not hold in extensions of the SM. For
example, the values of ^+ and ^� would be less than 1 in models in which the Higgs boson is a composite
particle. The e�ective couplings corresponding to the ggF, � ! WW and � ! /W loop-induced processes
are parameterized in terms of the fundamental SM couplings. It is assumed that there are no invisible or
undetected Higgs boson decays beyond the SM, i.e. ⌫inv. = ⌫u. = 0. As only the relative sign between
^+ and ^� is physical and a negative relative sign has been excluded with a high level of confidence [20],
^+ � 0 and ^� � 0 are assumed. Figure 4 shows the results of a combined fit in the (^+ , ^� ) plane. The
best-fit values and their uncertainties from the combined fit are ^+ = 1.035 ± 0.031 and ^� = 0.95 ± 0.05,
compatible with the SM predictions. A relatively large positive correlation of 39% is observed between
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Figure 5: Reduced Higgs boson coupling strength modifiers and their uncertainties. They are defined as
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p
^+<+ /vev for vector bosons as a function of their masses <� and <+ .

Two fit scenarios with ^2 = ^C (coloured circle markers), or ^2 left free-floating in the fit (grey cross markers) are
shown. Loop-induced processes are assumed to have the SM structure, and Higgs boson decays to non-SM particles
are not allowed. The vertical bar on each point denotes the 68% confidence interval. The ?-values for compatibility
of the combined measurement and the SM prediction are 56% and 65% for the respective scenarios. The lower panel
shows the values of the coupling strength modifiers. The grey arrow points in the direction of the best-fit value and
the corresponding grey uncertainty bar extends beyond the lower panel range.

not substantially a�ect the kinematic properties of the Higgs boson decay products. The fit results for the
scenario in which invisible or undetected non-SM Higgs boson decays are assumed not to contribute to
the total Higgs decay width, i.e. ⌫inv. = ⌫u. = 0, are shown in Figure 6 together with the results for the
scenario allowing such decays. To avoid degenerate solutions, the latter constrains ⌫u. � 0 and imposes the
additional constraint ^+  1 that naturally arises in a variety of scenarios of physics beyond the SM [54,
55]. All measured coupling strength modifiers are compatible with their SM predictions. When allowing
invisible or undetected non-SM Higgs boson decays to contribute to the total Higgs boson decay width,
the previously measured coupling strength modifiers do not change significantly, while upper limits of
⌫u. < 0.12 (expected 0.21) and ⌫inv. < 0.13 (expected 0.08) are set at 95% CL on the corresponding
branching fraction. The latter improves on the current best limit of ⌫inv. < 0.145 (expected 0.103) from
direct ATLAS searches [42].

In all tested scenarios, the statistical and the systematic uncertainty contribute almost equally to the
total uncertainty in most of the ^ parameter measurements. The exceptions are the ^`, ^/W , ^2 and ⌫u.

measurements for which the statistical uncertainty still dominates.

Kinematic properties of Higgs boson production probing the internal structure of its couplings are studied in
the framework of simplified template cross sections [44, 56–58]. The framework partitions the phase space
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predictions from the SM, as shown in Fig. 3 (left).
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Figure 3: A portrait of the Higgs boson couplings to fermions and vector bosons.
(left) Constraints on the Higgs boson coupling modifiers to fermions (kf) and heavy gauge
bosons (kV), in different data sets: discovery (red), the full LHC Run 1 (blue), and the data
presented here (black). The SM prediction corresponds to kV = kf = 1 (diamond marker).
(right) The measured coupling modifiers of the Higgs boson to fermions and heavy gauge
bosons, as functions of fermion or gauge boson mass, where u is the vacuum expectation value
of the BEH field (cf. Methods section A.7). For gauge bosons, the square root of the coupling
modifier is plotted, to keep a linear proportionality to the mass, as predicted in the SM. The
p-value with respect to the SM prediction for the right plot is 37.5%.

A second fit is performed to extract the coupling modifiers k for the heavy gauge bosons (kW,
kZ) and the fermions probed in the present analyses (kt , kb, kt , kµ ). Predictions for processes
that in the SM occur via loops of intermediate virtual particles, e.g. Higgs boson production via
ggH, or Higgs boson decay to a pair of gluons, photons, or Zg, are computed in terms of the
ki above. The result is shown in Fig. 3 (right), as a function of the mass of the probed particles.
The remarkable agreement with the predictions of the BEH mechanism over three orders of
magnitude of mass is a powerful test of the validity of the underlying physics. Statistical and
systematic uncertainties contribute at the same level to all measurements, except for kµ , which
still is dominated by the statistical uncertainty.

In extensions of the SM with new particles, the loop-induced processes may receive additional
contributions. A more general fit for deviations in the Higgs boson couplings can then be
defined by introducing additional modifiers for the effective coupling of the Higgs boson to
gluons (kg), photons (kg ), and Zg (kZg ). Results for this fit are shown in Fig. 4 (left). Coupling
modifiers are probed at a level of uncertainty of 10%, except for kb and kµ (⇡20%), and kZg

(⇡40%), and all measured values are compatible with the SM expectations, to within 1.5 s.d.
These measurements correspond to an increase in precision by a factor of ⇡5 compared to what
was possible with the discovery data set. Figure 4 (right) and Extended Data Fig. B.8 (left)
illustrate the evolution of several k measurements and their uncertainties using the data set:

• at the time of discovery (July 2012) [2, 3],
• for the full Run 1 (end of 2012) [35],
• for results presented in this paper, and

• analyses are typically grouped per decay mode, 
with few exceptions when more decays need to 
be grouped together to increase statistics (ttH)


• di-boson modes (γγ, WW) sensitive to all 
production modes (ZZ) only to ggF due to low 
stat, fermionic modes sensitive to VH (bb) and 
VBF modes (ττ)
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Figure 1: Tree-level Feynman diagrams for the signal topologies considered by the +�, � ! ,,
⇤ measurement.

3 ATLAS detector

The ATLAS detector [18] at the LHC covers nearly the entire solid angle around the collision point.1 It
consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and
hadron calorimeters, and a muon spectrometer incorporating three large superconducting air-core toroidal
magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle
tracking in the range |[ | < 2.5. The high-granularity silicon pixel detector covers the vertex region and
typically provides four measurements per track, the first hit normally being in the insertable B-layer (IBL)
installed before Run 2 [19, 20]. It is followed by the silicon microstrip tracker (SCT), which usually provides
eight measurements per track. These silicon detectors are complemented by the transition radiation tracker
(TRT), which enables radially extended track reconstruction up to |[ | = 2.0. The TRT also provides
electron identification information based on the fraction of hits (typically 30 in total) above a higher
energy-deposit threshold corresponding to transition radiation.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points
upwards. Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis.
The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2). Angular distance is measured in units of
�' ⌘

p
(�[)2 + (�q)2.
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Figure 10: Observed profile likelihood as a function of f ⇥ B�!,, ⇤ normalised by the SM expectation for (a)
the +� and ,�//� measurements from the combined 1- and 2-POI fits, respectively, and (b) the single-channel
measurements.
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40

Figure 22: Observed profile-likelihood function for the global signal strength modifier µ. The
dashed curve corresponds to the profile-likelihood function obtained considering statistical
uncertainties only.

H→WW 

Figure 23: Observed signal strength modifiers for the main SM production modes.

summarized in Fig. 23, where the separate contributions of statistical and systematic sources
of uncertainty are also shown. Results correspond to observed (expected) significances of 10.5
(11.8)s, 3.15 (4.74)s, 3.61 (1.82)s, and 3.73 (2.19)s for the ggH, VBF, WH, and ZH modes,
respectively. The correlation matrix among the signal strengths is given in Fig. 24. The compat-
ibility of the result with the SM is found to be 7%.

11.2 Higgs boson couplings

Given its large branching fraction and relatively low background, the H ! WW channel is a
good candidate to measure the couplings of the Higgs boson to fermions and vector bosons.
This is performed in the so-called k framework. Two coupling modifiers kV and kf are defined,
for couplings to vector bosons and fermions respectively. These scale the signal yield of the

43

H→WW 

Figure 26: Observed cross sections in each STXS bin, normalized to the SM expectation.

12 Summary

A measurement of production cross sections for the Higgs boson has been performed target-
ing the gluon fusion, vector boson fusion, and Z or W associated production processes in the
H ! WW decay channel. Results are presented as signal strength modifiers, coupling mod-
ifiers, and differential cross sections in the simplified template cross section Stage 1.2 frame-
work. The measurement has been performed on data from proton-proton collisions recorded
by the CMS detector at a center-of-mass energy of 13 TeV in 2016–2018, corresponding to an
integrated luminosity of 138 fb�1. Specific event selections targeting different final states have
been employed, and results have been extracted via a simultaneous maximum likelihood fit to
all analysis categories. The overall signal strength for production of a Higgs boson is found to
be µ = 0.95+0.10

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

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

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

8. Conclusion

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

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

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

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

Declaration of competing interest

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

Acknowledgements

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

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

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

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

References

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

1

1 Introduction
Since the discovery of the Higgs boson [1–3] at the LHC, an extensive program of measure-
ments [4] has been undertaken to determine its properties and couplings to different types of
particles and to assess whether these properties are consistent with those predicted by the stan-
dard model (SM). With the successful running of the LHC, large data samples of proton-proton
(pp) collisions at

p
s = 13 TeV have been accumulated, increasing the sensitivity to Higgs boson

decays with small branching fractions. Such decays also provide probes for possible contribu-
tions arising from physics beyond the SM (BSM) and include the process H ! Zg [5–15].

Figure 1 shows Feynman diagrams for the key SM contributions to the H ! Zg decay process.
Experimentally, the final state resulting from Z ! `+`� (` = e or µ) is the most accessible, since
the leptons are highly distinctive, well-measured, and provide a means to trigger the recording
of the events. In the SM, the expected branching fraction for H ! Zg is B(H ! Zg) = (1.57±
0.09)⇥ 10�3, assuming a Higgs boson mass of mH = 125.38 ± 0.14 GeV, taken from the most
recent CMS Higgs boson mass measurement [16]. While this branching fraction is comparable
to B(H ! gg) = (2.27 ± 0.04)⇥ 10�3 [17, 18], the Z ! `+`� branching fraction reduces the
relative predicted signal yield. The ratio B(H ! Zg)/B(H ! gg) = 0.69 ± 0.04 is potentially
sensitive to BSM physics, such as supersymmetry and extended Higgs sectors [19–24]. The
effects from these models can shift the H ! Zg and H ! gg branching fractions by different
amounts, making the ratio a sensitive observable. The impact on the ratio can be O(10%),
depending on the model. The H ! Zg branching fraction is sensitive to a potential anomalous
trilinear Higgs self-coupling [10], and a precise measurement of the branching fraction could
help to test the SM prediction for this fundamental quantity.

The ATLAS and CMS Collaborations have performed searches for the decay H ! Zg !

`+`�g [25–28] at
p

s = 7, 8, and 13 TeV in the e+e�g and µ+µ�g final states. The most strin-
gent bound has been set by the ATLAS Collaboration using a data sample at

p
s = 13 TeV

with an integrated luminosity of 139 fb�1 [28]. The observed (expected) upper limit at 95%
confidence level (CL) on s(pp ! H)B(H ! Zg) relative to the SM is 3.6 (2.6), assuming
mH = 125.09 GeV. The region with lower dilepton invariant mass (m`+`� ) has also been
explored. The ATLAS experiment has reported evidence for the decay H ! `+`�g with
m`+`� < 30 GeV using both dilepton channels [29]. The CMS Collaboration has also searched
for the H ! `+`�g process with m`+`� < 50 GeV in the dimuon channel at

p
s = 8 TeV [30]

and 13 TeV [27].

This paper describes a search for the decay H ! Zg, where Z ! `+`�. The data sample
corresponds to an integrated luminosity of 138 fb�1 of pp collisions at

p
s = 13 TeV accumu-

q

q

q

� �

�

Figure 1: Feynman diagrams for H ! Zg decay.
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9 Results
Figure 5 shows the signal-plus-background fit to the data and the corresponding distribution
after background subtraction for the sum of all categories. Each category is weighted by the
factor S/(S + B), where S is the measured signal yield and B is the background yield in the
narrowest mass interval containing 95% of the signal distribution.
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Figure 5: Sum over all categories of the data points and signal-plus-background model after the
simultaneous fit to each m`+`�g distribution. The contribution from each category is weighted
by S/(S + B), as defined in the text. In the upper panel, the red solid line shows the signal-
plus-background fit. The red dashed line shows the background component of the fit. The
green and yellow bands represent the 68 and 95% CL uncertainties in the fit. Also plotted is the
expected SM signal weighted by S/(S + B) and scaled by a factor of 10. In the lower panel, the
data minus the background component of the fit is shown.

The best fit value of the signal strength is 2.4+0.8
�0.9 (stat) +0.3

�0.2 (syst) at mH = 125.38 GeV. The cor-
responding measured value of s(pp ! H)B(H ! Zg) is 0.21+0.07

�0.08 (stat) +0.03
�0.02 (syst) pb. This

measurement is consistent with the SM prediction of 0.09 ± 0.01 pb at the 1.6 standard devi-
ation level. Figure 6 shows the signal strengths obtained for each category separately, cor-
responding to the fit results shown in Figs. 3 and 4, as well as from simultaneous fits to the
dijet categories, the untagged categories, and all categories combined. Among the eight cat-
egories, dijet 1 is the most sensitive. A category compatibility p-value, under the hypothesis
of a common signal strength in all categories, is calculated from the likelihood ratio between
the nominal combined fit, in which all categories have the same signal strength parameter, and
a separate fit, in which each category has its own signal strength parameter. This p-value is
found to be 0.02, corresponding to 2.3 standard deviations, and is driven by the dijet 3 cate-
gory, which has a signal strength of µ̂ = 12.3+3.7

�3.5. The observed (expected) local significance
is 2.7 (1.2) standard deviations. Upper limits on µ are calculated at 1 GeV intervals in the mass
range of 120 < m`+`�g < 130 GeV and at mH = 125.38 GeV, as shown in Fig. 7. The observed
(expected) limit at 95% CL relative to the SM prediction for mH = 125.38 GeV is 4.1 (1.8), where
the expected limit is calculated under the background-only hypothesis. The measured value
of B(H ! Zg)/B(H ! gg) from the combined fit with the H ! gg analysis is 1.5+0.7

�0.6. This
measurement is consistent with the SM prediction for the ratio at the 1.5 standard deviation
level.
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µ = 2.4+1.0
�0.9
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Sensitive to loop induced 
BSM physics: 

ATLAS analysis CMS analysis
• 6 categories

• 1 VBF + 5 lepton flavour and Zγ 
kinematic

• 8 categories

• 1 lepton (VH + ttH), 3 VBF, 4 

BDT based kinematic

expected significance 1.6σ 

6% compatibility with the SM 
Br(H→Zγ) =  (3.4 ± 1.1)× 10-3
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VBF H→ bb
8

• VBF topology difficult in  H → bb, 
main Higgs measurement mode 
in bb is WH, ZH


• 4 jets in the final state, multi-jet, 
Z->bb and t t-bar background

• BDT based analysis discriminating 
VBF, ggF, EW Z signal against 
background 

6. Offline analysis 11

Table 2: Event categorization used in the analysis, a total of 18. The name of the categories are
given in the first column. The BDT score boundaries defining each category are given in the
second column and the targeted process is indicated in the third column.

Event category BDT score boundaries Targeted process
2016

TIGHT 1 0.25  D < 0.50 VBF
TIGHT 2 0.50  D < 0.75 VBF
TIGHT 3 0.75  D VBF
LOOSE G1 0.50  DggF < 0.55 ggF
LOOSE G2 0.55  DggF ggF
LOOSE V1 DggF < 0.50, 0.80  DVBF < 0.85 VBF
LOOSE V2 DggF < 0.50, 0.85  DVBF VBF
LOOSE Z1 DggF < 0.50, DVBF < 0.80, 0.60  DZ < 0.75 Z + jets
LOOSE Z2 DggF < 0.50, DVBF < 0.80, 0.75  DZ Z + jets

2018
TIGHT 1 0.25  D < 0.50 VBF
TIGHT 2 0.50  D < 0.75 VBF
TIGHT 3 0.75  D VBF
LOOSE G1 0.55  DggF < 0.60 ggF
LOOSE G2 0.60  DggF ggF
LOOSE V1 DggF < 0.55, 0.50  DVBF < 0.55 VBF
LOOSE V2 DggF < 0.55, 0.55  DVBF VBF
LOOSE Z1 DggF < 0.55, DVBF < 0.50, 0.60  DZ < 0.70 Z + jets
LOOSE Z2 DggF < 0.55, DVBF < 0.50, 0.70  DZ Z + jets

Table 3: Event yields for various categories of the analyzed 2016 data corresponding to L =
36.3 fb�1, in data compared to the expected numbers of events from the simulated samples
of signal and background other than QCD multijets process. The quoted uncertainties are
statistical only.

Category VBF ggF Z + jets tt + single-top W + jets data
LOOSE G1 4.5±0.2 26.5±1.2 275±16 116.7±2.6 10.6±3.0 41430±200
LOOSE G2 6.1±0.3 51.6±1.8 407±19 127.3±2.7 8.2±2.4 58890±240
LOOSE V1 19.9±0.4 2.7±0.4 45±2 10.6±0.8 1.9±1.3 4330±70
LOOSE V2 17.4±0.4 1.7±0.3 31±5 4.7±0.4 0.5±0.3 1900±40
LOOSE Z1 9.6±0.3 29.8±1.4 1150±20 226.3±3.3 40.8±6.1 78850±280
LOOSE Z2 3.1±0.2 8.1±0.7 650±10 199.0±3.0 35.0±5.9 29990±170
TIGHT 1 92.7±1.0 15.6±1.0 161±8 37.6±1.4 7.7±2.5 29860±170
TIGHT 2 136.2±1.5 12.9±0.9 151±6 22.5±1.2 4.2±1.4 21830±150
TIGHT 3 117.3±1.1 7.7±0.7 75±3 5.5±0.5 3.1±1.1 7230±90

• orthogonal SRs optimised for 
different signals

8. Results 19
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Figure 9: The mbb distribution after weighted combination of all categories in the analysis
weighted with S/(S+B). The blue solid curve corresponds to the non-resonant component of
background, dominated by QCD multijets. The shaded band represent 1s uncertainty in the
non-resonant component. The total signal+background model, including Z ! bb̄ and H ! bb̄
resonant components and the non-resonant one is represented by the magenta curve. The lower
panel compares distribution of data after subtracting the non-resonant component of the model
with expectation from sum of the resonant components: Z ! bb̄ (red curve) and H ! bb̄ signal
only expectation (green curve).
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• µqqH = 0.97+0.35
�0.35(stat.)+0.39

�0.28(syst.),
• µZbb̄ = 0.96 ± 0.20(stat.)±0.21(syst.).

The VBF signal is observed with a significance of 2.4s. The expected significance is 2.7s.

9 Summary

A measurement of the Higgs boson produced in the vector boson fusion (VBF) process and
decaying to bottom quarks has been performed on data sets collected by the CMS experiment
at a center-of-mass energy of 13 TeV and corresponding to a total integrated luminosity of
91 fb�1. The analysis employs boosted decision trees (BDT) to discriminate signal against
major background processes - QCD multijet production and Z + jets events. The training of
BDTs is performed exploiting kinematic properties of VBF jets, information on b-tagged jets
assigned to the H ! bb̄ decay and global event shape variables. Based on the BDT response,
multiple event categories are introduced, targeting VBF, gluon-gluon fusion (ggF) and Z + jets
processes to achieve maximum sensitivity for the signal. While VBF categories have the highest
signal-to-background ratio, the Z + jets categories constrain the largest peaking background.
Introduction of ggF categories enhanced the sensitivity to the inclusive production of the Higgs
boson in association with two jets.

The rate of VBF production followed by the H ! bb̄ decay has been measured with the ggF
contribution constrained within the theoretical and experimental uncertainties to the SM pre-
diction. The signal has been observed with a significance of 2.4s, compared to the expected
significance of 2.7s. The qqH ! qqbb̄ signal strength, defined as the measured signal rate of
the qqH ! qqbb̄ process relative to the prediction in the SM, is µqqH = 0.97+0.53

�0.45. The inclu-
sive Higgs boson production in association with two jets, followed by H ! bb̄ decay has been
measured by treating the ggF contribution as a part of signal. The measured inclusive signal
strength is µHbb̄ = 0.92+0.45

�0.39, corresponding to an observed (expected) significance of 2.5 (2.9)s.
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H ! bb̄ 2.4 σ observed, 2.7 σ expected

CMS PAS HIG-22-009 

2

reaction proceeds via exchange of colourless particles (W and Z bosons), the color connection
between outgoing light quarks is suppressed, leading to relatively small amount of hadronic
activity in the rapidity interval between the VBF-tagging jets with the exception of b-jets from
the Higgs boson decay.

  

Figure 1: Representative Feynman diagram of the VBF production of Higgs boson and subse-
quently decaying to a pair of b quarks.

Previous measurement of the qqH ! qqbb̄ process by the CMS Collaboration is based on data
set collected during Run 1 operation of the LHC with pp collisions at a center-of-mass energy
(
p

s) of 8 TeV and corresponding to an integrated luminosity (L) of about 20 fb�1 [16]. The
signal has been observed with significance of 2.2s, while the expected significance was 0.8s.
The measurement of the signal strength yielded µ = 2.8+1.6

�1.4. The ATLAS Collaboration has re-
cently reported the measurement of the qqH ! qqbb̄ process using 127 fb�1 of data, collected
in pp collisions at

p
s = 13 TeV [17] (Run 2). The signal strength measured by the ATLAS Col-

laboration is µ = 0.95+0.38
�0.36, corresponding to an observed (expected) significance of 2.6 (2.8)

s.

In this note, we present an updated CMS measurement of the qqH ! qqbb̄ process using data
collected in Run 2 at

p
s = 13 TeV. The note is organized as follows. In Section 2 the main

features of the CMS detector are outlined. Section 3 presents reconstruction of physics objects
relevant for this analysis. Datasets and simulated samples used in the study are presented in
Section 4, and Section 5 describes employed triggers. Details of the offline analysis, including
event selection and categorization, improvement of the resolution in jet transverse momentum
by regression techniques, background estimation methods and signal extraction procedure are
discussed in Section 6. Section 7 outlines main systematic uncertainties affecting the analysis.
The final results are discussed in Section 8. The note is concluded with a brief summary given
in Section 9.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T along the bean direction. Within the solenoid volume are
a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL),
and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two
endcap sections. The ECAL consists of 75 848 lead tungstate crystals, which provide coverage
in pseudorapidity |h| < 1.48 in the barrel region and 1.48 < |h| < 3.00 in the two endcap re-
gions. Preshower detectors consisting of two planes of silicon sensors interleaved with a total
of 3 radiation lengths of lead are located in front of each EE detector. Forward calorimeters
extend the h coverage provided by the barrel and endcap detectors. Muons are detected in
gas-ionisation chambers embedded in the steel flux-return yoke outside the solenoid.

ATLAS
2.6 σ observed, 2.8 σ expected
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The paper presents a measurement of the Standard Model Higgs Boson decaying to 1-quark
pairs in the vector boson fusion (VBF) production mode. A sample corresponding to 126 fb�1

of
p
B = 13 TeV proton-proton collision data, collected with the ATLAS experiment at the Large

Hadron Collider, is analyzed utilizing an adversarial neural network for event classification.
The signal strength, defined as the ratio of the measured signal yield to that predicted by the
Standard Model for VBF Higgs production, is measured to be 0.95+0.38
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observed (expected) significance of 2.6 (2.8) standard deviations from the background only
hypothesis. The results are additionally combined with an analysis of Higgs bosons decaying
to 1-quarks, produced via VBF in association with a photon.

© 2021 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

ar
X

iv
:2

01
1.

08
28

0v
2 

 [h
ep

-e
x]

  2
9 

Ju
n 

20
21



B. Di Micco Higgs couplings - Quy Nhon 6 - 12 August 2023

Off-shell couplings
9

gHgg

gHZZ
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˜
G

(J)
Ȋȋ

=
�

�

ȯ

Ȋȋȏǿ

G

(J)ȏǿ are tensor expressions for each Vi. The BSM 
couplings a2, a3 and ��Λ�

�

 (denoted generically as ai) are assumed 
to be real and can take negative values, with the κ factors in ref. 15 
absorbed into the definition of ��Λ�

�

. The first two are coefficients for 
generic CP-conserving and CP-violating higher-dimensional oper-
ators, respectively, while ��Λ�

�

 is the coefficient for the first-order 
term in the expansion of a SM-like tensor structure with an anoma-
lous dipole form factor in the invariant masses of the two V bosons. 
In what follows, we will use the shorthand ‘ai hypothesis’ to refer 
to the scenario where all BSM HVV couplings other than ai itself  
are zero.

Throughout this work, we assume that the gluon fusion loop 
amplitudes do not receive new physics contributions apart from a 
rescaling of the SM amplitude. Possible modifications of the mZZ 
line shape26,27 are neglected based on existing LHC constraints28–30.

2ℓ2ν analysis considerations. The 2ℓ2ν analysis is based on the 
reconstruction of Z → ℓℓ decays with a second Z boson decaying to 
neutrinos that escape detection. The momentum of the undetected 
Z boson transverse to the pp collision axis can be measured through 
an imbalance across all remaining particles, that is, missing trans-
verse momentum ( QNJTT

5

 or QNJTT

5

 in vector form). Thus, the analysis 
requires large QNJTT

5

 as the Z → νν signature.
The event selection is sensitive to the tail of the instrumental 

Q

NJTT

5

 resolution in pp → Z + jets events, which constitute an impor-
tant reducible background. This contribution is estimated through 
a study of a data control region (CR) of γ + jets events, where QNJTT

5

 is 
purely instrumental, as it is in Z + jets events.

Processes such as QQ → UU  or WW result in non-resonant dilep-
ton final states of the same (e+e− and μ+μ−) and opposite (e±μ∓) 
flavour, with the same probability and the same kinematic proper-
ties. Thus, their background contribution to the 2ℓ2ν signal, which 
includes two leptons of the same flavour, is estimated from an 
opposite-flavour eμ CR.

Other backgrounds from RR → ;;, RR′ → 8; with W → ℓν and 
an undetected lepton, and the small contribution from tZ production,  

are estimated from simulation. A third CR of trilepton events, 
consisting mostly of RR′ → 8; events, is used to constrain the 
RR

′ → 8; background and, most importantly, the large RR → ;; 
background. The ability to constrain RR → ;; from RR′ → 8; is 
based on the similarity in the physics of these processes.

Further details on event selection, kinematic observables and the 
methods to estimate the different contributions are discussed in the 
Methods.

2ℓ2ν kinematic observables. The analysis of off-shell H-boson 
events is based on mZZ. This quantity is computed from the recon-
structed momenta in the 4ℓ final state as the invariant mass of the 
4ℓ system, m4ℓ. However, because of the undetected neutrinos, we 
can only use the transverse mass N;;

5

, defined below, as a proxy for 
mZZ in the 2ℓ2ν final state. First, we identify QNJTT

5

 as the transverse 
momentum vector of the Z boson decaying into neutrinos. As there 
is no information on the longitudinal momenta of the neutrinos, 
N

;;

5

 is then computed as the invariant mass of the ZZ pair with all 
longitudinal momenta set to zero. This results in a variable with a 
distribution that peaks at mZZ, with a long tail towards lower values. 
The definition of N;;

5

 is

(

N

;;

5

)

�

=

[

√

Q
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5
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+N!!
�

+

√

Q
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;

�

]

�

−
∣
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5
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where Q!!

5

 and mℓℓ are the dilepton transverse momentum and 
invariant mass, respectively, and mZ, the Z boson pole mass, is taken 
to be 91.2 GeV.

The kinematic quantity QNJTT

5

 itself is used as another observ-
able to discriminate processes with genuine, large QNJTT

5

 against the 
Z + jets background. Finally, in events with at least two jets, we use 
matrix element (MELA26) kinematic discriminants that distinguish 
the VBF process from the gg process or SM backgrounds. These 
discriminants are the D7#'

�KFU

-type kinematic discriminants used in 
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Fig. 2 | SM calculations of ZZ invariant mass in the gg and EW processes. Distributions for the 2ℓ2ν invariant mass (m2ℓ2ν) from the gg!→!2ℓ2ν process 
(left) and for the 4ℓ invariant mass (m4ℓ) from the EW ZZ(→4ℓ)!+!qq processes (right). These processes involve the H boson (∣H∣2) and interfering 
continuum (∣C∣2) contributions to the scattering amplitude, as shown in black and gold, respectively. The dashed green curve represents their direct 
sum without interference (∣H∣2!+!∣C∣2), and the solid magenta curve represents the sum with interference included (∣H!+!C∣2). Note that the interference 
is destructive, and its importance grows as the mass increases. The integrated luminosity is taken to be 1!fb−1, so these distributions are equivalent to 
the differential cross-section spectra dσ/dm2ℓ2ν (left) and dσ/dm4ℓ (right). The distributions are shown after requiring that all charged leptons satisfy 
pT!>!7!GeV and ∣η∣!<!2.4, and that the invariant mass of any charged lepton pair with the same flavour and opposite charge is greater than 4!GeV. Here, pT 
denotes the magnitude of the momentum of these leptons transverse to the pp collision axis, and η denotes their pseudorapidity, defined as −MO[UBO (Ȇ��)] 
using the angle θ between the momentum vector and the collision axis. Calculations for the gg!→!4ℓ and EW ZZ(→2ℓ2ν)!+!qq processes exhibit similar 
qualitative properties. The details of the Monte Carlo programs used for these calculations are provided in the Methods.
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mZZ threshold

the cross section is enhanced above 2mZ 
for the opening of the H*→ZZ process

(mZZ ~ mH)
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• Measuring both the on-shell and off-shell production gives directly access to ΓH

ATLAS and CMS
• measurement performed in 4l and 2l 2ν
• probed both ggF production and EWK production process: 

(VBF, associate production with Z→qq)
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Fig. 3 | Distributions of ZZ invariant mass observables in the off-shell signal regions. Distributions of transverse ZZ invariant mass, N;;

5

, from the 
2ℓ2ν off-shell signal region (left) and those of the 4ℓ invariant mass, m4ℓ, from the 4ℓ off-shell signal region (right). The stacked histogram displays 
the distribution after a fit to the data with SM couplings, with the blue shaded area corresponding to the SM processes that do not include H-boson 
interactions, and the pink shaded area adding processes that include H-boson and interference contributions. The gold dot-dashed line shows the fit to 
the no off-shell hypothesis. The black points with error bars representing uncertainties at 68% CL show the observed data, which are consistent with 
the prediction with SM couplings within 1!s.d. The last bins contain the overflow. The requirements on the missing transverse momentum QNJTT

5

 in 2ℓ2ν 
events, and the D

CLH

-type kinematic background discriminants (table II of ref. 15) in 4ℓ events are applied to enhance the H-boson signal contribution. The 
displayed values of integrated luminosity correspond to those included in the off-shell analyses of each final state. The bottom panels show the ratio of the 
data or dashed histograms to the SM prediction (stacked histogram). The black horizontal line in these panels marks unit ratio.
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on-shell 4ℓ events are not included in performing this scan. Right: observed (solid) and expected (dashed) one-parameter likelihood scans over ΓH. Scans 
are shown for the combination of 4ℓ on-shell data with 4ℓ off-shell (magenta) or 2ℓ2ν off-shell data (green) alone, or with both datasets (black). The 
horizontal lines indicate the 68% (−�ɔ MO - = ���) and 95% (−�ɔ MO - = ����) CL regions. The integrated luminosity reaches up to 140!fb−1 as on-shell 4ℓ 
events are included in performing these scans. The exclusion of the no off-shell hypothesis is consistent with 3.6!s.d. in both panels.
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Figure 7: The likelihood profile, �2 ln_, as a function of (a) �� /�SM
�

, (b) '66 and (c) '++ for the combination
with the on-shell signal strength measurement. The dotted curves correspond to the one and two standard deviation
confidence intervals on the measurement obtained using the Neyman construction. For '66 there are two additional
negative crossings, near �1.2 and �0.84 from the best fit value: as these are very close to the 1 � f level, they are
neglected.
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�H�ATLAS = 4.5+3.3
�2.5 MeV < 10.5MeV@95%C.L.
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�H�CMS = 3.2+2.4
�1.7 MeV0.5� 8.5MeV@95%C.L.

off-shell significance:


 ATLAS                                 CMS

observed   3.3 σ                    3.6 σ

expected   2.2  σ                  similar      

ATLAS: Phys. Lett. B 842 (2023) 137963

CMS:    Nature Physics 18 (2022) 1329
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EFT-BSM interpretation of off-shell couplings
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The notation from the paper was adapted for consistency with the other model in Section 2.2. After
spontaneous symmetry breaking, the full SMEFT Lagrangian, which includes the SM and dimension-six
contributions, is

LSMEFT � LSM + L
dim-6

= � 2C
<C

3
C̄C� + 21

12
B�

48c23
⌧`a⌧

`a
(CP � even)

+ 82̃C
<C

3
C̄W5C� + 2̃1

12
B�

32c23
⌧`a⌧̃

`a
(CP � odd)

(2)

where 2C = 1 � Re(c2) and 2̃C = Im(22). Only CP-even operators are considered in this analysis as the
observables used in this analysis were not designed to be CP-sensitive. The Feynman diagrams related
to the Higgs-top coupling 2C and Higgs-gluon coupling 21 are shown in Figure 1. In the SM, 21 = 0 and
2C = 1.
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Figure 1: The representative leading-order diagrams in the 66 ! // channel, showing where the 1(a) Higgs-gluon
effective coupling and 1(b) Higgs-top coupling are modified by the corresponding operators in the 2C � 21 framework.

The inclusive ggF cross-section in this framework can be calculated and normalized to the SM prediction
to yield [6]:

f
SMEFT

(2C , 21)

f
SM ' (2C + 21)
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�

4<2
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(3)

In the on-shell Higgs boson region, the mass-dependent term can be neglected, yielding

f
SMEFT
on�shell(2C , 21)

f
SM
on-shell

' (2C + 21)
2 (4)

This is the source of the coupling degeneracy: as the SMEFT on-shell signal strength is only dependent on
the sum of 2C and 21, they cannot be measured separately in the on-shell regime. However, for the off-shell
Higgs production, for which <// > <C , the mass term in Equation 3 can no longer be ignored. Therefore,
measurements using off-shell events can probe 2C and 21 separately.

2.2 Warsaw basis

Another widely used framework for the EFT interpretation of the Higgs measurements is based on the
Warsaw basis. In this framework, the Lagrangian of the SMEFT is expanded with respect to an energy
scale ⇤:
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Higgs production, for which <// > <C , the mass term in Equation 3 can no longer be ignored. Therefore,
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2.2 Warsaw basis

Another widely used framework for the EFT interpretation of the Higgs measurements is based on the
Warsaw basis. In this framework, the Lagrangian of the SMEFT is expanded with respect to an energy
scale ⇤:

3

• use  different behaviour 
as a function of the 
Higgs boson virtuality to 
disentangle between 
point-like ggF and top 
loop induce gluon-gluon 
fusion

triboson processes (/// , ,// , ,,/) are simulated by S�����v2.2.2 while CC̄ ++ (+ = ,or /) samples
are generated by M��G����5_�MC@NLO with P�����8.210 for parton showering.

6 Analysis

The event selection and analysis strategy are the same as that in Ref [1], and are only briefly summarized
here.

6.1 `` ! 4◆ analysis

In the // ! 4✓ decay channel, where ✓ is ` or 4, two on-shell / bosons are required and the mass of
the lepton pairs is compatible with </ . Control regions (CR) are defined in the background-enriched
180 GeV < <4; < 220 GeV region, with the signal regions being in the <4; > 220 GeV range. The SRs
are defined based on the number of jets to separate ggF and electroweak (EW) Higgs boson production.
The jet multiplicity is also introduced in the CRs to better mimic the background in SRs. A deep neural
network (NN), implemented using Keras [20] with TensorFlow [21] as the back-end, is trained with the SM
samples for Higgs signal (S), interfering background (B) (66 ! //) and non-interfering background (NI)
(@@ ! //). The network output is the probability of a given event falling into each of the input categories.
The final observable is constructed as follows, with % representing the corresponding probability:

ONN = log10
%S

%B + %NI
(11)

The NN inputs include matrix elements, the transverse momenta of the two / bosons, the invariant mass
<4;, and other kinematic variables.

Figures 3 and 4 present the cross-section distributions of the observed and expected NN-based observables
in each SR, together with respectively the Oi⌧linear and quadratic and OC i linear and quadratic fits,
presented in Section 8.

8

• NN 
multiclassifier 
trained against 
Signal (PS), 
interfering 
background 
gg →ZZ (PB) 
and Non 
Interfering 
background 
qq→ZZ (PNI)

(a) (b)

(c)

Figure 3: The event cross-section distributions for the 4✓ channel in 3(a) the ggF SR, 3(b) the mixed SR, and 3(c)
the EW SR, as a function of the neural network based observables. Both EFT dimension-six linear (Oi⌧SM)
and quadratic (Oi⌧Squared) contributions are considered in the fit. In the top panel, the dots with error bars are
the observed data, while the SM prediction includes the SM @@̄ ! // background, the SM 66 ! (�

⇤
!)//

(signal plus background plus interference, ggFSBI as shown) process, the SM EW @@ ! (�
⇤
!)// + 2 9 (signal

plus background plus interference) process, and all other SM backgrounds (Z+jets, CC̄, triboson and CC̄+). The EFT
dimension-six linear and quadratic contributions are given with the observed best-fit value from the combined linear
and quadratic fit as well as that of SM 66 ! (�

⇤
!)// , for comparison. The underflow and overflow are included

in the first bin and last bin, respectively. The bottom panels show the ratios to the SM prediction. The total systematic
uncertainties described in Section 7 are illustrated by the hatched area.

9

4l
(a) (b)

(c)

Figure 5: Event cross-section distributions for the 2✓2a channel in 5(a) the ggF SR, 5(b) the mixed SR, 5(c) and the
EW SR, plotted as a function of the transverse mass <//

T . Both EFT dimension-six linear (Oi⌧SM) and quadratic
(Oi⌧Squared) contributions are considered in the fit. In the top panel, the dots with error bars are the observed data,
while the SM prediction includes the dominant background processes SM @@̄ ! // , SM ,/ , SM non-resonant ✓✓,
SM 66 ! (�

⇤
!)// (signal plus background plus interference, ggFSBI as shown), SM EW @@̄ ! (�

⇤
!)// +2 9

(signal plus background plus interference) and all other SM background (Z+jets, CC̄, triboson and CC̄+). The EFT
dimension-six linear and quadratic contributions are given with the observed best-fit value from the combined linear
and quadratic fit as well as that of SM 66 ! (�

⇤
!)// , for comparison. The underflow and overflow are included

in the first bin and last bin, respectively. The bottom panels show the ratios to the SM prediction. The total systematic
uncertainties described in Section 7 are illustrated by the hatched area.

12

(a) (b)

Figure 8: Projection of negative log-likelihood, �2 ln(_), on the plane of the dimension-six EFT coefficients 2i⌧
(Higgs-gluon) and 2C i (Higgs-top modifier) for 8(a) linear term only and 8(b) both linear and quadratic terms
included, in the combined analysis of the // ! 4✓ and // ! 2✓2a channels. The dashed curves represent scans
with statistical uncertainty only while the solid curves include full systematic and statistical uncertainties. The
confidence levels are calculated using the asymptotic approximation.
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CMS search for H→ e+e-
11

• Br(H→ e+ e-) = 5 × 10-9 in the SM

• Impossible to access at LHC or HL-LHC

• look for BSM effects that enhance the branching fraction


• search for ggF and VBF production modes, BDT based 
analysis categorised according to the BDT score


• BDT validated in a Z→ e+e- enriched region11
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Figure 4: The signal-plus-background model fit to the mee distribution for the highest S/B anal-
ysis categories targeting the ggH (left) and VBF (right) processes. The signal model for each
category is also shown, scaled to the observed limit at mH = 125.38 GeV. The one (green) and
two (yellow) standard deviation bands show the uncertainties in the background component
of the fit. The lower panel shows the residuals after subtraction of this background component.
The background functions describe the data well, with no excess observed.
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Figure 5: Expected and observed limits on B(H ! e+e�) for a Higgs boson mass between
120–130 GeV.

on the branching fraction for H ! e+e� decays is 3.0 ⇥ 10�4 (3.0 ⇥ 10�4). This is the most strin-
gent limit on the Higgs boson branching fraction to an e+e� pair to date.
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on the branching fraction for H ! e+e� decays is 3.0 ⇥ 10�4 (3.0 ⇥ 10�4). This is the most strin-
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Figure 2: Distribution of the output score of the ggH BDT in simulated background and signal
events, and data (left). The ggH and VBF signals are scaled such that they are visible. Category
boundaries targeting ggH Higgs boson production are denoted with dashed lines. Events
with scores in the grey shaded region are discarded from the analysis. The right plot shows the
distribution of the output score of the ggH BDT in a control region around the Z boson mass.
Agreement is compared between the DY simulation (filled histogram) and data (black points).
The combined impact of the statistical and systematic uncertainties in simulation is shown by
the red shaded band, where the sources contributing to the systematic component are identical
to those included in Fig. 1. Residual differences between data and simulation are smaller than
the ggH cross section uncertainty which is included in the final maximum likelihood fit.

7 Systematic uncertainties
In this analysis, the systematic uncertainty associated with the background estimation from
data is handled using the discrete profiling method, as described in Section 8. Systematic un-
certainties that affect the signal model are implemented in one of the following two ways. Un-
certainties that modify the shape of the mee distribution are incorporated into the signal model
as nuisance parameters. These are typically experimental uncertainties related to the energy
measurement of the individual electrons. Conversely, if the shape of the mee distribution is
unaffected, the uncertainty is treated as a log-normal constrained variation in the event yield.

7.1 Theoretical uncertainties

The sources of theoretical uncertainty considered in this analysis are listed below. The effects
of theoretical uncertainties are taken to be correlated across years.

• Renormalization and factorization scale uncertainty: the uncertainty arising from varia-
tions of the renormalization (µR) and factorization (µF) scales used when computing
the expected SM cross section and event kinematics. These account for the missing
higher-order terms in perturbative calculations. The recommendations provided by
the Higgs Cross Section Working Group quoted in Ref. [38] are followed. The un-
certainties in the signal acceptance due to the µR and µF scales are estimated using
three sources: varying the µR scale by a factor of 2 and 0.5, varying the µF scale by
a factor of 2 and 0.5, and varying both in the same direction simultaneously. The
impacts of the signal acceptance uncertainties are evaluated keeping the overall nor-
malization of each signal process constant, and are at largest (for the ttH production
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Higgs couplings to invisible particles
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• The Higgs boson could act as a portal between SM and a dark sector

• Look for H→X X decay

• Constraints on Higgs portal models

The ATLAS Collaboration Physics Letters B 842 (2023) 137963

Fig. 1. Diagrams illustrating the Higgs boson production mode targetted for the Run 2 searches.

2.2. Z(→ !!) + Emiss
T search

The search targetting the Higgs boson production in associa-
tion with a Z boson selects events containing a pair of electrons 
or muons and significant missing transverse momentum. The two 
charged leptons are required to have an invariant mass within a 
narrow window around the Z boson mass for the events to satisfy 
the signal selection requirements.

The dominant backgrounds for this signature are Z Z , where 
one of the Z bosons decays into a neutrino–antineutrino pair, and 
W Z production. Contributions from tt̄ and W W production are 
estimated from data, using events with two identified different-
flavour charged leptons (electrons and muons).

Beyond the signature selections, sensitivity for the H →
invisible model is enhanced using a boosted decision tree (BDT) 
discriminator to improve the separation between signal and back-
ground. A profile likelihood fit to the BDT output distribution 
results in an observed (expected) upper limit on BH→inv of 0.185 
(0.185) at the 95% CL, assuming the SM production cross-section 
for this process.

2.3. tt̄ + Emiss
T search

The production mode of the Higgs boson in association with a 
top-quark pair is targetted by reinterpreting the combination of 
several searches for new phenomena in association with heavy 
flavour quarks [51–53]. The final states arising from this produc-
tion mode are characterised by the presence of b-tagged jets and 
different charged lepton multiplicities, depending on the decay 
mode of the two W bosons from the tt̄ decays. In addition, a rel-
evant amount of Emiss

T is present, coming from the invisible decay 
products of the Higgs boson and from neutrinos.

A targetted event selection is developed for each lepton mul-
tiplicity, resulting in different dominant background contributions 
from SM processes: tt̄ and Z(→ νν) + jets in the 0-lepton chan-
nel, tt̄ in the 1-lepton channel and tt Z in the 2-lepton channel. For 
all the combined analyses, background-enriched selections are de-
fined in order to allow the data to aid in estimating the dominant 
backgrounds, and validation regions are used to verify the robust-
ness of these estimates.

The combination of the three analyses of each lepton multi-
plicity, considered in this document as a single combined analysis, 
places an observed (expected) upper limit on BH→inv of 0.376 

(0.295) at the 95% CL, assuming the SM production cross-section 
for this process.

2.4. VBF + Emiss
T + γ search

The VBF topology is further investigated by a dedicated analysis 
targetting the final states with an emitted photon. The event signa-
ture is characterised by significant missing transverse momentum 
and one photon in the final state, in addition to a pair of forward 
jets. In the SM this topology can arise from V γ +jets production, 
where V is either a Z boson decaying into a neutrino pair or a W
boson decaying leptonically, where the charged lepton is missed.
A dense neural network was designed and trained to separate 
such backgrounds from the H → invisible signal by using kine-
matic properties of the events. The residual SM contribution to 
the signal regions is estimated with the aid of specific control re-
gions requiring the presence of electron or muon candidates, to set 
the normalisation of the MC simulation for V γ +jets processes. As-
suming the SM production cross-section on the signal model, an 
observed (expected) upper limit on BH→inv of 0.375 (0.346) at the 
95% CL is evaluated.

2.5. Jet + Emiss
T search

The gluon–gluon fusion production mode of the Higgs boson is 
targetted by a search for new phenomena in events with at least 
one jet and large missing transverse momentum. Data are collected 
with a trigger selection based on the presence of Emiss

T and events 
are vetoed if any charged lepton or photon is reconstructed.
The dominant SM background for this search arises from the irre-
ducible process Z → νν or W → !ν in association with jets, where 
the W boson decays into either hadronically decaying τ -leptons or 
undetected electrons or muons. Additional contributions include 
tt̄ pair or single-top production, diboson production, and non-
collision and multijet backgrounds. The estimate of the major SM 
processes in the analysis selection is based on a profile likelihood 
fit to the distribution of the pT of the system recoiling against the 
jets reconstructed in the event, performed simultaneously in the 
signal region and in orthogonal control regions enriched with the 
targetted backgrounds. Assuming the SM cross-section for Higgs 
boson gluon–gluon fusion production, an observed (expected) up-
per limit on BH→inv of 0.329 (0.383) at the 95% CL is achieved.

3

• searched in several production modes in ATLAS

• CMS focuses on 2 main production modes: 


   Z/W + H with Z/W → jj, ttH
any higher value would indicate DM presence

<latexit sha1_base64="5s7uwnCydA28QGRq5dfsky8TfL0="></latexit>

Br(H ! inv)SM = Br(H ! ZZ
⇤ ! 4⌫) = 0.1%

Phys. Lett. B 842 (2023) 137963CMS-HIG-21-007

looked for  by CMS too

W + H (CMS only)
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Fig. 2. The observed value of −2 ln(!) as a function of BH→inv for the individual Run 2 analyses and their combination (left) and the Run 2 combination together with the 
Run 1 combination and the total Run 1+2 combination (right).

Table 1
Best fit value, observed and expected 95% upper limit on BH→inv for each individual 
Run 2 analysis, their combination, the Run 1 combination and the full Run 1+2 
combination.

Analysis Best fit BH→inv Observed 95% U.L. Expected 95% U.L.

Jet + Emiss
T −0.09+0.19

−0.20 0.329 0.383+0.157
−0.107

VBF + Emiss
T + γ 0.04+0.17

−0.15 0.375 0.346+0.151
−0.097

tt̄ + Emiss
T 0.08 ± 0.15 0.376 0.295+0.125

−0.083

Z(→ ##) + Emiss
T 0.00 ± 0.09 0.185 0.185+0.078

−0.052

VBF + Emiss
T 0.05 ± 0.05 0.145 0.103+0.041

−0.028

Run 2 Comb. 0.04 ± 0.04 0.113 0.080+0.031
−0.022

Run 1 Comb. −0.02+0.14
−0.13 0.252 0.265+0.105

−0.074

Run 1+2 Comb. 0.04 ± 0.04 0.107 0.077+0.030
−0.022

Run 2 analysis with the addition of Run 1 combination improving 
the expected relative sensitivity by 4%.

The overall picture of the most relevant sources of uncertainty 
in the Run 1 + Run 2 combination is very similar to that of the 
Run 2 combination. The upper limit would improve by 50% if all 
sources of systematic uncertainties were ignored.

The upper limits for each individual Run 2 analysis, their com-
bination, the Run 1 combination and the overall Run 1+2 combined 
result are summarised in Fig. 3. The current combination improves 
the constraints on BH→inv by more than a factor of two as com-
pared to the previous ATLAS combination from Run 1 and partial 
Run 2 results [31].

5. Comparison to direct dark matter detection experiments

The combined observed Run 1+2 upper limit on BH→inv can be 
converted into a limit on the spin-independent scattering cross-
section of a weakly interacting massive particle (WIMP) and a 
nucleon [13,18,58,59] (σWIMP-Nucleon), to allow the comparison of 
the results with the ones from experiments based on different de-
tector technologies. The translation is performed in the context of 
Higgs portal models [15,60] using an effective field theory frame-
work, where the mediator of new interactions is assumed to be 
above the TeV-level and therefore well above the scale probed at 
the Higgs boson mass. The approach assumes that Higgs boson 
decays into a pair of WIMP particles are kinematically possible 
(mWIMP < mH/2) and that the WIMP particle is either a scalar, a 

Fig. 3. The observed and expected upper limits on BH→inv at 95% CL for the Run 2 
analyses targetting the Jet + Emiss

T , VBF + Emiss
T + γ , tt̄ + Emiss

T , Z(→ ##) + Emiss
T , 

VBF + Emiss
T final states and their combination, the Run 1 combination and the full 

Run 1+2 result; the 1σ and 2σ contours of the expected limit distribution are also 
shown.

Majorana fermion, or a vector-like state.2 In addition, in the case 
of vectorial DM states, various ultraviolet-complete (UV) models 
were proposed [62–64]. In such scenarios, the vector DM candi-
date is introduced as a gauge field of a U(1)′ group which extends 
the SM symmetry group and a dark Higgs sector is added to gen-
erate the vector boson mass via the Higgs spontaneous symmetry 
breaking mechanism. This adds at least two free parameters to the 
model: the mass m2 of the additional dark Higgs boson and its 
mixing angle α with the SM Higgs boson.

The constraint from the combined observed Run 1+2 exclusion 
limit of BH→inv < 0.093 at 90% CL is compared to the results from 
representative direct DM detection experiments [65–68] in Fig. 4. 
The excluded σWIMP-Nucleon values range from 10−45 cm2 to 10−42

cm2 in the scalar WIMP scenario. In the Majorana fermion WIMP 
case, the effective coupling is reduced by a factor m2

H [27], ex-
cluding cross-section values down to 2 × 10−47 cm2 for low WIMP 
masses; σWIMP-Nucleon values down to 10−54 cm2 can be excluded 
for the vector WIMP hypothesis. For UV-complete models, Fig. 4
also shows the upper limit cross-section behaviour for a mixing 

2 The value of f N = 0.308 ± 0.018 [61] is used as nuclear form factor.
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Figure 6: Left: Observed and expected limits at 95% CL for the ttH and VH categories using
2016–2018 data. Right: The profile likelihood scan corresponding to observed and expected
(where B(H ! inv) = 0) limits in the fit to the ttH and VH categories.

fit in which systematic uncertainties are correlated across search regions where appropriate.
Unless explicitly specified below, parameters of the individual likelihood functions are treated
as independent.

Table 8: Data sets and their respective integrated luminosities used for each production mode
across Run 1 and Run 2. For some data-taking periods, no H ! inv search have been per-
formed for the given production mode, and are not included in the combination.

Analysis tag Production mode Integrated luminosity (fb�1)
7 TeV 8 TeV 13 TeV (Run 2)

VBF-tagged VBF — 19.2 [90] 140 [89][34]

VH-tagged

Z(``)H 4.9 [90] 19.7 [90] 140 [89][32]
Z(bb)H — 18.9 [90] —
V(jj)H — 19.7 [91] 140 [89][this paper]
Boosted VH — — 138 [33]

ttH-tagged ttH (hadronic) — — 138 [this paper]
ttH (leptonic) — — 138 [29, 30]

ggH-tagged ggH — 19.7 [91] 140 [89][33]

For the ttH analysis with fully leptonic final states, a reinterpretation of the supersymmetry
searches in the semileptonic and dileptonic tt decay channels in Ref. [29, 30] in the context of
the tt + DM model studied in Ref. [31] has been performed. Another leptonic channel included
in this combination is from the Z(``)H analysis [32] using 2016–2018 data.

Analyses with hadronic final states partially overlap in their phase space selection, and this
must be accounted for in the statistical combination. Those affected by overlap are the VBF
analysis [34], the analysis targetting hadronic ggH and boosted VH final states [33], and the
resolved VH channel described in this paper.

To remove the overlap between the VBF analysis and ggH/boosted VH analysis, events are
considered for rejection in the ggH/boosted VH analysis if they have at least two AK4 jets each

ATLAS CMS
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Br(H ! inv) < 0.15 observed

0.08 expected
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Fig. 2. The observed value of −2 ln(!) as a function of BH→inv for the individual Run 2 analyses and their combination (left) and the Run 2 combination together with the 
Run 1 combination and the total Run 1+2 combination (right).

Table 1
Best fit value, observed and expected 95% upper limit on BH→inv for each individual 
Run 2 analysis, their combination, the Run 1 combination and the full Run 1+2 
combination.

Analysis Best fit BH→inv Observed 95% U.L. Expected 95% U.L.

Jet + Emiss
T −0.09+0.19

−0.20 0.329 0.383+0.157
−0.107

VBF + Emiss
T + γ 0.04+0.17

−0.15 0.375 0.346+0.151
−0.097

tt̄ + Emiss
T 0.08 ± 0.15 0.376 0.295+0.125

−0.083

Z(→ ##) + Emiss
T 0.00 ± 0.09 0.185 0.185+0.078

−0.052

VBF + Emiss
T 0.05 ± 0.05 0.145 0.103+0.041

−0.028

Run 2 Comb. 0.04 ± 0.04 0.113 0.080+0.031
−0.022

Run 1 Comb. −0.02+0.14
−0.13 0.252 0.265+0.105

−0.074

Run 1+2 Comb. 0.04 ± 0.04 0.107 0.077+0.030
−0.022

Run 2 analysis with the addition of Run 1 combination improving 
the expected relative sensitivity by 4%.

The overall picture of the most relevant sources of uncertainty 
in the Run 1 + Run 2 combination is very similar to that of the 
Run 2 combination. The upper limit would improve by 50% if all 
sources of systematic uncertainties were ignored.

The upper limits for each individual Run 2 analysis, their com-
bination, the Run 1 combination and the overall Run 1+2 combined 
result are summarised in Fig. 3. The current combination improves 
the constraints on BH→inv by more than a factor of two as com-
pared to the previous ATLAS combination from Run 1 and partial 
Run 2 results [31].

5. Comparison to direct dark matter detection experiments

The combined observed Run 1+2 upper limit on BH→inv can be 
converted into a limit on the spin-independent scattering cross-
section of a weakly interacting massive particle (WIMP) and a 
nucleon [13,18,58,59] (σWIMP-Nucleon), to allow the comparison of 
the results with the ones from experiments based on different de-
tector technologies. The translation is performed in the context of 
Higgs portal models [15,60] using an effective field theory frame-
work, where the mediator of new interactions is assumed to be 
above the TeV-level and therefore well above the scale probed at 
the Higgs boson mass. The approach assumes that Higgs boson 
decays into a pair of WIMP particles are kinematically possible 
(mWIMP < mH/2) and that the WIMP particle is either a scalar, a 

Fig. 3. The observed and expected upper limits on BH→inv at 95% CL for the Run 2 
analyses targetting the Jet + Emiss

T , VBF + Emiss
T + γ , tt̄ + Emiss

T , Z(→ ##) + Emiss
T , 

VBF + Emiss
T final states and their combination, the Run 1 combination and the full 

Run 1+2 result; the 1σ and 2σ contours of the expected limit distribution are also 
shown.

Majorana fermion, or a vector-like state.2 In addition, in the case 
of vectorial DM states, various ultraviolet-complete (UV) models 
were proposed [62–64]. In such scenarios, the vector DM candi-
date is introduced as a gauge field of a U(1)′ group which extends 
the SM symmetry group and a dark Higgs sector is added to gen-
erate the vector boson mass via the Higgs spontaneous symmetry 
breaking mechanism. This adds at least two free parameters to the 
model: the mass m2 of the additional dark Higgs boson and its 
mixing angle α with the SM Higgs boson.

The constraint from the combined observed Run 1+2 exclusion 
limit of BH→inv < 0.093 at 90% CL is compared to the results from 
representative direct DM detection experiments [65–68] in Fig. 4. 
The excluded σWIMP-Nucleon values range from 10−45 cm2 to 10−42

cm2 in the scalar WIMP scenario. In the Majorana fermion WIMP 
case, the effective coupling is reduced by a factor m2

H [27], ex-
cluding cross-section values down to 2 × 10−47 cm2 for low WIMP 
masses; σWIMP-Nucleon values down to 10−54 cm2 can be excluded 
for the vector WIMP hypothesis. For UV-complete models, Fig. 4
also shows the upper limit cross-section behaviour for a mixing 

2 The value of f N = 0.308 ± 0.018 [61] is used as nuclear form factor.
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Figure 6: Left: Observed and expected limits at 95% CL for the ttH and VH categories using
2016–2018 data. Right: The profile likelihood scan corresponding to observed and expected
(where B(H ! inv) = 0) limits in the fit to the ttH and VH categories.

fit in which systematic uncertainties are correlated across search regions where appropriate.
Unless explicitly specified below, parameters of the individual likelihood functions are treated
as independent.

Table 8: Data sets and their respective integrated luminosities used for each production mode
across Run 1 and Run 2. For some data-taking periods, no H ! inv search have been per-
formed for the given production mode, and are not included in the combination.

Analysis tag Production mode Integrated luminosity (fb�1)
7 TeV 8 TeV 13 TeV (Run 2)

VBF-tagged VBF — 19.2 [90] 140 [89][34]

VH-tagged

Z(``)H 4.9 [90] 19.7 [90] 140 [89][32]
Z(bb)H — 18.9 [90] —
V(jj)H — 19.7 [91] 140 [89][this paper]
Boosted VH — — 138 [33]

ttH-tagged ttH (hadronic) — — 138 [this paper]
ttH (leptonic) — — 138 [29, 30]

ggH-tagged ggH — 19.7 [91] 140 [89][33]

For the ttH analysis with fully leptonic final states, a reinterpretation of the supersymmetry
searches in the semileptonic and dileptonic tt decay channels in Ref. [29, 30] in the context of
the tt + DM model studied in Ref. [31] has been performed. Another leptonic channel included
in this combination is from the Z(``)H analysis [32] using 2016–2018 data.

Analyses with hadronic final states partially overlap in their phase space selection, and this
must be accounted for in the statistical combination. Those affected by overlap are the VBF
analysis [34], the analysis targetting hadronic ggH and boosted VH final states [33], and the
resolved VH channel described in this paper.

To remove the overlap between the VBF analysis and ggH/boosted VH analysis, events are
considered for rejection in the ggH/boosted VH analysis if they have at least two AK4 jets each

<latexit sha1_base64="tkyanpOaCsUCojq1IobigoQn/4c=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXIVEWnXhoujCboQK9gFNCJPppB06k4SZiVBC3fgrblwo4ta/cOffOG2z0NYDFw7n3Mu99wQJo1LZ9rdRWFpeWV0rrpc2Nre2d8zdvZaMU4FJE8csFp0AScJoRJqKKkY6iSCIB4y0g+H1xG8/ECFpHN2rUUI8jvoRDSlGSku+eeDeIM6RX4eXsGJVYeYKDm9Ja+ybZduyp4CLxMlJGeRo+OaX24txykmkMENSdh07UV6GhKKYkXHJTSVJEB6iPulqGiFOpJdNPxjDY630YBgLXZGCU/X3RIa4lCMe6E6O1EDOexPxP6+bqvDCy2iUpIpEeLYoTBlUMZzEAXtUEKzYSBOEBdW3QjxAAmGlQyvpEJz5lxdJ69RyzqzqXaVcu8rjKIJDcAROgAPOQQ3UQQM0AQaP4Bm8gjfjyXgx3o2PWWvByGf2wR8Ynz+gL5UZ</latexit>

�H < 4.5MeV

<latexit sha1_base64="Ex+2F+PIFbzEj8i1+RrwuIPkgu4=">AAACmHicbVFdSxtBFJ1d61fqR1R8aV8Gg6APht1SP6AUgrWYPghWjQrZEO5OZpPBmdll5q4Slv1N/S99679xElPR6IWBwznncu89E2dSWAyCf54/82F2bn5hsfJxaXlltbq2fm3T3DDeYqlMzW0MlkuheQsFSn6b GQ4qlvwmvvsx0m/uubEi1Vc4zHhHQV+LRDBAR3Wrf47NTpNGmNIiMooKfV/u0u80SgywIjoFpaD7rJT/mWY57WnSPfrSfnn2yk0jyRM0oj9AMCZ9cEREn1un542bw713Viu71VpQD8ZF34JwAmpkUufd6t+ol7JccY1MgrXtMMiwU4BBwSQvK1FueQbsDvq87aAGxW2nGAdb0m3H9GiSGvc00jH7sqMAZe1Qxc6pAAd2WhuR72ntHJOjTiF0liPX7GlQkkvqjh39Eu0JwxnKoQPAjHC7UjYAlxG6v6y4EMLpk9+C6y/18KC+//trrXE8iWOBfCZbZIeE5JA0SJOckxZh3qb3zTvxfvqf/IZ/6v96svrepGeDvCr/4hE53cir</latexit>

Br(H ! inv) =
�inv

�H

=
�H � �SM

�H

$

�H =
�SM

1�Br(H ! inv)

Assuming that all 
extra Higgs width 
comes from invisible 
decays:
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Upper limit and DM-nucleon constraints
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it is assumed DM particles interact with atomic nuclei. Direct-detection limits are reported by
the CRESST-III [95], DarkSide-50 [96], Panda-X 4T [97], and LUX-ZEPLIN [98] experiments.
For the CRESST-III limits, a range of masses from mDM = 150 MeV and above are reported,
however for this paper only values above mDM = 1 GeV are used. Upper limits on sSI

DM-nucleon
for a range of DM mass points are presented in Fig. 8 at the 90% CL using the full CMS data set.
The uncertainties in sSI

DM-nucleon are obtained from the extrema of a coupling parametrisation
factor as derived from lattice theory [19, 99, 100]. Results of the Higgs portal interpretation and
direct-detection comparison are also provided in HEPData [93].
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Figure 8: Upper limits on sSI
DM-nucleon as a function of DM candidate mass mDM. Results are

presented for a fermion (red) and scalar (yellow) DM candidate. In addition, a vector DM
candidate is studied using two UV-comp approaches, the first denoted Vector DMUV-comp [20]
(burgundy), and the second a radiative portal version denoted Vector DMradiative

m2
[23] (orange)

with a dark Higgs boson mass of m2 = 65 and 100 GeV. Uncertainties are derived from
Refs. [19, 99, 100]. Results are compared to direct-detection searches from CRESST-III [95] (trun-
cated at mDM > 1 GeV), DarkSide-50 [96], PandaX-4T [97] and LUX-ZEPLIN [98].

The sensitivity of the Run 1 and Run 2 combination depends on the cross sections assumed
for the different Higgs boson production modes: VBF, VH, ggH, and ttH. Cross sections can
be parameterised by the coupling strength of the Higgs boson to V bosons and fermions. The
cross sections can be directly scaled by coupling strength modifiers kV and kF to investigate
BSM scenarios [101]. In this context, the observed 95% CL upper limits on B(H ! inv) are
evaluated as a function of kV and kF and shown in Fig. 9. Best estimates of kV and kF from
CMS [11] are presented with the 68 and 95% CL contours. For the best estimate of kV and kF by
CMS, the 95% CL limit on B(H ! inv) is found to be 0.16, and varies between 0.14 and 0.17
inside the 95% CL contour.

10 Summary
The results of a search for invisible decays of the Higgs boson produced in association with
a top-antitop quark pair (ttH) or a vector boson (VH, where V stands for either a W or Z

The ATLAS Collaboration Physics Letters B 842 (2023) 137963

Fig. 4. Upper limit at the 90% CL on the spin-independent WIMP-nucleon scattering cross-section as a function of the WIMP mass for direct detection experiments and the 
interpretation of the H → invisible combination result in the context of Higgs portal models considering scalar, Majorana and vector WIMP hypotheses. For the vector case, 
results from UV-complete models are shown (pink curves) for two representative values for the mass of the predicted Dark Higgs particle (m2) and a mixing angle α=0.2. The 
uncertainties from the nuclear form factor are smaller than the line thickness. Direct detection results are taken from Refs. [65–68]. The neutrino floor for coherent elastic 
neutrino-nucleus scattering (dotted gray line) is taken from Refs. [69,70], which assume that germanium is the target over the whole WIMP mass range. The regions above 
the limit contours are excluded in the range shown in the plot.

angle α = 0.2 and for masses of the dark Higgs particle equal to 
65 GeV and 100 GeV corresponding to the worst and best limit for 
a scan of m2 in the range [65, 1000] GeV [64]. This comparison il-
lustrates the complementarity in coverage by the direct-detection 
experiments and the searches at colliders, such as the presented 
analysis.

6. Conclusion

In summary, searches for invisible decays of the Higgs boson 
using 139 fb−1 of pp collision data at 

√
s = 13 TeV recorded in 

Run 2 of the LHC in several Higgs boson production topologies 
were statistically combined assuming SM Higgs boson production. 
An upper limit on the invisible Higgs boson branching ratio of 
BH→inv < 0.113 (0.080+0.031

−0.022) is observed (expected) at the 95% 
CL. A statistical combination of this result with the combination of 
H → invisible searches using up to 4.7 fb−1 of pp collision data 
at 

√
s = 7 TeV and up to 20.3 fb−1 at 8 TeV collected in Run 1 

of the LHC yields an observed (expected) upper limit of BH→inv <

0.107 (0.077+0.030
−0.022) at the 95% CL. The combined Run 1+2 result is 

translated into upper limits on the WIMP-nucleon scattering cross-
section for Higgs portal models. The derived limits on σWIMP-Nucleon
range down to 10−45 cm2 (scalar), 2 × 10−47 cm2 (Majorana) 
and 10−54 cm2 (vector), highlighting the complementarity of DM 
searches at the LHC and direct detection experiments.
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Fig. 1. Examples of leading-order Feynman diagrams for Higgs boson pair production: for ggF production, diagram (a) is proportional to the square of the top-quark Yukawa 
coupling, while diagram (b) is proportional to the product of the top-quark Yukawa coupling and the Higgs boson self-coupling. For VBF production, diagram (c) is propor-
tional to the product of the coupling of the Higgs boson to the vector bosons and the self-coupling, diagram (d) to the square of the coupling to the vector bosons, and 
diagram (e) to the interaction between two vectors bosons and two Higgs bosons.

Fig. 2. Examples of one-loop λH H H -dependent diagrams for (a) the Higgs boson self-energy, and for single-Higgs production in the (b) ggF, (c) VBF, (d) V H , and (e) tt H
modes. The self-coupling vertex is indicated by the filled circle.

nsignal
i, f (κλ,κm) ∝ µi(κλ,κm) × µ f (κλ,κm) × σSM,i

×BSM, f × (ε × A)i f ,

where µi and µ f describe respectively the multiplicative correc-
tions to the expected SM Higgs boson production cross-sections 
in an STXS bin (σSM,i ) and each decay-channel branching ratio 
(BSM, f ) as a function of the values of the Higgs boson self-coupling 
modifier κλ and the LO-inspired modifiers κm . The (ε × A)i f coef-
ficients take into account the analysis efficiency times acceptance 
in each production and decay mode.

The functional dependence of µi(κλ, κm) and µ f (κλ, κm) on κλ

and κm varies according to the production mode, the decay chan-
nel and, more strongly for the V H and tt H production modes, 
on the STXS bin. A detailed description of the cross-section and 

decay-rate dependence on κλ is given in Refs. [51,52]. The STXS 
information from the VBF, W H , Z H and tt H production modes 
is exploited here to constrain κλ and κm . For the ggF production 
mode, only the inclusive cross-section dependence on κλ is cur-
rently available and it was used in this study, while the STXS bin 
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Conversely, the κλ-modifier can affect the Higgs boson pro-
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Fig. 1. Examples of leading-order Feynman diagrams for Higgs boson pair production: for ggF production, diagram (a) is proportional to the square of the top-quark Yukawa 
coupling, while diagram (b) is proportional to the product of the top-quark Yukawa coupling and the Higgs boson self-coupling. For VBF production, diagram (c) is propor-
tional to the product of the coupling of the Higgs boson to the vector bosons and the self-coupling, diagram (d) to the square of the coupling to the vector bosons, and 
diagram (e) to the interaction between two vectors bosons and two Higgs bosons.

Fig. 2. Examples of one-loop λH H H -dependent diagrams for (a) the Higgs boson self-energy, and for single-Higgs production in the (b) ggF, (c) VBF, (d) V H , and (e) tt H
modes. The self-coupling vertex is indicated by the filled circle.
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The Higgs boson self-coupling affects HH pair production at leading order and the single Higgs boson production and 
decay at NLO.
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Table 1
Integrated luminosity of the dataset used for each input channel in the combina-
tion. The last column provides references to publications describing each channel in 
detail.

Analysis channel Integrated luminosity [fb−1] Ref.

H H → bb̄γ γ 139 [17]
H H → bb̄τ+τ− 139 [18]
H H → bb̄bb̄ 126 [19]

H → γ γ 139 [58]
H → Z Z∗ → 4# 139 [59]
H → τ+τ− 139 [60]
H → W W ∗ → eνµν (ggF,VBF) 139 [61]
H → bb̄ (V H) 139 [62]
H → bb̄ (VBF) 126 [63]
H → bb̄ (tt H) 139 [64]

pling modifiers used in this Letter can be found in Ref. [52]. The 
model under discussion does not allow for any new physics be-
yond that encoded in the aforementioned κλ and κm parameters. 
The dependence of the decay branching ratios and the Higgs boson 
self-energy on κλ is also taken into account for the double-Higgs 
analyses when combining them with the single-Higgs results.

A Higgs boson mass value of mH = 125.09 ± 0.24 GeV [15] is 
used for all results presented in this Letter.

3. Data samples and combined analyses

The results, presented in Sections 5 and 6, are obtained using 
the full Run 2 dataset collected by the ATLAS experiment [53–55]
from LHC 13 TeV pp collisions in the 2015–2018 data-taking pe-
riod. The integrated luminosity corresponds to 126–139 fb−1, de-
pending on the trigger selection. A two-level trigger system [56]
is used to select events. An extensive software suite [57] is used 
in the reconstruction and analysis of collision and simulated data, 
in detector operations, and in the trigger and data acquisition sys-
tems of the experiment.

Each input analysis used in the combination is summarised in 
Table 1. Details about the individual analyses can be found in the 
references reported in the same table. Each analysis separates the 
selected events into different kinematic and topological regions, 
called categories.

4. Statistical model and systematic uncertainty correlations

The statistical treatment used in this Letter follows the proce-
dures described in Refs. [65,66]. The results are obtained from a 
likelihood function L($α, $θ), where $α represents the vector of the 
parameters of interest (POI) of the model and $θ is a set of nuisance 
parameters, including the systematic uncertainty contributions and 
background parameters that are constrained by sidebands or con-
trol regions in data. The global likelihood function L($α, $θ) is ob-
tained as the product of the likelihoods of each input analysis. 
These are, in turn, products of likelihoods computed in the single 
analysis categories. The results presented in the following sections 
are based on the profile-likelihood-ratio test statistic )($α, $θ), and 
68% as well as 95% CL intervals are derived in the asymptotic ap-
proximation [67]. The CLs approach [68] is only used to derive the 
cross-section upper limits shown in Section 5.

To derive the expected results, Asimov datasets [67] are pro-
duced with all the nuisance parameters set to the values derived 
from the fit to the data and the parameters of interest fixed to the 
values corresponding to the hypothesis mentioned in the text.

The basic assumption in performing a statistical combination 
by using the product of the likelihoods is that the analyses be-
ing combined are statistically independent. For this reason the 
event samples used in the single-Higgs and double-Higgs analy-
ses were checked for overlaps. The overlap among the single-Higgs 

analyses was checked previously in the combination published in 
Ref. [26] and found to be negligible. The event overlap among the 
three double-Higgs analyses combined for the first time for this 
result was studied and found to be significantly smaller than 0.1%. 
These analyses are therefore treated as statistically independent. 
As a last step, the overlap of event samples between the single-
Higgs and double-Higgs analyses, which are combined for the first 
time in this Letter, was investigated. For most of the categories, 
this overlap is significantly below the 1% level in either the single-
Higgs or the double-Higgs channel, and can therefore be neglected. 
The only exception is the overlap between the H → τ+τ− and 
H H → bb̄τ+τ− channels, mainly due to the tt H categories in the 
H → τ+τ− analysis, which is found to be at the 4% level in the 
double-Higgs signal regions. The tt H categories in the H → τ+τ−

channel were removed from the combination used to produce the 
results presented in the following sections.

A complete discussion of the sources of systematic uncertainty 
considered in the individual analyses is provided in the publica-
tions referenced in Table 1. The correlation model adopted for 
the systematic uncertainties within the single-Higgs combination 
is described in detail in Ref. [26].

For this Letter, additional correlations of systematic uncertain-
ties between the double-Higgs analyses and between the single-
Higgs and double-Higgs combinations were investigated and im-
plemented as needed. In both cases, systematic uncertainties re-
lated to the data-taking conditions, such as those associated with 
pile-up mis-modelling and the integrated luminosity, are consid-
ered to be fully correlated among the input searches. Uncertainties 
related to physics objects used by multiple searches are treated 
as correlated where appropriate: experimental uncertainties that 
are related to the same physics object but determined with dif-
ferent methodologies or implemented with different parameterisa-
tions are treated as uncorrelated. Theoretical uncertainties of sim-
ulated signal and background processes, such as the single-Higgs 
and double-Higgs production cross-sections, QCD scale, and pro-
ton parton distribution functions are treated as correlated where 
relevant. The experimental uncertainty of the Higgs boson mass 
measurement [15] is treated as correlated where relevant. Signal 
theory uncertainties of the single-Higgs and double-Higgs pro-
duction modes (e.g., missing higher-order QCD corrections, parton 
shower, parton distribution functions, etc.) are treated as uncor-
related, while the systematic uncertainties of the decay branching 
ratios are treated as correlated. For the systematic uncertainties 
that are constrained significantly in the fit to data, the impact 
of treating them as correlated or uncorrelated in the combined 
fit was checked. In general, the impact of these different corre-
lation schemes on the exclusion limits is found to be very small, 
below the 2% level. Since choosing to treat them as uncorrelated 
gives slightly larger uncertainties for the parameter of interest, this 
approach was chosen for the results presented in the following 
sections.

For the double-Higgs analyses, the most important uncertain-
ties are related to background estimates from data-driven method-
ologies (derived from data sidebands or control regions) and are 
therefore not correlated with the single-Higgs analyses. The change 
of the correlation scheme was found to have a negligible impact 
on the combined double-Higgs results, except for the theoretical 
uncertainties of the ggF H H cross-section, where assuming a cor-
relation loosens the limits on the signal strength by 7% and this is 
therefore adopted.

5. Double-Higgs combination results

The double-Higgs boson analyses in the bb̄bb̄, bb̄τ+τ− and 
bb̄γ γ decay channels referenced in Table 1 are combined in order 
to place constraints on the production cross-section and the Higgs 
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Fig. 4. Observed and expected 95% CL exclusion limits on the production cross-sections of (a) the combined ggF H H and VBF H H processes as a function of κλ and (b) 
the VBF H H process as a function of κ2V , for the three double-Higgs search channels and their combination. The expected limits assume no H H production or no VBF H H
production respectively. The red line shows (a) the theory prediction for the combined ggF H H and VBF H H cross-section as a function of κλ where all parameters and 
couplings are set to their SM values except for κλ , and (b) the predicted VBF H H cross-section as a function of κ2V . The bands surrounding the red cross-section lines 
indicate the theoretical uncertainty on the predicted cross-section. The uncertainty band in (b) is smaller than the width of the plotted line.

Fig. 5. Observed (a) and expected (b) values of the test statistic (−2 ln#), as a function of the κλ parameter for the single-Higgs (blue) and double-Higgs (red) analyses, and 
their combination (black) derived from the combined single-Higgs and double-Higgs analyses, with all other coupling modifiers fixed to unity. The combined result for the 
generic model (free floating κt , κb , κV and κτ ) is also superimposed (green curve). The observed best-fit value of κλ for the generic model is shifted slightly relative to the 
other models because of its correlation with the best-fit values of the κb , κt and κτ parameters, which are slightly below, but compatible with unity.

Fig. 6. Observed (a) and expected (b) constraints in the κλ–κt plane from single-Higgs (blue) and double-Higgs (red) analyses, and their combination (black). The solid 
(dashed) lines show the 68% (95%) CL contours. The double-Higgs contours are shown for values of κt smaller than 1.2. The observed constraint for the single- and double-
Higgs combination for κt values below unity is slightly less stringent than that for the single-Higgs fit alone due to the slightly higher best-fit value for this coupling 
modifier.
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Table 2
Summary of κλ observed and expected constraints and corresponding observed best-fit values with their 
uncertainties. In the first column, the coupling modifiers that are free floating in addition to κλ in the corre-
sponding fit are reported. The uncertainties on κλ are extracted from the test statistic curves, which are not 
expected to follow Gaussian distributions.

Combination assumption Obs. 95% CL Exp. 95% CL Obs. value+1σ
−1σ

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

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

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

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

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

boson self-interaction and shed more light on the Higgs boson po-
tential, the source of EW symmetry breaking in the SM.

Using the three most sensitive double-Higgs decay channels, 
bb̄bb̄, bb̄τ+τ− and bb̄γ γ , an observed (expected) upper limit of 
2.4 (2.9) at 95% CL is set on the double-Higgs signal strength, 
defined as the sum of the ggF H H and VBF H H production cross-
sections normalised to its SM prediction. These processes are di-
rectly sensitive to the Higgs boson self-coupling. This combination 
can also be used to set a constraint of −0.6 < κλ < 6.6 at 95% CL 
on the Higgs boson self-coupling modifier, assuming that the other 
Higgs boson interactions are as predicted by the SM.

Using the VBF H H process, a constraint on the κ2V coupling 
modifier of 0.1 < κ2V < 2.0 is also derived at 95% CL, assuming all 
other Higgs boson interactions are as predicted by the SM.

The measurements from the three double-Higgs decay channels 
are combined with single-Higgs boson cross-section measurements 
from the γ γ , Z Z∗ , W W ∗ , τ+τ− and bb̄ decay channels to derive 
constraints on κλ that are either more stringent or less model-
dependent. Using this combination and assuming that κλ is the 
only source of physics beyond the SM, values of κλ outside the 
range −0.4 < κλ < 6.3 are excluded at 95% CL, with an expected 
excluded range of −1.9 < κλ < 7.6. If assumptions about the other 
coupling modifiers, κt , κb κτ , and κV , are relaxed, this constraint 
becomes −1.4 < κλ < 6.1 at 95% CL, where the expected interval 
under the SM assumption is −2.2 < κλ < 7.7. This constraint on 
the Higgs boson self-coupling is not quite as strong but less model-
dependent. This study provides the most stringent constraints on 
Higgs boson self-interactions to date.
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Figure 5: Limits on the production of Higgs boson pairs and their time evolution.
(left) The expected and observed limits on the ratio of experimentally estimated production
cross section and the expectation from the SM (sTheory) in searches using different final states
and their combination. The search modes are ordered, from upper to lower, by their expected
sensitivities from the least to the most sensitive. The overall combination of all searches is
shown by the lowest entry. (right) Expected and observed limits on HH production in different
data sets: early LHC Run 2 data (35.9 fb�1), present results using full LHC Run 2 data (138 fb�1),
and projections for the HL-LHC (3000 fb�1).

using the different final states and their combination. With the current data set, and combining
data from all currently studied modes and channels, the Higgs boson pair production cross
section is found to be less than 3.4 times the SM expectation at 95% CL. Figure 5 (right) shows
the evolution of the limits from the three most sensitive modes and the overall combination
for: the first comprehensive set of measurements using early LHC Run 2 data (35.9 fb�1) [73],
the present measurements using the full LHC Run 2 data (138 fb�1), and the projections for
the HL-LHC (3000 fb�1) [69]. The HL-LHC projections are also expressed as limits, assuming
that there is no Higgs boson pair production. The fact that the combined limit is expected to
be below unity shows that the sensitivity is sufficient to establish the existence of the SM HH
production.

Figure 6 presents the expected and observed experimental limits on the HH production cross
section as functions of the Higgs boson self-interaction coupling modifier kl and the quartic
VVHH coupling modifier k2V. Cross section values above the solid black lines are experimen-
tally excluded at 95% CL. The red lines show the predicted cross sections as functions of kl

or k2V, which exhibit a characteristic dip in the vicinity of the SM values (k = 1) due to the
destructive interference of the contributing production amplitudes, as highlighted in Section 4.
The experimental limits on the Higgs boson pair production cross section (black lines) also
show a strong dependence on the assumed values of k. This is because the interference be-
tween different subprocesses, besides changing the expected cross sections, also changes the
differential kinematic properties of the two Higgs bosons, which in turn affects strongly the
efficiency for detecting signal events. With the current data set we can ascertain at 95% CL that
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the Higgs boson self-interaction coupling modifier kl is in the range �1.24 to 6.49, while the
quartic k2V coupling modifier is in the range 0.67 to 1.38. Figure 6 (right) shows that k2V = 0
is excluded, with a significance of 6.6 s.d., establishing the existence of the quartic coupling
VVHH depicted in Fig. 1n.
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Figure 6: Limits on the Higgs boson self-interaction and quartic coupling.
Combined expected and observed 95% CL upper limits on the HH production cross section for
different values of kl (left) and k2V (right), assuming the SM values for the modifiers of Higgs
boson couplings to top quarks and vector bosons. The green and yellow bands represent,
respectively, the 1 and 2 s.d. extensions beyond the expected limit; the red solid line (band)
shows the theoretical prediction for the HH production cross section (its 1 s.d. uncertainty).
The areas to the left and to the right of the hatched regions are excluded at 95% CL.

7 Current knowledge and future prospects
The discovery of the Higgs boson in 2012 completed the particle content of the standard model
(SM) of elementary particle physics, a theory that explains visible matter and its interactions in
exquisite detail. The completion of the SM spanned 60 years of theoretical and experimental
work. In the ten years following the discovery, great progress has been made in painting a
clearer portrait of the Higgs boson.

In this paper, the CMS Collaboration reports the most up-to-date combination of results on
the properties of the Higgs boson, based on data corresponding to an L of up to 138 fb�1,
recorded at 13 TeV. Many of its properties have been determined with accuracies better than
10%. All measurements made so far are found to be consistent with the expectations of the SM.
In particular, the overall signal strength parameter has been measured to be µ = 1.002 ± 0.057.
It has been shown that the Higgs boson directly couples to bottom quarks, tau leptons, and
muons, which had not been observed at the time of the discovery, and also proven that it is
indeed a scalar particle. The CMS experiment is approaching the sensitivity necessary to probe
Higgs boson couplings to charm quarks [74]. The observed (expected) 95% CL value for kc is
found to be 1.1 < |kc | < 5.5 (|kc | < 3.40), the most stringent result to date. Moreover, the recent
progress in searches for the pair production of Higgs bosons has allowed the setting of tight
constraints on the Higgs boson self-interaction strength, and the setting of limits on the Higgs
boson pair production cross section not much above twice the expected SM value.

Much evidence points to the fact that the SM is a low-energy approximation of a more compre-
hensive theory. In connection with the mechanism of spontaneous symmetry breaking, several
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the Higgs boson self-interaction coupling modifier kl is in the range �1.24 to 6.49, while the
quartic k2V coupling modifier is in the range 0.67 to 1.38. Figure 6 (right) shows that k2V = 0
is excluded, with a significance of 6.6 s.d., establishing the existence of the quartic coupling
VVHH depicted in Fig. 1n.

6− 4− 2− 0 2 4 6 8 10
λκ

10

210

310 H
H 

(in
cl.

)) 
/ f

b
→

(p
p 

σ
95

%
 C

L 
lim

it 
on

 

Excluded Excluded

Observed          Median expected
Theory prediction 68% expected    
                       95% expected    

CMS 

 = 1Vκ = 2Vκ = tκ

 (13 TeV)-1138 fb

2− 1− 0 1 2 3 4
2Vκ

1

10

210

310

 H
H 

(in
cl.

)) 
/ f

b
→

(p
p 

σ
95

%
 C

L 
lim

it 
on

 

Excluded Excluded

Observed          Median expected
Theory prediction 68% expected    
                       95% expected    

CMS 

 = 1Vκ = tκ = λκ

 (13 TeV)-1138 fb

Figure 6: Limits on the Higgs boson self-interaction and quartic coupling.
Combined expected and observed 95% CL upper limits on the HH production cross section for
different values of kl (left) and k2V (right), assuming the SM values for the modifiers of Higgs
boson couplings to top quarks and vector bosons. The green and yellow bands represent,
respectively, the 1 and 2 s.d. extensions beyond the expected limit; the red solid line (band)
shows the theoretical prediction for the HH production cross section (its 1 s.d. uncertainty).
The areas to the left and to the right of the hatched regions are excluded at 95% CL.
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0.67 < 2V < 1.38
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Fig. 4. Observed and expected 95% CL exclusion limits on the production cross-sections of (a) the combined ggF H H and VBF H H processes as a function of κλ and (b) 
the VBF H H process as a function of κ2V , for the three double-Higgs search channels and their combination. The expected limits assume no H H production or no VBF H H
production respectively. The red line shows (a) the theory prediction for the combined ggF H H and VBF H H cross-section as a function of κλ where all parameters and 
couplings are set to their SM values except for κλ , and (b) the predicted VBF H H cross-section as a function of κ2V . The bands surrounding the red cross-section lines 
indicate the theoretical uncertainty on the predicted cross-section. The uncertainty band in (b) is smaller than the width of the plotted line.

Fig. 5. Observed (a) and expected (b) values of the test statistic (−2 ln#), as a function of the κλ parameter for the single-Higgs (blue) and double-Higgs (red) analyses, and 
their combination (black) derived from the combined single-Higgs and double-Higgs analyses, with all other coupling modifiers fixed to unity. The combined result for the 
generic model (free floating κt , κb , κV and κτ ) is also superimposed (green curve). The observed best-fit value of κλ for the generic model is shifted slightly relative to the 
other models because of its correlation with the best-fit values of the κb , κt and κτ parameters, which are slightly below, but compatible with unity.

Fig. 6. Observed (a) and expected (b) constraints in the κλ–κt plane from single-Higgs (blue) and double-Higgs (red) analyses, and their combination (black). The solid 
(dashed) lines show the 68% (95%) CL contours. The double-Higgs contours are shown for values of κt smaller than 1.2. The observed constraint for the single- and double-
Higgs combination for κt values below unity is slightly less stringent than that for the single-Higgs fit alone due to the slightly higher best-fit value for this coupling 
modifier.
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• LHC is continuing to deliver data, the run will continue to Run-III and HL-LHC


• Higgs boson couplings are measured with 5% level accuracy


• Rare Higgs boson decays start to become accessible with the increasing of the collected 
data samples


• the high collected luminosity starts to make feasible testing of the Higgs sector in differential 
distributions (STXS) 

• no deviation observed so far, but we are still far from high precision (~ 1%) Higgs coupling  
measurements 

• Higgs boson self-coupling constraints start to reach a region of order 1, exclusion of null-
self coupling could become accessible in the next dew years





