
     

PAPER • OPEN ACCESS

Combined measurements and interpretations of
Higgs boson production and decay in
proton–proton collisions at 
To cite this article: The CMS Collaboration 2026 Rep. Prog. Phys. 89 087801

 

View the article online for updates and enhancements.

You may also like
Measurements of the Higgs boson by
ATLAS and CMS
Ilya Tsukerman and for theATLAS and
CMS Collaborations

-

Search for Higgs decaying to WW at CMS
Leonardo Di Matteo and (on behalf ofthe
CMS Collaboration)

-

Higgs Physics at CMS
Silvio Donato and on behalf of the CMS
collaboration

-

This content was downloaded from IP address 82.57.215.152 on 06/09/2026 at 11:16

https://doi.org/10.1088/1361-6633/ae72c4
/article/10.1088/1742-6596/1390/1/012030
/article/10.1088/1742-6596/1390/1/012030
/article/10.1088/1742-6596/455/1/012030
/article/10.1088/1742-6596/873/1/012004


Rep. Prog. Phys. 89 (2026) 087801 https://doi.org/10.1088/1361-6633/ae72c4

OPEN ACCESS

RECEIVED

20 February 2026

REVISED

11 May 2026

ACCEPTED FOR PUBLICATION

26 May 2026

PUBLISHED

10 August 2026

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

PAPER

Combined measurements and interpretations of Higgs boson
production and decay in proton–proton collisions at

√
s = 13TeV

The CMS Collaboration1,∗

Peking University, Beijing, People’s Republic of China
1 CERN, Geneva, Switzerland.
∗ Author to whom any correspondence should be addressed.

E-mail: cms-publication-committee-chair@cern.ch

Keywords: CMS, Higgs boson, statistical combination

Corresponding editor: Dr Lorna Brigham

Abstract
Combined measurements of Higgs boson production and decay rates are reported, represent-
ing the most comprehensive study performed by the CMS Collaboration to date. The included
analyses use proton–proton collision data recorded by the CMS experiment at

√
s= 13TeV from

2016 to 2018, corresponding to an integrated luminosity of 138 fb−1. The statistical combination
is based on analyses that measure the following decay channels: H→ γγ, H→ ZZ, H→WW,
H→ ττ , H→ bb, H→ µµ, and H→ Zγ. Information in the events from each decay channel
is used to target multiple Higgs boson production processes. Searches for invisible Higgs boson
decays are also considered, as well as an analysis that measures off-shell Higgs boson production
in the H→ ZZ→ 4ℓ (ℓ= e,µ) decay channel. The best fit inclusive signal yield is measured to be
1.014+0.055−0.053 times the standard model (SM) expectation, for a Higgs boson mass of 125.38 GeV.
Measurements in kinematic regions defined by the simplified template cross section framework
are also provided, as well as interpretations in the coupling modifier and SM effective field theory
frameworks. The coupling modifier interpretation is further used to place constraints on various
two-Higgs-doublet models. The results show good compatibility with the SM predictions for the
majority of the measured parameters.
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1. Introduction

In 2012, the ATLAS [1] and CMS [2] Collaborations announced the observation of a particle [3–5]
with properties consistent with the Higgs boson (H) of the standard model (SM) [6–11], a neutral
scalar particle that arises from the Brout–Englert–Higgs mechanism responsible for electroweak sym-
metry breaking. Since then, a broad set of measurements has been performed to characterize the prop-
erties and interactions of this particle with the highest achievable precision. The proton–proton colli-
sion data collected during Run 2 (2015–2018) of the CERN LHC [12] have enabled the ATLAS and CMS
Collaborations to make significant advances in understanding the Higgs boson, and thus to perform pre-
cision tests of the SM.

This paper describes combined measurements of Higgs boson production and decay rates. The
analyses included in the statistical combination measure the following decay channels: H→ γγ,
H→ ZZ(→ 4ℓ), H→WW(→ ℓνℓν or ℓνqq ′), H→ ττ , H→ bb, H→ µµ, and H→ Zγ(→ ℓℓγ), as
shown by the Feynman diagrams in figure 1. In these expressions and throughout the paper, ℓ= e or
µ, and the distinction between a particle and its antiparticle is dropped. The H→ ZZ and H→WW
decay channels, where the Higgs boson is on-shell, require at least one vector boson (W, Z) to be off-
shell. In addition, analyses that search for invisible decays of the Higgs boson (H→ inv) are incorpo-
rated to constrain its branching fraction into beyond-the-SM (BSM) particles. No analyses targeting the
H→ cc decay channel are included, as a result of the lack of statistical independence between them and
the H→ bb analyses included in the combination.

Information in the events from each decay channel is used to target multiple Higgs boson produc-
tion mechanisms, including Higgs boson production via gluon fusion (ggH), vector boson fusion (VBF),
production in association with a vector boson (VH, V=W or Z), production in association with a pair
of top quarks (ttH), and production in association with a single top quark (tH). There are two ways in
which ZH production occurs: the dominant production mechanism is through the quark-initiated pro-
cess (qqZH), with a smaller contribution from the gluon-initiated process (ggZH). Similarly, tH produc-
tion includes contributions from two processes: production in association with either a W boson (tHW)
or a quark (tHq). The input analyses are not sensitive to production in association with a pair of bottom
quarks (bbH). However, small contributions from this production process are accounted for in the signal
modelling. Contributions from Higgs boson pair production in the input analyses are negligible com-
pared to single Higgs boson production, and are therefore not considered. Example leading-order (LO)
Feynman diagrams for each Higgs boson production process considered in the combination are shown
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Figure 1. Examples of leading-order Feynman diagrams for the H→ ZZ and H→WW decay channels (upper left); for the
fermionic decay channels H→ ff, where ff= bb, ττ or µµ (upper right); and for the H→ γγ and H→ Zγ decay channels
(lower).

Figure 2. Examples of leading-order Feynman diagrams for the ggH (upper left), VBF (upper middle), quark-initiated VH
(upper right), gluon-initiated ZH (middle left), ttH and bbH (middle right), tHq (lower left), and tHW (lower right) processes.

in figure 2. An analysis that measures off-shell Higgs boson production is also included in the combined
measurement to constrain the Higgs boson total decay width directly from data.

The prediction for ggH production is taken from calculations at next-to-next-to-next-to-leading
order (N3LO) in perturbative quantum chromodynamics (QCD), including next-to-leading order (NLO)
electroweak (EW) corrections. The VBF and VH cross section calculations are performed at next-to-
next-to-leading order (NNLO) accuracy in QCD and NLO accuracy in EW theory. The theoretical pre-
dictions of the ttH cross section are derived at NLO accuracy in both QCD and EW, while the tH cross
sections are derived at NLO QCD accuracy in the five-flavour scheme (5FS), with no EW corrections.
The bbH cross section calculation includes matched predictions at NNLO QCD accuracy in the 5FS, and
at NLO accuracy in the four-flavour scheme (4FS), with no EW corrections. The theoretical predictions
for the various production processes and decay modes in this paper are summarized in [13], with more
details provided in the references within, particularly [14–21], which describe the cross section calcula-
tions for the targeted production processes.

This paper also presents combined measurements of simplified template cross sections (STXS). In the
STXS framework [13], the phase space of the different Higgs boson production processes is partitioned
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into multiple nonoverlapping regions, based on the kinematic properties of the Higgs boson events. The
partitions are designed to isolate regions with enhanced sensitivity to potential BSM effects, to reduce
theoretical uncertainties in the SM predictions, and to limit model dependence by ensuring close cor-
respondence with the experimental acceptance. Measurements of these phase space regions, referred to
as ‘STXS bins’, thereby provide more granular information beyond the inclusive production and decay
rate measurements. In this paper, the STXS measurements are performed at two levels of granularity.
At STXS stage 0, the bins correspond closely to the main Higgs boson production processes. Subsequent
stages perform a further splitting of the bins using the kinematic properties of the events. In this com-
bined measurement, the STXS stage 1.2 binning scheme is used [22]. Interpretations of the measure-
ments in the context of the coupling modifier [23] and SM effective field theory (SMEFT) [24] frame-
works are also provided.

The ATLAS and CMS Collaborations have published combined measurements of Higgs boson pro-
duction and decay rates, and couplings, with the

√
s= 7 and 8 TeV LHC Run 1 (2011–2012) data [25,

26]. A combination of the Run 1 ATLAS and CMS analyses has also been performed [27]. Combined
measurements of Higgs boson production and decay rates, as well as Higgs boson couplings, have been
conducted by both collaborations with data collected during Run 2 [28–32]. The combined measure-
ments performed by ATLAS with data collected during Run 2 provide measurements and interpretations
in the STXS framework [28–30]. This paper presents the first combined STXS measurement from CMS.
With respect to the previous CMS Higgs boson combination, detailed in [32], the combination presented
here uses additional input analyses: measurements of the H→ bb decay channel via the VBF production
process [33], and via production at high transverse momentum [34]; measurements of off-shell Higgs
boson production in the H→ ZZ→ 4ℓ decay channel [35], and a search for the H→ inv decay via ttH
and VH production in which the vector boson decays hadronically [36]. Furthermore, larger data sets
are used for the VH (H→ bb) [37], and t(t)H (H→ bb) [38] input measurements, where t(t)H refers to
analyses that target both the ttH and tH production processes.

The SM predictions for the Higgs boson production and decay rates depend on the mass of the
Higgs boson mH. For all measurements in this paper, the mass is fixed at mH = 125.38GeV. This was
the most precise measurement of mH (±0.14GeV) by the CMS Collaboration at the time that the
analyses entering the combination were performed [39]. Since then, a more precise measurement of
mH = 125.08± 0.12GeV has been performed by CMS in the H→ ZZ→ 4ℓ channel [35]. The ATLAS
Collaboration also performed a more precise measurement of mH = 125.11± 0.11GeV, combining the
H→ ZZ→ 4ℓ and H→ γγ channels [40]. The small difference in mH between these values has a negli-
gible effect on the results in this paper.

This paper is organized as follows. A brief description of the CMS detector is given in section 2.
Section 3 provides a summary of the analyses included in the combination, and section 4 describes the
modifications made to input analyses, to ensure a common signal and uncertainty model. The statisti-
cal procedure for the combination is outlined in section 5, and the treatment of systematic uncertain-
ties is summarized in section 6. The following sections report the results of the different signal yield
parametrizations. Section 7 shows the measurements of signal strength modifiers at different levels of
granularity. The measurements of the STXS and decay channel branching fractions are presented in
section 8. The interpretation of these measurements in the coupling modifier framework is shown in
section 9, including constraints on the Higgs boson trilinear self-coupling via NLO EW corrections. In
section 10, the coupling modifier constraints are used to probe two-Higgs-doublet models, which are
extensions of the SM that remain valid up to high energies. Section 11 details the interpretations in
terms of SMEFT parameters. Finally, a summary of the results is presented in section 12.

The tabulated results for all measurements and interpretations are provided in the HEPData record
for this paper [41].

2. The CMS detector

The CMS apparatus [2, 42] is a multipurpose, nearly hermetic detector, designed to trigger on [43–45]
and identify electrons, muons, photons, and hadrons [46–48]. Its central feature is a superconducting
solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. 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, each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are
reconstructed using gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid.
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More detailed descriptions of the CMS detector, together with a definition of the coordinate system used
and the relevant kinematic variables, can be found in [2, 42].

3. Analyses included in the combination

All analyses included in the combination use a proton–proton collision data set recorded by the CMS
experiment between 2016 and 2018, corresponding to an integrated luminosity of 138fb−1, unless other-
wise stated.

Most analyses are designed to target a single Higgs boson decay channel. The data are split into mul-
tiple event categories to improve the sensitivity to the signal, as well as to enhance the discrimination
power between different Higgs boson production processes. The latter is achieved by requiring the pres-
ence of additional leptons or jets, where a jet refers to the collimated streams of particles arising from
the fragmentation of a quark or gluon. Such additional objects arise in the VBF production process,
in the decay of a W or Z boson from the WH and ZH production processes, or in top quark decays
from the ttH and tH processes. The properties of the final-state objects are used to further enhance the
purity of the targeted Higgs boson production process. For example, the VBF topology is characterized
by the presence of two jets with a large separation in pseudorapidity ∆ηjj, and a large invariant mass mjj.
Alternatively, the identification of two additional jets as originating from the hadronization of b quarks
(b tagging) is indicative of the ttH production process. Most analyses leverage machine learning (ML)
algorithms to optimally use the high-dimensional event information.

A subset of input analyses perform measurements in the STXS framework [13]. To achieve this,
events are categorized based on the reconstructed kinematic information. This categorization is per-
formed either using an ML classifier, or by simply placing a selection on the equivalent reconstructed
quantity, e.g. using pγγT for pHT STXS partitions in the H→ γγ analysis. As a result of limited statistical
precision, and therefore constraining power, analysis categories do not necessarily map one-to-one with
the STXS bins. In the individual input measurements, STXS bins that could not be measured because of
a lack of events were either fixed to the SM expectation, or, more frequently, merged with neighbouring
bins. The combined measurement, however, is sensitive to all STXS partitions that were measured across
the input analyses. More information regarding the STXS stage 1.2 binning scheme used in the combina-
tion is provided in section 8.2.

The input analyses are required to be statistically independent to enter the combination. As the anal-
yses mostly target different final states, the event categories have a negligible level of overlap by con-
struction. For analyses that target similar final states, the overlap is explicitly checked and found to be
negligible.

Several small modifications, summarized in section 4, are made to the statistical models used in each
analysis to make them mutually compatible for the combination. To validate this procedure, the modi-
fied statistical models are fit and the results are compared to the original publications. The fitted values
of the parameters of interest (POIs) are found to be compatible with the original publications within the
parameter uncertainties.

In total, up to 1951 event categories are considered in the combined fit, with over 104 fit parameters
corresponding to the POIs and various sources of experimental and theoretical systematic uncertainties.
A summary of the input analyses is shown in table 1. Additional details for each of the input analyses
are provided in the remainder of this section.

3.1. H→ γγ

In the H→ γγ decay channel, the ggH, VBF, VH, ttH, and tH production processes are analyzed.
Despite the relatively small branching fraction (∼0.2%), this channel provides very good sensitivity in
Higgs boson measurements as a result of the excellent photon energy resolution of the CMS ECAL [46,
59]. The signal extraction is performed by measuring a narrow signal peak in the diphoton invariant
mass spectrum, on top of a smoothly falling background distribution. Measurements of the STXS stage
1.2 bins, described in section 8.2, are performed for all Higgs boson production processes. To improve
the sensitivity of the analysis to these different production processes and STXS bins, different signal cat-
egories are defined based on the kinematic properties of the events. More details concerning the analysis
and its measurements are provided in [49].

3.2. H→ ZZ
For the on-shell H→ ZZ channel, with both Z bosons decaying leptonically (H→ ZZ→ 4ℓ), the ggH,
VBF, and VH production processes are studied with dedicated analysis categories. The analysis also
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Table 1. Summary of the input analyses in the combination. The second column lists the final-state particles that are targeted in each
analysis. Here, τh indicates a hadronically decaying τ lepton and pmissT is the magnitude of the missing transverse momentum vector.

The third column lists the production processes and STXS kinematic regions targeted in each analysis. The variables NJ, pHT ,mjj, p
Hjj
T ,

and pVT refer to the jet multiplicity, the transverse momentum of the Higgs boson, the invariant mass of the two leading jets, the
transverse momentum of the Higgs plus dijet system, and the transverse momentum of the vector boson, respectively. The fourth
column indicates the granularity of the signal model used in each analysis. More information on each analysis can be found in the
references listed in the last column.

Input analysis Final states targeted Production targeted Signal granularity References

H→ γγ γγ ggH, (NJ, pHT ,mjj) bins

VBF, (pHT ,mjj, p
Hjj
T ) bins

VH hadronic

WH leptonic, pVT bins

ZH leptonic

ttH, pHT bins

tH

STXS stage 1.2 [49]

H→ ZZ→ 4ℓ 4µ, 2e2µ, 4e ggH, (NJ, pHT ,mjj) bins

VBF, (NJ, pHT ,mjj, p
Hjj
T ) bins

VH hadronic

VH leptonic, pVT bins

ttH

STXS stage 1.2 [50]

H→WW eµ/µe, ee/µµ, eµ+jj

3ℓ, 4ℓ

ggH, (NJ, pHT ) bins

VBF-like (pHT ,mjj) bins

VH hadronic

WH leptonic, pVT bins

ZH leptonic, pVT bins

STXS stage 1.2 [51]

H→ ττ eµ, eτh, µτh, τhτh
eτh+2ℓ, µτh+ℓ/2ℓ,

τhτh+ℓ/2ℓ

ggH, (NJ, pHT ,mjj) bins

VBF, (NJ, pHT ,mjj) bins

WH leptonic, pVT bins

ZH leptonic, pVT bins

Inclusive production processes or

STXS stage 1.2

[52]

H→ bb boosted bb ggH, high-pHT bins

VBF, high-pHT bins

Inclusive production processes or

STXS stage 1.2

[34]

VBF (H→ bb) bb VBF Inclusive production processes [33]

VH (H→ bb) bb WH leptonic, pVT bins

ZH leptonic, pVT bins

STXS stage 1.2 [37]

t(t)H (H→ bb) bb ttH, pHT bins

tH

Inclusive production processes or

STXS stage 1.2

[38]

t(t)H (H→ leptons) 2ℓ(same charge), 3ℓ, 4ℓ

1ℓ+2τh, 2ℓ(same

charge)+1τh, 3ℓ+1τh

ttH, tH STXS stage 1.2 [53]

H→ µµ µµ ggH, VBF, VH, ttH Inclusive production processes [54]

H→ Zγ→ ℓℓγ ℓℓγ ggH, VBF Inclusive production processes [55]

H→ inv Large pmissT Monojet

VBF

VH leptonic

VH/ttH hadronic

Inclusive production processes [36, 56–58]

Off-shell

(H→ ZZ→ 4ℓ)

4ℓ Off-shell Off-shell contributions (cf

equation (16))

[35]

includes ttH and tH production, although the precision with which these processes are measured is lim-
ited. This Higgs boson decay channel, despite its small branching fraction (∼0.01%), has an excellent
signal-to-background ratio for the major production processes. The signal extraction makes use of multi-
dimensional fits of the reconstructed Higgs boson mass and kinematic discriminators that describe the
4-lepton decay. In the analysis, the STXS stage 1.2 bins are measured. Sensitivity to the STXS bins is
obtained by categorizing the events based on the kinematic properties of the Higgs boson production
and the presence of additional particles in the event. More details on the analysis can be found in [50].
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3.3. H→WW
The analysis of the H→WW channel is described in [51]. The analysis is restricted to final states with
at least two charged leptons, thus targeting the H→WW→ ℓνℓν decay for all H production processes,
and additionally the H→WW→ ℓνqq ′ decay for VH production. Considering only leptonic final states
results in the suppression of backgrounds, while retaining moderate branching fractions of ∼2% (∼9%)
for H→WW→ ℓνℓν (H→WW→ ℓνqq ′). The analysis is most sensitive to the ggH and VBF produc-
tion processes. Additional categories with three and four leptons are constructed to target the production
of the Higgs boson in association with a leptonically decaying vector boson. The analysis does not target
ttH and tH production, which are covered by a dedicated analysis studying t(t)H production in multi-
leptonic final states (described in section 3.6). In the analysis, the STXS stage 1.2 bins are also measured.
To increase the sensitivity of these measurements, the event categories are aligned as closely as possible
with the STXS bins.

3.4. H→ ττ

The analysis of the H→ ττ decay channel measures Higgs boson production via the ggH, VBF, and VH
processes, and is described in detail in [52]. As in the channels described previously, this analysis mea-
sures bins at stage 1.2 of the STXS framework. Four different di-τ final states are studied: eµ, eτh, µτh,
and τhτh, where τh refers to a hadronically decaying τ lepton. Although the H→ ττ decay channel has
a smaller branching fraction (∼6%) than the H→ bb and H→WW modes, the leptons in the final
state and the good performance of the τh identification [60] enable this channel to balance a moder-
ate branching fraction with moderate background contributions. This channel is particularly sensitive to
VBF and ggH production, but also has sensitivity to the VH production process, where the vector boson
decays leptonically. Specific analysis categories with additional leptons are used to measure these events.
The analysis does not target ttH or tH production, which are covered by the t(t)H multilepton analysis
described in section 3.6.

The VH categories are defined by placing requirements on the kinematic properties of the events. To
define categories that are sensitive to ggH and VBF production, a deep neural network (DNN) that takes
the kinematic properties of the event as input, is used. Independent networks are trained for the mea-
surement of the STXS bins and for the measurement of the inclusive production rates. Two different sets
of analysis categories are therefore used for these two measurements. In the combination, the analysis
categories that are most sensitive to the signal parametrization being fit are used, as detailed in table 2 of
section 5.2 where the signal yield parametrization is introduced.

3.5. H→ bb
Out of all the Higgs boson decay modes, H→ bb has the largest branching fraction (∼60%). Several
analyses that measure different Higgs boson production processes in the H→ bb channel are included
in the combination. The inputs have changed significantly since the combined measurement described
in [32]. The analyses that measure VH, ttH and tH production, and Higgs boson production at high
transverse momentum (pHT > 450GeV) have all been updated, and a measurement of the VBF process in
this decay channel has been included for the first time.

The analysis of VH production uses the presence of one or more leptons, or large missing transverse
momentum pmissT , to target the WH and ZH production processes with the vector boson decaying lep-
tonically. Here, pmissT is defined as the magnitude of the negative vector pT sum of all the particle-flow
candidates [61] in an event. Requiring a leptonically decaying vector boson significantly reduces the
background from events where jets are produced through the strong interaction, referred to as QCD
multijet production. This, combined with the large H→ bb branching fraction, leads to this analy-
sis being the most sensitive to the VH production process out of all the Higgs boson decay channels.
Backgrounds from top quark pair production and vector boson production in association with jets
(V+jets) are constrained in dedicated control regions (CRs). In the signal-sensitive region, DNNs are
used to separate signal from background. This analysis measures the STXS stage 1.2 bins defined for the
VH production process. More details are provided in [37].

A dedicated analysis of ttH and tH production in the H→ bb final state is also included in the com-
bination. All decay channels of the t(t) system are considered. Several measurements are performed,
from inclusive measurements of the ttH and tH production processes, to measurements of the ttH pro-
cess in bins of pHT according to the STXS stage 1.2 framework. The analysis employs DNNs to discrim-
inate signal from background, categorize events in the signal region, and define background CRs. As in
the case of H→ ττ , different sets of analysis categories are constructed for the measurement of inclusive
quantities and for the measurement of the STXS bins. In the combination, the analysis categories that
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are most sensitive to the signal yield parametrization being probed are used, as detailed in table 2. More
information regarding the t(t)H (H→ bb) analysis is provided in [38].

An analysis measuring Higgs bosons produced with pHT > 450GeV, and decaying via H→ bb, is
included in the combined measurement. The decay of a high pT Higgs boson to a Lorentz-boosted
bottom quark pair is identified by selecting large-radius jets, and employing jet substructure and heavy-
flavour taggers based on advanced ML algorithms [62]. Independent regions targeting VBF and ggH pro-
duction are defined using the presence or absence of forward jets. The analysis measures both the inclu-
sive signal strengths of ggH and VBF, as well as the pHT and mjj spectra for the ggH and VBF production
processes, respectively. Following the procedure of the H→ ττ and t(t)H (H→ bb) analyses, two sets
of analysis categories are constructed for the inclusive and differential measurements, and table 2 shows
which set is used for the different signal yield parametrizations considered in the combination. The anal-
ysis is described in detail in [34].

Finally, an analysis of Higgs boson production via VBF in the H→ bb final state is included in the
combined measurement for the first time. This analysis targets the resolved final state, in which the bot-
tom quark pair is reconstructed as two separate jets. The data set used corresponds to an integrated
luminosity of 90.8 fb−1, collected in 2016 and 2018. The 2017 data set is not included because no suit-
able triggers were available that year. A DNN is used to improve the resolution of the dijet mass, and
boosted decision trees based on the event kinematics and particle identification criteria are employed
to discriminate signal from major background sources. This analysis measures the inclusive VBF signal
strength, and the signal templates are not split according to the STXS stage 1.2 binning. More informa-
tion is provided in [33].

In recent years, the CMS Collaboration has published several searches targeting the H→ cc decay
channel. Analyses probing H→ cc in the VH production process [63], and in events with Higgs bosons
produced at high pT (pHT > 450GeV) [64], are not statistically independent of the corresponding H→ bb
analyses included in the combination. In addition, a simultaneous measurement of the H→ bb and
H→ cc decay channels via ttH and tH production [65] was recently performed. Although this analy-
sis ensures statistical independence through the use of orthogonal analysis regions, and is more recent
than the t(t)H (H→ bb) analysis included in the combination, it does not categorize events according to
the STXS binning scheme. Consequently, no analyses explicitly targeting the H→ cc decay channel are
included in the combination.

3.6. t(t)H production with H→ leptons
An analysis of ttH and tH production in final states with multiple leptons is included. As leptonic Higgs
boson final states are targeted, the measurement is sensitive to the H→WW, H→ ττ , and H→ ZZ
decay channels. The overlap between this analysis and the dedicated H→ ZZ→ 4ℓ, H→WW, and
H→ ττ analyses is negligible as a result of the design of the event categories. The analysis uses a cate-
gorization based on the number of leptons and τh candidates to target both the different Higgs boson
final states and the different top quark decay processes. Categories with at least two leptons, or one lep-
ton and two τh candidates, probe events where at least one top quark decays via a leptonically decaying
W boson. The categories with one lepton and one τh, or with no leptons and two τh’s, probe events in
which both top quarks decay hadronically. In the analysis, ML algorithms are employed to better sep-
arate events from the ttH and tH production processes. More details on this analysis can be found in
[53]. The STXS bins are not explicitly measured in this analysis. However, the signal contributions in the
statistical model are defined with the granularity of the STXS stage 1.2 to enable this channel to enter
the combined STXS measurement.

3.7. H→ µµ

The analysis of the H→ µµ decay channel is described in [54]. Similarly to the case of H→ γγ, the
challenge posed by the small branching fraction of the H→ µµ decay (∼0.02%) is somewhat mitigated
by the excellent dimuon mass resolution of the CMS detector [47]. The ggH, VBF, VH, and ttH pro-
duction processes are probed by constructing categories based on the kinematic properties of the event.
The highest sensitivity is obtained for the ggH and VBF production processes. ML algorithms are used
to improve the sensitivity of the measurement. For the ggH production process, categories are defined
based on the output of a boosted decision tree to identify regions with increased signal purity. Candidate
events are then characterized by a peak in the dimuon mass distribution, over a smoothly falling back-
ground. A similar procedure is employed for VH and ttH production. For the VBF process, a DNN is
instead used to separate signal and background. The DNN output is used directly in a template fit for
the signal extraction.
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3.8. H→ Zγ
The analysis of the H→ Zγ channel targets the decay of the Z boson into two electrons or two muons
(H→ Zγ → ℓℓγ), which has a total branching fraction of ∼0.01%. Events are divided into different cat-
egories based on the production process to increase the sensitivity to the signal. ML algorithms are used
to further divide these regions into categories with higher and lower signal-to-background ratios. The
signal extraction is performed by fitting the dilepton-plus-photon invariant mass distribution, where the
signal appears as a narrow peak over a smoothly falling background. No STXS bins are measured in this
analysis. More details can be found in [55].

3.9. H→ invisible particles
Several analyses that search for the decay of the Higgs boson into particles that cannot be detected are
included in the combined measurement. These analyses provide a constraint on the invisible Higgs
boson decay branching fraction, and their inclusion in the relevant measurements of the coupling mod-
ifier framework is described in section 9. The analyses primarily select events with large pmissT , but use
additional event information to identify Higgs boson production via ggH, VBF, VH, and ttH. The VBF
channel is the most sensitive to the invisible Higgs boson decay branching fraction, and more details
concerning this analysis can be found in [57]. The analyses probing ggH production and VH produc-
tion in which the vector boson decays leptonically are described in [56, 58], respectively. An analysis that
probes ttH and VH production in the fully hadronic final state [36] is included in the combined mea-
surement for the first time.

3.10. Off-shell production
For the first time, analysis regions targeting off-shell Higgs boson production are included in the com-
bined results. Off-shell contributions enable the Higgs boson total decay width to be constrained directly
from data, as a result of the different ways in which the on-shell and off-shell production depend on the
Higgs boson couplings (described in section 9.2). This means that various assumptions on the Higgs
boson couplings can be alleviated when considering BSM contributions in Higgs boson decays. The
input analysis, described in more detail in [35], includes categories targeting both on-shell and off-
shell production of the Higgs boson in the H→ ZZ→ 4ℓ decay. Only the off-shell event categories
are included in the combination, as the on-shell categories are not statistically independent from the
H→ ZZ→ 4ℓ analysis described in section 3.2. Statistical independence is ensured for the off-shell cate-
gories by selecting events with a four-lepton invariant mass m4ℓ > 220GeV, well above the range used in
the on-shell H→ ZZ→ 4ℓ analysis (105<m4ℓ < 140GeV).

4. Modifications to the input analyses

A number of small modifications are made to the statistical models of the input analyses to ensure a
coherent treatment of the signal contributions, as well as the systematic uncertainties.

In some of the input analyses, Higgs boson production processes or decay channels that were not
targeted by the measurements were treated as backgrounds and fixed to the SM prediction. In the com-
bination, all single Higgs boson contributions are treated as signal, in that their yields are parametrized
in terms of the POIs, as described in section 5.2.

The inclusive production process cross sections and branching fractions recommended by the LHC
Higgs Working Group [13] are used to determine the SM predictions. For the STXS measurements
and the subsequent interpretations, it is necessary to define the SM predictions of the STXS bin cross
sections in the statistical model. The relative fraction of each STXS bin for each production process was
taken from Monte Carlo (MC) simulation. As different input analyses made use of different event gener-
ators to simulate the signal processes, the relative fractions could vary between analyses. The discrepan-
cies have been addressed by rescaling the production cross sections in the STXS bins to reference values.
The reference values are calculated at NLO accuracy in QCD with MADGRAPH5_aMC@NLO (v2.4.2) for
ggH, VBF, ttH, and tH production [66]. The ggH events are weighted as a function of pHT and the num-
ber of jets to match the predictions from the NNLOPS program [67]. The POWHEG v2 generator is used
to obtain the reference values for the VH production processes, where the MINLO procedure is used
for quark-initiated processes (WH and qqZH) [68, 69] and an LO generation is used for ggZH produc-
tion. The VH processes are corrected to NLO EW accuracy as a function of pVT . All reference parton-level
samples are interfaced with PYTHIA 8.230 [70] for parton showering and hadronization, using the CP5
tune [71]. The parton distribution functions (PDFs) are taken from the NNPDF 3.1 set at NNLO accu-
racy [72].
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The sample of Higgs boson events produced through ggH does not provide an accurate descrip-
tion at high pHT (>450GeV). The reference cross section values for the ggH 450< pHT < 650GeV and
ggH pHT > 650GeV STXS bins are taken from the dedicated boosted Higgs boson predictions in [73].
The reference SM predictions for all measured STXS bins are provided in section 8.2, where the com-
bined STXS stage 1.2 measurements are presented.

The theoretical uncertainties in the Higgs boson production cross sections, including those related
to the kinematic boundaries introduced in the STXS framework, are aligned between input analyses. All
input analyses incorporate the STXS uncertainty scheme used in [49] for ggH and VBF production, the
scheme used in [38] for ttH production, and the scheme used in [37] for VH production. These corre-
spond to the most recent uncertainty schemes for each production process. For the tH and bbH produc-
tion processes, which are not split in kinematic bins within the STXS framework, the inclusive theoreti-
cal uncertainties provided in [13] are used.

A pruning strategy is applied to reduce the complexity of the statistical model for some of the more
memory-intensive input analyses, as follows. Starting from the smallest contribution in an analysis cat-
egory, signal processes (split by production process and STXS bin) are removed in order of increasing
yield, such that the sum of yields of the removed signal processes does not exceed 0.5% of the total sig-
nal yield in that category. The associated experimental uncertainties of a signal process are removed if
the process contributes less than 1% of the total signal yield in its corresponding category. Additionally,
the sum of yields of signal processes for which the experimental systematic uncertainties are removed
must not exceed 5% of the total signal yield in the category. This pruning strategy has been developed
to ensure negligible changes in the results for a significant decrease in the complexity of the model, and
thus in the run time and memory usage of the fitting procedure. The best fit values in the individual
channel STXS measurements change by less than 1% of their 68% confidence intervals in the majority of
cases, with no changes greater than 3% of the 68% confidence intervals.

5. Statistical procedure

The statistical methodology developed by the ATLAS and CMS Collaborations, as described in [27], is
employed in this paper. This section provides an overview of the methodology, further details on which
can be found in [5, 74–76].

5.1. The combined likelihood
Each analysis is defined by a set of event categories that partition the data according to different selec-
tion criteria. In this paper, the event categories are referred to as analysis regions. Two types of analysis
region exist: signal regions (SRs), which are constructed to be enriched in Higgs boson events, and CRs,
which are constructed to constrain the background components in the SRs. The likelihood function for
analysis region r is constructed for a data set Dr consisting of observations xd ∈ Dr, based on probabil-
ity density functions (pdfs) p(xd; α⃗, θ⃗ ). The parameters α⃗ and θ⃗ are the POIs and nuisance parameters
(NPs), respectively. For a binned analysis region, the data set consists of the observed event counts nd in
bin d of analysis region r. The likelihood function becomes

Lr
(
Dr; α⃗, θ⃗

)
=
∏
d

Poisson

nd ;
∑
if

sifr

(
α⃗, θ⃗

)
ρ
if
sig,rd

(
α⃗, θ⃗

)
+ br

(
θ⃗
)
ρbkg,rd

(
θ⃗
) , (1)

where the product runs over all bins d, sifr (α⃗, θ⃗ ) is the expected signal yield in region r, for Higgs boson

production process i and decay channel f, and the pdf ρifsig,rd(α⃗, θ⃗ ) represents the fraction of signal events
that are contained in bin d. In principle, the function ρsig depends on both the POIs and the NPs,
i.e. the model POIs can change the expected distribution of the signal across observable bins. For the
combination, modifications to ρsig caused by the POIs are not considered, except for a short discussion
on those induced by SMEFT operators (described in section 11.2). The signal contributions from each
production process i, and decay channel f, in analysis region r are summed. For the most part, the anal-
ysis regions are defined to target the different Higgs boson decay channels separately to ensure orthogo-
nality between input analyses. Therefore, the contributions in each region r are typically dominated by a
single decay channel, f. The term br(θ⃗ ) is the expected background yield in region r, and ρbkg,rd(θ⃗ ) is the
fraction of background events that are contained in bin d. The normalization and shape dependence of
the background estimate is limited to the NPs. The background estimate consists of the sum over differ-
ent processes, e.g. QCD multijet, top quark pair production, and V+jets.
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The pdfs ρsig and ρbkg are constructed using histograms for template-based fits, e.g. in the
H→WW [51] and H→ ττ [52] channels, and analytic functions for binned parametric fits, e.g. in
the H→ γγ [49] and H→ Zγ → ℓℓγ [55] inputs. The pdfs are estimated using simulation for the sig-
nal and both data and simulation for the background. For analyses performed using parametric models,
the analytic functions are integrated over the bin dimensions to obtain the fraction of events expected in
that bin.

For analyses based on unbinned fits, which only concerns the on-shell H→ ZZ→ 4ℓ channel [50] in
the combination, the probability density term in the likelihood function can be written as

p(x; α⃗, θ⃗) =
1∑

if s
if
r

(
α⃗, θ⃗

)
+ br

(
θ⃗
)
∑

if

sifr

(
α⃗, θ⃗

)
ρ
if
sig,r

(
x; α⃗, θ⃗

)
+ br

(
θ⃗
)
ρbkg,r

(
x; θ⃗

) , (2)

where ρifsig,r(x; α⃗, θ⃗ ) is the signal pdf for Higgs boson production i and decay channel f in analysis region

r, over observable x. The corresponding background pdfs for analysis region r are given by ρbkg,r(x; α⃗, θ⃗ ).
For a data set with n entries, xd ∈ Dr, where d runs from 1 to n, a Poisson probability term is included
in the definition of Lr,

Lr
(
Dr; α⃗, θ⃗

)
= Poisson

n ;
∑
if

sifr

(
α⃗, θ⃗

)
+ br

(
θ⃗
)∏

d

p
(
xd; α⃗, θ⃗

)
. (3)

The combined likelihood function L is defined over the full data set D as the product of likelihoods over
all mutually exclusive analysis regions Lr, multiplied by an additional constraint term for each NP,

L
(
D; α⃗, θ⃗

)
=
∏
r

Lr
(
Dr; α⃗, θ⃗

)∏
l

pl (yl;θl) , (4)

where each constrained NP θl ∈ θ⃗ is paired with a corresponding auxiliary observable yl ∈ y⃗. The aux-
iliary observables are absorbed into the definition of the full data set D for notational simplicity, such
that D = {Dr∀r, y⃗}. The constraint term provides information about how well the NP is known a pri-
ori. The probability distributions for the auxiliary observables pl(yl;θl) can be normally, Poisson, or uni-
formly distributed, depending on the type of NP. In this likelihood function, all yl are assumed to be
statistically independent from each other and from the fitted observables. An individual NP represents
a single source of systematic uncertainty, and its effect is considered fully correlated between all input
analyses included in the fit.

5.2. Signal yield parametrization

For all input analyses, the expected signal yields sifr (α⃗, θ⃗ ) and shapes ρ
if
sig,r(x; α⃗, θ⃗ ) are determined for

a fixed mH of 125.38 GeV. The numerous interpretations provided in this paper are obtained by fit-
ting different parametrizations of the signal yield. These parametrizations are referred to as models. The

expected signal yield sifr (α⃗, θ⃗ ) from Higgs boson production process i and decay channel f, reconstructed
in analysis region r, can be expressed as

sifr

(
α⃗, θ⃗

)
= µif (α⃗)

[
σiBf

]
SM,HO

(
θ⃗th,norm

)
ϵ
if
r,SM

(
θ⃗th,acc, θ⃗exp

)
L
(
θ⃗lumi

)
. (5)

In this expression, Bf represents the Higgs boson branching fraction into decay channel f. The index i
runs over STXS stage 1.2 bins for input analyses that implement the corresponding process splitting, and
runs over the inclusive production process otherwise. The µif(α⃗) term in equation (5) describes the sig-
nal strength modifier for production process i and decay channel f. This encodes the effect of the POIs
on the signal rate, and explains how the likelihood can be used to constrain the POIs from data. The
term

[
σiBf

]
SM,HO

(θ⃗th,norm) represents the Higgs boson production cross section, in the SM, via produc-
tion process i, multiplied by the SM Higgs boson branching fraction to final state f, evaluated at the
highest-available orders (HO) in QCD and EW theory used in the combination, namely those speci-
fied for the inclusive cross sections in section 1, and for the relative STXS bin fractions in section 4. The
theoretical uncertainties in the cross section and branching fraction estimates are encapsulated in the
NPs θ⃗th,norm ∈ θ⃗. The efficiency for production process i and decay channel f to be selected in analysis

region r is encoded by ϵifr,SM(θ⃗th,acc, θ⃗exp). These terms are estimated using samples of simulated Higgs
boson events in the SM. The NPs affecting this term originate from both theoretical and experimental
uncertainties, θ⃗th,acc, θ⃗exp ∈ θ⃗. The theoretical uncertainties, θ⃗th,acc, are defined such that the effect on the
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total rate for process i and decay channel f is factored out. This means that variations in the NPs do not
change the overall rate, but model the migration of events into (and out of) analysis region r. Finally,
L(θ⃗lumi) corresponds to the integrated luminosity estimate, with uncertainties encapsulated by the NPs
θ⃗lumi.

Sections 7–11 provide further details on the different signal parametrization models. The full list of
models is summarized in table 2, where the input analyses included in each fit are highlighted.

5.3. Extraction of results
The results are extracted using the CMS statistical analysis tool COMBINE [76], which is based on the data
modelling and handling toolkits ROOFIT [77] and ROOSTATS [78].

The POIs for a particular model are estimated with their corresponding confidence intervals using a
profile likelihood ratio test statistic q(D; α⃗),

q(D; α⃗) =−2 ln

L
(
D; α⃗,

ˆ⃗
θα⃗

)
L
(
D; ˆ⃗α,

ˆ⃗
θ
)

 , (6)

where the quantities ˆ⃗α and
ˆ⃗
θ denote the unconditional maximum likelihood estimates for the POIs and

NPs, respectively. The quantity
ˆ⃗
θα⃗ corresponds to the conditional maximum likelihood estimate of θ⃗ for

fixed values of the POIs. The choice of POIs depends on the specific physics model under considera-
tion. From this point onwards the explicit dependence on the data in the test statistic is omitted from
the notation: q(α⃗)≡ q(D; α⃗).

For each model considered, the maximum likelihood estimates ˆ⃗α are identified as the best fit param-
eter values. The 68% and 95% confidence level (CL) intervals for one-dimensional (1D) measurements
of each POI are determined under the asymptotic approximation as the union of intervals for which
q(α⃗)< 1 and q(α⃗)< 3.84, respectively, unless otherwise stated. In models with more than one POI,
these intervals are determined treating the other POIs as NPs. The differences between the boundaries
of the 68% and 95% CL intervals and the best fit value yield the ±68% and ±95% uncertainties in
the measurement. If the interval is restricted by a physical boundary that was imposed on the mea-
sured parameter, a truncated interval is reported and the uncertainty is derived from that interval; in
such cases, the specified frequentist coverage is not expected to be preserved. Additionally, confidence
intervals obtained for signal yield parametrizations with a nonlinear dependence on the POIs, e.g. the
quadratic terms in the SMEFT interpretation described in section 11, may not maintain the specified fre-
quentist coverage [79]. The two-dimensional (2D) 68% and 95% CL regions are determined from the set
of parameter values for which q(α⃗)< 2.30 and q(α⃗)< 5.99, respectively.

The 1D CL intervals are often broken down into components according to the different sources of
uncertainty (as shown in figure 3). Each component is calculated by performing a fit with the relevant
NPs fixed to their best fit values, and re-deriving the CL intervals. The quadratic difference between
the uncertainties is taken as the contribution to the total uncertainty from that component. This is per-
formed for each component in turn, where the relevant NPs are sequentially fixed. The statistical com-
ponent of the uncertainty is derived in the final step of this procedure, where all constrained NPs are
fixed in the fit. Owing to correlations in the fit between NPs belonging to different uncertainty sources,
the order in which the components are fixed to their best fit values can affect the contribution derived
for each component. It should be stressed that this ordering dependence does not impact the total
uncertainty, nor the size of the statistical component, but it can lead to small variations in the system-
atic uncertainty breakdown.

The likelihood functions are constructed with respect to either the observed data or an Asimov data
set [80] to obtain the observed or expected results, respectively. The Asimov data set is constructed using
the expected values of the POIs for the SM, and the NPs set to the values obtained in a fit to data with
the POIs fixed at the SM values.

To compute the compatibility of results with the SM hypothesis for mH = 125.38GeV, the test statis-
tic is evaluated at the point in parameter space where all POIs take their values expected in the SM:
q(α⃗SM). The compatibility is expressed as a p-value, pSM, computed as

pSM = 1− Fχ2n (q(α⃗SM)) , (7)

where Fχ2n is the cumulative function of the χ
2
n distribution with n equal to the number of POIs in the

fitted model. This method also relies on the asymptotic assumption that q(α⃗SM) is distributed according
to the χ2n distribution.
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The correlations between fitted parameters are derived under the assumption of symmetric Gaussian
uncertainties around the best fit parameter point, ˆ⃗α, by using the second derivatives of q(α⃗). To extract
the correlation coefficients, the second derivatives are determined numerically by stepping around the
q(α⃗) minimum.

6. Systematic uncertainties

For many of the POIs, the systematic uncertainties in their determination are expected to be comparable
to, or larger than, the statistical uncertainties. Theoretical and experimental systematic uncertainties are
incorporated as NPs in the fit, as described in section 5.1. The same sources of uncertainty in different
analysis regions are modelled with common NPs, ensuring they are treated coherently for all measure-
ments. Channel-specific uncertainties are also incorporated, and considered uncorrelated amongst chan-
nels. This section further details the different sources of systematic uncertainties that are common across
channels.

6.1. Theoretical uncertainties
Theoretical uncertainties affecting the signal are among the dominant contributions to the systematic
uncertainties. These arise from missing higher-order QCD corrections, PDF, αS, underlying event and
parton shower estimates, as well as the branching fraction predictions. The uncertainties affect the signal
in two ways: normalization effects (θ⃗th,norm), which impact the expected signal yields via the cross section
and branching fraction estimates, and acceptance effects (θ⃗th,acc), which model the migration of events
between analysis regions (including in and out of experimental acceptance).

A common normalization uncertainty scheme is used across all channels that split the signal mod-
els according to the STXS stage 1.2 binning (as shown in table 1). Nuisance parameters are introduced
to account for variations in the inclusive production cross sections, as well as the migration of events
across the kinematic boundaries defined by the STXS framework. The ggH and qqH schemes follow the
prescription described in [49], the VH scheme follows the prescription of [37], and the ttH scheme fol-
lows the prescription of [38]. The uncertainties in the tH and bbH production cross sections are defined
inclusively, and are both individually correlated across channels [13]. For input analyses that only split
the signal models into inclusive production components (as shown in table 1), the normalization uncer-
tainties are correlated with the inclusive uncertainty components from the STXS stage 1.2 uncertainty
scheme. Normalization uncertainties originating from the PDFs, the value of αS, and the branching frac-
tion predictions are correlated between channels, and match the recommendations in [13].

Acceptance uncertainties are derived by varying the relevant theoretical parameters, and calculating
the change in the event rate for each analysis region, while factoring out the effect on the overall pro-
duction cross section. This includes variations in the renormalization and factorization scales, the choice
of PDF, the value of αS, the modelling of initial-state and final-state radiation in the parton shower, and
the underlying event tune. The acceptance uncertainty NPs for input analyses that adopt the same varia-
tion scheme are treated as correlated.

When measuring cross sections (sections 8.1 and 8.2), the θ⃗th,norm NPs that affect the normalization
of the measured POIs are ignored. For the signal strength measurements, as well as the interpretations in
the coupling modifier and SMEFT frameworks, all θ⃗th,norm are incorporated. The θ⃗th,acc NPs are included
in all fits.

For background processes that are normalized using theoretical predictions, the inclusive cross
section uncertainties are correlated between channels in which the same background appears. These
uncertainties are assumed to be uncorrelated with those affecting the signal estimates [74], with the
exception of the uncertainties from the underlying event and parton shower model.

6.2. Experimental uncertainties
The different Higgs boson decay channels are usually sensitive to different experimental systematic
uncertainties, resulting in the majority of them being uncorrelated. There are a few exceptions, which
are discussed in the remainder of this section.

Uncertainties in the integrated luminosity measurement are considered year-by-year and the corre-
sponding NPs (θ⃗lumi) are fully correlated across all input analyses. Values of 1.2, 2.3, and 2.5% are used
for the 2016, 2017, and 2018 data sets, respectively [81–83]. A partial correlation scheme across the years
is implemented to account for common sources of uncertainty in the luminosity measurements. The
uncertainty in the modelling of additional collisions in the event (pileup) is considered correlated across
all input analyses and years.
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Table 2. A list of the different signal parametrization models provided in the combination, and the channels that are included in each fit. The second column indicates the number of POIs in the model. The last column indicates
whether the model is included in this paper (no checkmark) or is provided as supplementary material (checkmark). The remaining columns show ticks for each channel entering the respective model fit. All input channels, except
off-shell H→ ZZ→ 4ℓ, are labelled as ‘incl.’ or ‘STXS’ according to the granularity of the signal processes. As described in section 3, the H→ ττ , H→ bb boosted, and ttH (H→ bb) inputs implement two sets of analysis regions.

Interpretation nPOI H
→
γ
γ
,S
T
X
S

H
→
Z
Z
→
4ℓ
,S
T
X
S

H
→
W
W
,S
T
X
S

H
→
τ
τ
,S
T
X
S

H
→
τ
τ
,i
n
cl
.

H
→
bb
bo
os
te
d,
ST
X
S

H
→
bb
bo
os
te
d,
in
cl
.

V
B
F
(H
→
bb
),
in
cl
.

V
H
(H
→
bb
),
ST
X
S

t(
t)
H
(H
→
bb
),
ST
X
S

t(
t)
H
(H
→
bb
),
in
cl
.

t(
t)
H
(H
→
le
pt
on
s)
,S
T
X
S

H
→
µ
µ
,i
n
cl
.

H
→
Z
γ
→
ℓℓ
γ
,i
n
cl
.

H
→
in
v,
in
cl
.

O
ff
-s
h
el
lH
→
Z
Z
→
4ℓ

Suppl. Mat.

Signal strength (inclusive) 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Signal strength (production) 6 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Signal strength (decay) 7 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Signal strength (production-times-decay) 31 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Cross section (STXS stage 0) 7 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Cross section (STXS stage 1.2) 32 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Cross section with branching fraction ratios (STXS stage 0) 13 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Cross section with branching fraction ratios (STXS stage 1.2) 36 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Signal strength (STXS stage 0) 7 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Signal strength (STXS stage 1.2) 32 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Signal strength with branching fraction ratios (STXS stage 0) 13 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Signal strength with branching fraction ratios (STXS stage 1.2) 36 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Signal strength with STXS times branching fraction 97 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Resolved coupling modifiers 6 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Effective coupling modifiers (BBSM = 0) 9 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Effective coupling modifiers (Binv.,Bundet. floating) 11 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Off-shell coupling model (Binv.,Bundet. floating) 11 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Ratios of coupling modifiers 8 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Ratios of coupling modifiers, symmetry of fermion couplings 3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Higgs self-coupling, κλ (κV and κF fixed) 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Higgs self-coupling, κλ (κV and κF floating) 3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Higgs self-coupling, κλ-vs-κV (2D) 2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Higgs self-coupling, κλ-vs-κF (2D) 2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
UV-complete extensions to SM (2HDM and hMSSM) 2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
SMEFT, one-POI-at-a-time, linear 1 (×43) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
SMEFT, one-POI-at-a-time, lin+quad 1 (×43) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
SMEFT, multiple POIs (PCA), linear 17 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
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The uncertainties affecting the lepton efficiencies and energy scales are derived using tag-and-probe
techniques on the Z boson resonance. Their uncertainty is dominated by the extraction techniques and
therefore is correlated per flavour among the input channels and years, when the same NP scheme is
applied. The jet energy scale and jet energy resolution uncertainties reflect the data taking conditions
and calibration of the subdetectors of the CMS experiment. Dedicated jet energy scale and jet energy
resolution NP schemes are introduced to account for the partial correlations between uncertainty sources
and data-taking years. Uncertainties in the b tagging efficiency measurements are correlated across chan-
nels that implement the same NP scheme. The VH (H→ bb) channel uses a larger set of finely binned
NPs, which are uncorrelated from the other channels. The uncertainty in the efficiency of the double-b
tagger algorithm is taken to be uncorrelated from the single-b tagging efficiency estimates. Uncertainties
in pmissT are taken as correlated between analyses.

Uncertainties arising from the finite size of simulated event samples, referred to as MC statistical
uncertainties, are treated using the Barlow-Beeston lite approach [84]. In this method, an NP is intro-
duced per bin of each histogram-based template derived from simulation, and these NPs are considered
uncorrelated across all input analyses.

Several analyses determine the normalization, or both the normalization and shape parameters, of
the background model by a fit to data. This includes the parameters that vary the choice of the back-
ground parametrization in the H→ γγ, H→ µµ, and H→ Zγ → ℓℓγ analysis regions. These parame-
ters are not associated with any additional constraint terms, and are therefore assigned to the statistical
uncertainty component of a measurement.

7. Measurements of signal strengths

Signal strength measurements are defined by the POIs α⃗= µ⃗ such that

µif (α⃗) = µif. (8)

The parameters µif scale the rate of Higgs boson production process i and decay channel f relative to the
SM expectation. In other words, for µif = 1 the signal rate is equal to the SM expectation. The signal
strengths are determined at different levels of granularity:

• Inclusive, µincl: introduces a single POI that scales all Higgs boson signal processes equally.

• Per production process, µi: introduces a separate signal strength parameter for each of the major Higgs
boson production processes: ggH, VBF, WH, ZH, ttH, and tH. In this parametrization, as well as all
subsequent parametrizations involving signal strengths or cross sections, the ZH production process
includes contributions from both the gluon-initiated (ggZH) and quark-initiated (qqZH) processes,
the tH production process includes contributions from both tHq and tHW production, and the bbH
production process is scaled with the same parameter as ggH.

• Per decay channel, µf: introduces a separate signal strength parameter for each of the Higgs boson
decay channels included in the combination. Seven decay channels are simultaneously fit: H→ γγ,
H→ ZZ, H→WW, H→ bb, H→ ττ , H→ µµ, and H→ Zγ.

• Per production and decay channel, µif: introduces a separate signal strength parameter for each pair of
Higgs boson production process and decay channel that the combination is sensitive to. A total of 31
signal strength parameters are fit simultaneously in this case.

The measured value of the inclusive signal strength modifier is

µincl = 1.014+0.055−0.053

= 1.014+0.040−0.039 (theo)
+0.025
−0.024 (exp)± 0.028(stat),

(9)

where the total uncertainty has been decomposed, in order, into the theoretical, experimental, and statis-
tical components.

A more granular breakdown of the uncertainties in the inclusive signal strength measurement is pro-
vided in figure 3. The largest component of the uncertainty originates from the theoretical uncertainty
in the signal yield normalization (∆µincl/µincl = 3.6%). The contributions from the experimental uncer-
tainties are shared amongst the different sources of uncertainty, with no single dominant contribution.
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Figure 3. Breakdown of the 68% CL intervals on the best fit inclusive (left), per production process (center), and per decay chan-
nel (right) signal strength modifiers, for the different sources of uncertainty. All contributions are symmetrized by taking the
average of the upward and downward fluctuations. The top panel shows the uncertainty contributions as percentages relative to
the best fit signal strength values. The total uncertainty is shown by the black boxes, while the combined systematic uncertainties
from theoretical and experimental components are shown in purple and orange, respectively, and the statistical uncertainty is
shown in blue. The middle and bottom panels show the breakdown of the theoretical and experimental systematic uncertain-
ties into their different contributions, respectively. The NPs from each uncertainty source are sequentially fixed to their best
fit values to derive the individual contributions following the order in which they are shown in the figure. The fractional con-
tribution is then evaluated by dividing each individual contribution by the linear sum of all contributions in that panel. The
‘Misc.’ label absorbs all other experimental uncertainty contributions not listed explicitly in the figure, including those related
to a specific trigger timing issue in the forward region of the ECAL during 2016–2017 data taking [43]. This particular uncer-
tainty has a larger impact on the µττ parameter, whose sensitivity is dominated by VBF production which relies on forward-jet
reconstruction.

The inclusive signal strength measurement shows good compatibility with the SM, with a p-value of
pSM = 0.80.

The per production process and per decay channel signal strength measurements are shown in
figures 4 and 5, respectively. The upper plots in the figures show the best fit points with the corre-
sponding 68% and 95% CL intervals, where the 68% CL intervals are decomposed into their theoreti-
cal, experimental, and statistical components. The numerical values for the best fit points and 68% CL
intervals, and the corresponding expected intervals calculated using an Asimov data set, are provided in
table 3. As with the inclusive signal strength, the uncertainties in the µi and µf parameters are broken
down into the different uncertainty sources in figure 3.

In contrast to the inclusive measurement, the per production process measurement shows a small
tension with the SM, with a compatibility p-value of pSM = 0.02. This tension is mostly driven by µtH,
for which an excess of 2.2 standard deviations above the SM expectation is seen. The µWH and µZH

parameters are also measured to be larger than the SM expectations by approximately two standard
deviations. The 68% CL intervals range from ±7.5% for µggH to ±39% for µtH, relative to their best fit
values.
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Figure 4. The measured inclusive (µincl) and per production process (µi) signal strength modifiers. In the upper plot, the thick
(thin) black lines indicate the 68% (95%) CL intervals, with the theoretical systematic, experimental systematic, and statistical
components of the 68% intervals indicated by the purple, orange, and blue bands, respectively. The grey band shows the 68% CL
interval on the inclusive signal strength modifier. A separate axis is provided for the µtH parameter because of its larger uncer-
tainty and high best fit value. The correlations between the 6 parameters in the per production process measurement are shown
in the lower plot. The size of the correlations is indicated by the colour scale.

The per decay channel measurement shows a better compatibility with the SM (pSM = 0.33). The
largest deviations are observed in the µττ and µZγ parameters. However, these are still compatible with
the SM expectations within the 95% CL intervals. The µγγ , µZZ, µWW, and µττ parameters are mea-
sured with 68% CL intervals of approximately ±10% relative to their best fit values. The µbb parameter
is measured with a 68% CL interval of ±15%. This represents a significant improvement compared to
the previous combined Higgs boson measurement by the CMS Collaboration (±21%) [32], because of
the newly added H→ bb channels and updated H→ bb input analyses. The parameters for the rarer
decay channels, µµµ and µZγ , are measured with 68% CL intervals of ±37% and ±39%, respectively,
relative to their best fit values.
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Figure 5. The measured per decay channel signal strength modifiers, µf. In the upper plot, the thick (thin) black lines indicate
the 68% (95%) CL intervals, with the theoretical systematic, experimental systematic, and statistical components of the 68%
intervals indicated by the purple, orange, and blue bands, respectively. The grey band shows the 68% CL interval on the inclusive
signal strength modifier. A separate axis is provided for the µZγ parameter because of its larger uncertainty and high best fit
value. The correlations between the 7 parameters considered in this fit are shown in the lower plot. The size of the correlations is
indicated by the colour scale.

The lower plots in figures 4 and 5 show the correlations between the signal strengths for the per pro-
duction process and per decay channel measurements, respectively. Overall, the correlations are small.
The largest (anti)correlation in the per production process measurement is observed between the µttH

and µtH parameters (−32%), reflecting the experimental difficulty in distinguishing these processes as a
result of their similar final states. The per decay channel signal strengths exhibit predominantly positive
correlations, particularly between the µγγ , µZZ, and µWW parameters. These correlations arise from the
dominant contribution of ggH production to these decay channels and the resulting shared dependence
on theoretical NPs affecting ggH production.

18



Rep. Prog. Phys. 89 (2026) 087801 The CMS Collaboration

Table 3. Best fit values and 68% CL intervals for the per production process and per decay channel signal strengths. The total 68% CL
intervals are decomposed into their statistical and systematic components. The expected intervals are given in parentheses.

Per production process, µi Per decay channel, µf

Uncertainty Uncertainty

Parameter Best fit Stat Syst Parameter Best fit Stat Syst

µggH 0.99+0.08−0.07
+0.04
−0.04

+0.07
−0.06 µγγ 1.12+0.09−0.09

+0.06
−0.06

+0.07
−0.06(

+0.08
−0.07

) (
+0.04
−0.04

) (
+0.07
−0.06

) (
+0.08
−0.08

) (
+0.06
−0.06

) (
+0.06
−0.05

)
µVBF 0.87+0.12−0.11

+0.10
−0.10

+0.06
−0.06 µZZ 1.03+0.11−0.10

+0.08
−0.08

+0.08
−0.07(

+0.12
−0.11

) (
+0.10
−0.10

) (
+0.07
−0.06

) (
+0.11
−0.10

) (
+0.08
−0.07

) (
+0.07
−0.06

)
µWH 1.47+0.24−0.24

+0.18
−0.18

+0.16
−0.15 µWW 0.99+0.09−0.09

+0.05
−0.05

+0.08
−0.07(

+0.22
−0.21

) (
+0.17
−0.17

) (
+0.14
−0.13

) (
+0.09
−0.09

) (
+0.05
−0.05

) (
+0.08
−0.07

)
µZH 1.35+0.23−0.21

+0.17
−0.17

+0.16
−0.13 µττ 0.84+0.10−0.10

+0.06
−0.06

+0.09
−0.08(

+0.20
−0.19

) (
+0.16
−0.15

) (
+0.13
−0.12

) (
+0.11
−0.11

) (
+0.06
−0.06

) (
+0.10
−0.09

)
µttH 0.77+0.18−0.15

+0.12
−0.12

+0.13
−0.10 µbb 1.02+0.16−0.15

+0.10
−0.10

+0.12
−0.11(

+0.20
−0.18

) (
+0.12
−0.12

) (
+0.15
−0.13

) (
+0.15
−0.14

) (
+0.10
−0.10

) (
+0.11
−0.10

)
µtH 5.87+2.38−2.22

+1.88
−1.82

+1.45
−1.28 µµµ 1.15+0.44−0.41

+0.42
−0.39

+0.15
−0.13(

+2.14
−2.01

) (
+1.77
−1.69

) (
+1.20
−1.08

) (
+0.44
−0.41

) (
+0.40
−0.39

) (
+0.18
−0.13

)
µZγ 2.45+1.00−0.93

+0.93
−0.90

+0.37
−0.24(

+0.85
−0.85

) (
+0.84
−0.83

) (
+0.15
−0.18

)

Figure 6 shows the results for the signal strength parametrization with a separate POI for each pro-
duction process and decay channel combination, µif. In this fit, the tH production process is assumed
to scale like ttH, such that both processes are fit with a common parameter, µttH+tH. Given the five
production processes and seven decay channels considered, this implies a model with 35 POIs. However,
not all can be experimentally constrained in the combination. The WH and ZH production processes
in the H→ µµ channel are fit together with a common signal strength µVH,µµ. Additionally, the WH,
ZH, and ttH+tH production processes are constrained to the SM prediction for the H→ Zγ channel.
In the cases of VBF, WH, ZH, and ttH+tH production with the H→ ZZ decay, the background con-
tamination is sufficiently low that a negative signal strength can result in an overall negative event yield.
Therefore, these signal strengths are restricted to nonnegative values, as indicated by the grey hatched
boxes in figure 6.

The best fit values and 68% CL intervals decomposed into their systematic and statistical parts, as
well as the corresponding expected intervals, are provided in table 4. The precision on a number of these
measurements has been improved compared to the previous combined Higgs boson measurement by the
CMS Collaboration [32]. Furthermore, several signal strength parameters are becoming dominated by
systematic uncertainties, particularly those related to ggH production. This measurement shows a small
tension with the SM hypothesis (pSM = 0.03), which is driven by the µggH,ττ , µWH,WW, and µttH+tH,bb

parameters, as well as the signal strengths in the H→ Zγ decay channel.
The correlations between the measured µif are shown in figure 7. Sizeable correlations are observed

for parameters describing the same decay channel (blocks along the diagonal), whereas the correlations
between different decay channels are typically small. The ggH parameters provide an exception to this
pattern, where residual positive correlations are again induced by the common theoretical NPs affecting
ggH production.

8. Measurements of simplified template cross sections and decay branching fractions

8.1. Stage 0 measurements
This section details the measurements of the production process cross sections and decay branching
fractions. The cross section measurements follow the stage 0 definition of the STXS framework [13],
which introduces a fiducial region defined by the rapidity of the Higgs boson, |yH|< 2.5. All input anal-
yses have a negligible acceptance for |yH|> 2.5. By defining a fiducial region in this way, the theoretical
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Figure 6. Summary of the signal strength modifier measurements. The empty circles and black lines represent the best fit points
and 68% CL intervals, respectively. The orange lines indicate the systematic components of the total 68% CL intervals. The left-
hand panel shows the measurements of the per decay channel signal strengths, while the grey band shows the 68% CL interval on
the inclusive signal strength modifier. The other panels show the measurements of the per production and decay channel signal
strength modifiers, µif. Within these panels, the blue bands indicate the 68% CL intervals on the per production process signal
strength modifiers. The SM predicted values are indicated by the red lines. The central values and 68% CL intervals for the µif

parameters are explicitly written in each panel of the plot. The H→ ZZ signal strengths are constrained to be nonnegative as
indicated by the grey hatched boxes. Additionally, the WH, ZH, and ttH+tH production processes for the H→ Zγ channel are
constrained to the SM predictions, a feature that is indicated by the black hatched boxes.

uncertainty due to extrapolating to the inclusive Higgs boson production phase space is minimized. The
cross sections that are measured are:

• σggH: ggH production. This parameter includes the contribution from bbH production. While [13]
proposes to separate these two processes, they are merged because no analysis regions targeting H
production in association with a b quark are included in the combination. This parameter also incor-
porates ggZH production with the Z boson decaying hadronically.

• σVBF: VBF production.

• σV(qq)H: quark-initiated Higgs boson production in association with a W or Z boson, where the vec-
tor boson decays hadronically.

• σW(ℓν)H: WH production, where the W boson decays leptonically.

• σZ(ℓℓ,νν)H: ZH production, where the Z boson decays leptonically. As the combination is not sensitive
to the quark-initiated (qqZH) and gluon-initiated (ggZH) processes separately, they are merged.

• σttH: associated production with a pair of top quarks.

• σtH: associated production with a single top quark. This includes the contributions from both tHq
and tHW production.

The cross section parameters are extracted as products of the cross sections and the H→ ZZ branch-
ing fraction, σiBZZ, where H→ ZZ is used as the reference decay as it is one of the channels with the
smallest overall and systematic uncertainties. In addition, this choice of reference maintains consis-
tency with previous combined measurements from the CMS and ATLAS Collaborations [27, 28, 31].
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Table 4. Best fit values and 68% CL intervals for the per production and decay channel signal strengths. The total 68% CL intervals are decomposed into their statistical and systematic components. The expected intervals are given
in parentheses. Some of the signal strengths are restricted to nonnegative values, as described in the text. Truncated intervals are reported for these parameters if the 68% CL interval is not fully contained in the positive domain.

Production process

ggH VBF WH ZH ttH+ tH

Decay

channel

Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty

Best fit Stat Syst Best fit Stat Syst Best fit Stat Syst Best fit Stat Syst Best fit Stat Syst

H→ γγ 1.06+0.12−0.11
+0.09
−0.09

+0.08
−0.07 1.05+0.34−0.34

+0.30
−0.31

+0.16
−0.13 1.45+0.54−0.49

+0.53
−0.48

+0.11
−0.10 1.20+0.69−0.61

+0.69
−0.61

+0.00
−0.05 1.35+0.34−0.29

+0.27
−0.26

+0.21
−0.13(+0.11

−0.10
) (+0.08

−0.08
) (+0.08

−0.07
) (+0.33

−0.31
) (+0.30

−0.29
) (+0.14

−0.11
) (+0.55

−0.44
) (+0.54

−0.44
) (+0.08

−0.04
) (+0.68

−0.59
) (+0.68

−0.59
) (+0.08

−0.04
) (+0.29

−0.25
) (+0.25

−0.23
) (+0.15

−0.10
)

H→ ZZ 1.03+0.13−0.12
+0.10
−0.10

+0.09
−0.07 0.38+0.52−0.38

+0.48
−0.38

+0.20
−0.05 0.00+2.64−0.00

+1.91
−0.00

+1.82
−0.00 7.31+4.66−6.12

+3.64
−4.42

+2.92
−4.23 0.00+0.89−0.00

+0.85
−0.00

+0.25
−0.00(+0.13

−0.12
) (+0.10

−0.09
) (+0.08

−0.07
) (+0.56

−0.47
) (+0.54

−0.45
) (+0.15

−0.11
) (+1.79

−1.00
) (+1.76

−1.00
) (+0.33

−0.00
) (+3.99

−1.00
) (+3.81

−1.00
) (+1.18

−0.00
) (+1.43

−0.84
) (+1.38

−0.83
) (+0.40

−0.07
)

H→WW 0.92+0.11−0.11
+0.06
−0.05

+0.10
−0.09 0.82+0.24−0.23

+0.20
−0.19

+0.13
−0.12 2.38+0.73−0.69

+0.52
−0.50

+0.51
−0.47 1.88+0.74−0.65

+0.66
−0.60

+0.35
−0.25 1.45+0.38−0.33

+0.29
−0.29

+0.24
−0.15(+0.11

−0.11
) (+0.06

−0.06
) (+0.10

−0.09
) (+0.24

−0.23
) (+0.21

−0.20
) (+0.13

−0.12
) (+0.58

−0.55
) (+0.46

−0.44
) (+0.35

−0.32
) (+0.63

−0.54
) (+0.58

−0.51
) (+0.25

−0.18
) (+0.35

−0.32
) (+0.30

−0.29
) (+0.18

−0.14
)

H→ ττ 0.61+0.21−0.20
+0.09
−0.09

+0.19
−0.18 0.86+0.17−0.16

+0.14
−0.13

+0.10
−0.09 1.40+0.59−0.57

+0.50
−0.47

+0.32
−0.31 1.88+0.66−0.57

+0.55
−0.51

+0.37
−0.26 0.33+0.42−0.39

+0.29
−0.27

+0.31
−0.29(+0.28

−0.25
) (+0.09

−0.09
) (+0.26

−0.23
) (+0.17

−0.17
) (+0.14

−0.14
) (+0.10

−0.09
) (+0.57

−0.54
) (+0.48

−0.46
) (+0.30

−0.27
) (+0.55

−0.48
) (+0.50

−0.45
) (+0.24

−0.18
) (+0.49

−0.43
) (+0.32

−0.31
) (+0.38

−0.30
)

H→ bb 2.22+1.53−1.39
+1.18
−1.17

+0.98
−0.75 1.65+0.76−0.64

+0.48
−0.48

+0.59
−0.42 1.28+0.37−0.36

+0.25
−0.24

+0.28
−0.26 1.11+0.27−0.26

+0.20
−0.19

+0.18
−0.17 0.39+0.27−0.26

+0.17
−0.17

+0.21
−0.20(+1.27

−1.18
) (+1.13

−1.12
) (+0.59

−0.38
) (+0.50

−0.46
) (+0.44

−0.43
) (+0.25

−0.14
) (+0.34

−0.32
) (+0.23

−0.23
) (+0.24

−0.22
) (+0.26

−0.24
) (+0.19

−0.18
) (+0.18

−0.16
) (+0.30

−0.28
) (+0.18

−0.18
) (+0.24

−0.21
)

H→ µµ 0.40+0.67−0.85
+0.65
−0.84

+0.14
−0.10 1.45+0.88−0.71

+0.73
−0.67

+0.48
−0.24 5.58 +3.35

−3.08
+3.23
−2.96

+0.91
−0.86 2.93+2.50−2.17

+2.42
−2.12

+0.65
−0.45(+0.75

−0.72
) (+0.73

−0.72
) (+0.17

−0.07
) (+0.78

−0.67
) (+0.70

−0.64
) (+0.34

−0.22
) (+2.69

−2.38
) (+2.68

−2.37
) (+0.27

−0.14
) (+2.22

−1.85
) (+2.19

−1.84
) (+0.37

−0.12
)

H→ Zγ 3.61+1.42−1.21
+1.24
−1.18

+0.69
−0.25 −3.36+3.10−3.06

+3.03
−2.86

+0.64
−1.07 — — —(+1.11

−1.12
) (+1.10

−1.11
) (+0.11

−0.19
) (+3.26

−2.97
) (+3.14

−2.96
) (+0.88

−0.27
)

— — —

21



Rep. Prog. Phys. 89 (2026) 087801 The CMS Collaboration

Figure 7. The correlations between the 31 parameters considered in the per production and decay channel fit. The size of the
correlations is indicated by the colour scale. Correlations with an absolute magnitude smaller than 0.005 are not shown.

Modifications in the other Higgs boson branching fractions are incorporated by also floating the ratios
of branching fractions with respect to BZZ. In total this defines 13 POIs, with seven of the form

µi,ZZ =

[
σiBZZ

]
obs

[σiBZZ]SM,HO
(
θ⃗ ′
th,norm

) . (10)

The other six correspond to the ratios of branching fractions,

Rf/ZZ =
Bf
obs/B

f
SM,HO

(
θ⃗ ′
th,norm

)
BZZobs/BZZSM,HO

(
θ⃗ ′
th,norm

) , (11)

such that the signal contributions in the H→ ZZ decay channel are scaled by µi,ZZ, while signal contri-
butions in the other decay channels are scaled by µi,ZZRf/ZZ.

This measurement differs from the signal strength measurement by the treatment of the subset of
theoretical NPs θ⃗ ′

th,norm that affect the normalization of the measured cross sections and branching frac-
tions. These terms are included in the denominators of the POI definitions and therefore cancel the
corresponding terms in the signal yield parametrization, equation (5). Consequently, these theoretical
uncertainties do not enter the cross section measurements, and are instead attributed to the uncertain-
ties in the SM predictions of the measured quantities. It should be noted that all theoretical uncertain-
ties that account for the migration of events between STXS stage 1.2 bins are still included, as they do
not impact the inclusive production process cross sections. In addition, the theoretical uncertainties
affecting the signal acceptance in each analysis region are still included in the fit. The observed cross
sections

[
σiBZZ

]
obs
are obtained through the multiplication of the fitted POIs by the predictions from

the highest-available order SM calculation.
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Figure 8. The measured STXS stage 0 cross sections and branching fraction ratios. Theoretical uncertainties affecting the nor-
malizations of the measured parameters are not included in the fit. In the upper plot, the empty circles indicate the best fit values
and the vertical lines with caps indicate the 68% CL intervals. The lower 68% CL interval for the σV(qq)HBZZ parameter lies out-
side of the plotted range, as indicated by the arrow. The wider boxes show the systematic uncertainty components of the 68%
CL intervals. Each measured quantity is compared with the SM prediction in red, where the grey bands indicate the theoretical
uncertainty in the respective prediction. The lower plot shows the correlations between the 13 parameters considered in the fit.
The size of the correlations is indicated by the colour scale.

The best fit points and 68% CL intervals for the cross sections and ratios of branching fractions are
shown in the upper plot of figure 8. Each measured quantity is compared to the SM prediction and its
corresponding uncertainty, as shown by the red lines and grey bands, respectively. The numerical values
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of the best fit points and 68% CL intervals, as well as the expected intervals calculated using an Asimov
data set under the SM hypothesis, are provided in table 5. The table also contains the SM predictions of
the fit parameters and the corresponding theoretical uncertainties in these predictions.

This measurement shows a similar tension with the SM as the per production process signal
strength fit in figure 4. The tension is driven by the excess in the tH production process measurement.
Additionally, the measurements of σW(ℓν)HBZZ and σZ(ℓℓ,νν)HBZZ mirror the observed deviations in the
signal strengths µWH and µZH. The ratios of branching fractions also present some deviations from the
SM predictions, most notably for the Rbb/ZZ and RZγ/ZZ parameters. As a result, the overall compatibil-
ity is measured to be pSM = 0.012. Note that this result does not incorporate the theoretical uncertainties
affecting the normalizations of the measured parameters, and this can lead to an underestimation of pSM.

The correlations between the fit parameters are displayed in the lower plot of figure 8. In this
parametrization, sizeable correlations arise because the branching fractions are expressed as ratios to
BZZ, introducing a common denominator that directly couples the decay channels. As a result, scaling
the signal yields in the other decay channels by the product µi,ZZRf/ZZ induces anticorrelations between
µi,ZZ and the ratios Rf/ZZ, which in turn leads to positive correlations among the ratios themselves.

The results from a measurement in which the SM Higgs boson branching fractions are assumed
can be found in the supplementary material to this paper [41]. This measurement considers only the
cross sections as POIs, and incorporates the theoretical uncertainties associated with the Higgs boson
branching fractions. Furthermore, the measurements detailed in this section are also performed in a sig-
nal strength formalism, where all theoretical uncertainties are folded into the measurement. As a result,
the confidence intervals in the POIs are slightly larger compared with the measurements in the cross
section formalism, and the pSM values increase. These results are also provided as supplementary mate-
rial [41], and can be used for reinterpretation without the need to define an external theoretical uncer-
tainty scheme.

8.2. Stage 1.2 measurements
This section describes cross section measurements in kinematic regions defined by the STXS frame-
work [13]. The bins are defined according to the STXS stage 1.2 binning scheme [22]. Only the input
analyses that split the signal models according to the STXS stage 1.2 granularity (as shown in table 1)
are included in this measurement.

As with the production cross section measurements described in section 8.1, bbH production and
ggZH production in which the Z boson decays hadronically are grouped with ggH production. The ZH
leptonic bins include contributions from both qqZH and ggZH production, and the tH bin includes
both tHq and tHW production. Furthermore, the qqH bins include contributions from both VBF pro-
duction and quark-initiated VH production where the vector boson decays hadronically. All STXS cross
sections are defined in the fiducial region of |yH|< 2.5.

The Higgs boson production processes are partitioned according to the kinematic properties of the
Higgs boson, and if present, the kinematic properties of associated jets and vector bosons that are inde-
pendent of the Higgs boson decay. Here, jets are built using the anti-kT algorithm [85, 86] with a jet
distance parameter of 0.4, from all stable particles with a lifetime greater than 10 ps, excluding particles
originating from the Higgs boson decay and leptons from vector boson decays. All jets are required to
have a transverse momentum pjetT > 30GeV.

In the STXS stage 1.2 binning scheme, ggH production is partitioned according to the jet multiplicity
(0, 1, or ⩾2 jets), and the transverse momentum of the Higgs boson pHT . Events with ⩾2 jets are further
split according to the invariant mass of the dijet system mjj, and the transverse momentum of the Higgs

boson plus dijet system pHjjT , where the dijet system is formed from the two highest-pT jets in the event.
Similarly, qqH production is partitioned firstly by the jet multiplicity, and events with ⩾2 jets are further
split according to pHT , mjj, and pHjjT . For WH and ZH production, in which the vector boson decays lep-
tonically, the bins are defined by the transverse momentum of the vector boson pVT , with an additional
partition for events with pVT between 150 and 250 GeV according to the jet multiplicity. The ttH produc-
tion process is partitioned into five pHT bins, and the tH production process is measured inclusively. In
the figures and tables that present the results, STXS bins with N jets are labelled ‘NJ’.

Several bins from the nominal STXS stage 1.2 binning scheme must be merged to avoid either very
large uncertainties in the measured cross sections, or very strong correlations between them. A crite-
rion based on the expected correlations between measured cross sections is used to determine the merg-
ing, such that absolute correlations remain below 0.75. In total, 32 STXS regions are fit simultaneously,
and these are shown by the filled boxes in figure 9. The nominal STXS stage 1.2 bin boundaries that
are merged in the measurement are indicated by the dashed lines in the figure. Of the 32 measured
cross sections, 13 are associated with ggH production, 5 with qqH production, 4 each with WH and
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Table 5. Best fit values and 68% CL intervals for the parameters in the fit of production process cross sections and branching fraction
ratios. The cross sections are defined in the fiducial region |yH|< 2.5. The values are normalized to the SM predictions. The total 68%
CL intervals are decomposed into their statistical and systematic components, and the expected intervals are given in parentheses. The
SM predictions for each of the measured parameters are also provided, along with the corresponding theoretical uncertainties in the
predictions. The σggHBZZ prediction includes contributions from bbH production and ggZH production with the Z boson decaying to
hadrons, while σZ(ℓℓ,νν)HBZZ includes contributions from ggZH production with the Z boson decaying to leptons.

Parameters

SM prediction

(mH = 125.38GeV) Best fit/SM pred. Stat Syst

σggHBZZ 1221+78−78 fb 1.02+0.10−0.09
(+0.10
−0.09

) +0.08
−0.08

(+0.08
−0.08

) +0.06
−0.05

(+0.05
−0.05

)
σVBFBZZ 95.6+2.4−2.4 fb 0.94+0.18−0.16

(+0.17
−0.15

) +0.14
−0.13

(+0.14
−0.13

) +0.10
−0.08

(+0.11
−0.09

)
σV(qq)HBZZ 34.4+0.8−0.8 fb 0.70+0.74−0.75

(+0.73
−0.68

) +0.63
−0.63

(+0.61
−0.58

) +0.38
−0.40

(+0.41
−0.35

)
σW(ℓν)HBZZ 10.6+0.2−0.3 fb 1.86+0.42−0.36

(+0.28
−0.24

) +0.33
−0.30

(+0.22
−0.20

) +0.26
−0.20

(+0.16
−0.13

)
σZ(ℓℓ,νν)HBZZ 6.45+0.28−0.23 fb 1.88+0.47−0.40

(+0.29
−0.24

) +0.38
−0.33

(+0.23
−0.20

) +0.28
−0.22

(+0.17
−0.13

)
σttHBZZ 13.5+0.9−1.3 fb 0.95+0.22−0.20

(+0.20
−0.18

) +0.18
−0.17

(+0.17
−0.15

) +0.13
−0.11

(+0.12
−0.10

)
σtHBZZ 2.44+0.16−0.32 fb 5.44+2.64−2.42

(+2.20
−2.07

) +2.19
−2.05

(+1.86
−1.75

) +1.49
−1.28

(+1.17
−1.10

)
Bbb/BZZ 21.2+0.4−0.4 0.66+0.17−0.14

(+0.24
−0.19

) +0.13
−0.11

(+0.19
−0.16

) +0.11
−0.09

(+0.15
−0.11

)
BWW/BZZ 8.11+0.15−0.15 0.95+0.12−0.11

(+0.12
−0.11

) +0.09
−0.08

(+0.09
−0.08

) +0.08
−0.07

(+0.08
−0.07

)
Bττ/BZZ 2.29+0.04−0.04 0.80+0.14−0.12

(+0.17
−0.14

) +0.09
−0.08

(+0.11
−0.10

) +0.10
−0.09

(+0.13
−0.11

)
Bγγ/BZZ 0.084+0.002−0.002 1.02+0.12−0.11

(+0.12
−0.11

) +0.10
−0.10

(+0.10
−0.09

) +0.06
−0.05

(+0.06
−0.05

)
BZγ/BZZ 0.058+0.003−0.003 2.41+1.12−0.87

(+0.86
−0.84

) +1.09
−0.83

(+0.85
−0.83

) +0.25
−0.25

(+0.10
−0.10

)
Bµµ/BZZ 0.0079+0.0001−0.0001 1.19+0.45−0.40

(+0.45
−0.40

) +0.43
−0.38

(+0.42
−0.38

) +0.15
−0.12

(+0.16
−0.12

)

Figure 9. A diagram showing the set of 32 STXS regions that are considered. The filled boxes represent the measured STXS
regions, while the dashed lines indicate the nominal STXS stage 1.2 bin boundaries that are merged in the measurement. The

units of pHT ,mjj, p
Hjj
T , and p

V
T are in GeV.

ZH production with the vector boson decaying leptonically, 5 with ttH production, and one with tH
production. The measured STXS bins, along with their SM cross section predictions, are summarized in
table 6. The table also highlights which nominal STXS stage 1.2 bins are merged in the measurement.
Units of GeV are assumed for all numerical values in the STXS bin naming scheme.

Following the procedure described in section 8.1, the cross sections are measured as products with
the H→ ZZ branching fraction, σiBZZ. The ratios of branching fractions, Rf/ZZ, are again included as
additional parameters to account for modifications in the Higgs boson branching fractions. As this mea-
surement only combines the input analyses with the STXS stage 1.2 process granularity, the ratios for
H→ µµ or H→ Zγ are not considered.

The theoretical uncertainties that affect the normalization of the fitted cross sections and branching
fractions are not included in the measurement. As with the production process cross section measure-
ment, these uncertainties are instead attributed to the SM predictions. The STXS theoretical uncertainty
scheme, discussed in section 6, includes NPs that account for the migration of events across the STXS
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Table 6. A summary of the STXS regions measured in the combination. All STXS regions are defined within the fiducial region
|yH|< 2.5. Some of the measured regions are defined by merging several neighbouring bins (in parentheses) from the nominal STXS
stage 1.2 binning scheme to ensure sufficient sensitivity. The SM predictions, with theoretical uncertainties, are also provided for the

measured STXS regions. Units of GeV are assumed for all numerical values related to the pHT ,mjj, p
Hjj
T , and p

V
T variables. The ggH (ZH

lep) bins include contributions from ggZH production with the Z boson decaying hadronically (leptonically). The ‘VBF-topo’ or
‘VH-topo’ naming convention refers to events consistent with the topology of VBF or VH production, characterized by two jets with
largemjj (for VBF), or two jets withmjj compatible with a vector boson decay (for VH).

Measured regions STXS stage 1.2 bins (number of merged bins) σi
SM [pb]

ggH 0J, pHT < 10 ggH 0J, pHT < 10 6.70+0.82−0.82
ggH 0J, pHT > 10+ bbH ggH 0J, 10< pHT < 200+ bbH (2) 19.5+1.4−1.4
ggH 1J, pHT < 60 ggH 1J, pHT < 60 7.14+0.95−0.95
ggH 1J, 60< pHT < 120 ggH 1J, 60< pHT < 120 4.95+0.68−0.68
ggH 1J, 120< pHT < 200 ggH 1J, 120< pHT < 200 0.88+0.15−0.15
ggH ⩾2J, 0< mjj < 350, pHT < 60 ggH ⩾2J, 0< mjj < 350, pHT < 60 1.24+0.29−0.29
ggH ⩾2J, 0< mjj < 350,

60< pHT < 120

ggH ⩾2J, 0< mjj < 350, 60< pHT < 120 2.00+0.46−0.46

ggH ⩾2J, 0< mjj < 350,

120< pHT < 200

ggH ⩾2J, 0< mjj < 350, 120< pHT < 200 0.93+0.22−0.22

ggH VBF-topo ggH ⩾2J, 350< mjj < 700, p
Hjj
T < 25, pHT < 200;

ggH ⩾2J, 350< mjj < 700, p
Hjj
T > 25, pHT < 200;

ggH ⩾2J,mjj > 700, pHjjT < 25, pHT < 200;

ggH ⩾2J,mjj > 700, pHjjT > 25, pHT < 200 (4)

0.98+0.22−0.22

ggH 200< pHT < 300 ggH 200< pHT < 300 0.49+0.12−0.12
ggH 300< pHT < 450 ggH 300< pHT < 450 0.12+0.03−0.03
ggH 450< pHT < 650 ggH 450< pHT < 650 0.015+0.004−0.004
ggH pHT > 650 ggH pHT > 650 0.0022+0.0005−0.0005
qqH other qqH 0J; qqH 1J; qqH⩾2J,mjj < 60;

qqH⩾2J, 120< mjj < 350 (4)

2.78+0.05−0.05

qqH 60< mjj < 120 (VH-topo) qqH⩾2J, 60< mjj < 120 0.54+0.01−0.01
qqH 350< mjj < 700 qqH ⩾2J, 350< mjj < 700, p

Hjj
T < 25, pHT < 200;

qqH ⩾2J, 350< mjj < 700, p
Hjj
T > 25, pHT < 200 (2)

0.57+0.03−0.03

qqHmjj > 700 qqH ⩾2J,mjj > 700, pHjjT < 25, pHT < 200;

qqH ⩾2J,mjj > 700, pHjjT > 25, pHT < 200 (2)

0.74+0.02−0.02

qqH pHT > 200 qqH ⩾2J,mjj > 350, pHT > 200 0.16+0.004−0.004
WH lep pVT < 75 WH lep pVT < 75 0.21+0.01−0.01
WH lep 75< pVT < 150 WH lep 75< pVT < 150 0.13+0.01−0.01
WH lep 150< pVT < 250 WH lep 150< pVT < 250, 0J;

WH lep 150< pVT < 250,⩾1J (2)
0.040+0.002−0.002

WH lep pVT > 250 WH lep pVT > 250 0.013+0.001−0.001
ZH lep pVT < 150 ZH lep pVT < 75;

ZH lep 75< pVT < 150; (2)

0.20+0.01−0.01

ZH lep 150< pVT < 250, 0J ZH 150< pVT < 250, 0J 0.015+0.002−0.002
ZH lep 150< pVT < 250,⩾1J ZH lep 150< pVT < 250,⩾ 1J 0.017+0.003−0.003
ZH lep pVT > 250 ZH lep pVT > 250 0.0099+0.0010−0.0009
ttH pHT < 60 ttH pHT < 60 0.11+0.03−0.03
ttH 60< pHT < 120 ttH 60< pHT < 120 0.17+0.02−0.03
ttH 120< pHT < 200 ttH 120< pHT < 200 0.13+0.02−0.02
ttH 200< pHT < 300 ttH 200< pHT < 300 0.054+0.008−0.009
ttH pHT > 300 ttH pHT > 300 0.027+0.004−0.005
tH tHq; tHW (2) 0.090+0.006−0.012

bins. These NPs are removed from the fit unless they account for a migration of events across a kine-
matic boundary that is merged in the measurement, indicated by the dashed lines in figure 9. The theo-
retical uncertainties that affect the signal acceptance in each analysis region are still included in the fit.

The best fit values and 68% CL intervals for the fitted parameters are shown in figure 10. The
observed cross section values shown in the upper panel are obtained by multiplying µi,ZZ by the SM
prediction at the highest available order. The SM predictions and their associated uncertainties are
shown by the red lines and grey bands, respectively. The corresponding numerical values, along with
the expected 68% CL intervals, are provided in table 7. The total uncertainties are decomposed into their
systematic and statistical parts, highlighting that the statistical uncertainty dominates for all parameters
at this level of kinematic splitting.

The results show reasonable sensitivity to many different regions of the Higgs boson production
phase space. The 68% CL intervals range from approximately ±14% of the SM σiBZZ prediction for
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Figure 10. The measured STXS stage 1.2 cross sections and branching fraction ratios. Theoretical uncertainties that affect the
normalizations of the measured parameters are not included in the fit. In the upper panel, the points indicate the best fit val-
ues while the coloured lines indicate the 68% CL intervals. The wider boxes show the systematic uncertainty components of the
68% CL intervals. Each measured quantity is compared to the SM prediction in red, where the grey bands indicate the theoretical
uncertainty for the respective parameter. The lower panel plots the ratio of the measured σiBZZ with respect to the SM predic-
tions. The best fit values for the ggH 450< pHT < 650GeV and tH STXS bins lie outside of the range of the ratio panel, and are
thus represented by arrows. Arrows are also used to indicate 68% CL intervals that extend beyond the plotted range.

the ggH 0J, 10< pHT < 200GeV STXS bin, to approximately ±250% for the ggH pHT > 650GeV STXS
bin. For a number of measurements, e.g. ggH 200< pHT < 300GeV, the precision is comparable to the
theoretical uncertainty in the SM prediction, meaning the possibility of constraining theoretical inputs
using experimental measurements of the Higgs boson is approaching.

There are several noticeable deviations from the SM in these results. Of particular interest are the
WH leptonic pVT > 250GeV and ZH leptonic p

V
T > 250GeV regions, which are measured to be 2.2 and

2.1 standard deviations above the SM predictions, respectively. These regions of the VH production
phase space at high pVT are particularly sensitive to BSM physics, as shown by the SMEFT parametriza-
tion discussed in section 11. The ZH leptonic pVT < 150GeV region also exceeds the SM prediction by
approximately 2.5 standard deviations. Small tensions with the SM are observed in the ggH measure-
ments. The ggH 0J, pHT < 10GeV STXS bin is measured to be approximately two standard deviations
below the SM prediction, whereas the measurements in the remaining ggH STXS bins generally exceed
their respective predictions. The largest deviation is observed in the ggH 450< pHT < 650GeV STXS bin,
which exceeds the SM prediction by more than 2.2 standard deviations. As with the previous signal yield
parametrizations, the tH production process is found to have an excess of ∼2 standard deviations from
the SM prediction. The overall compatibility with the SM is found to be pSM = 0.06.

The correlations between the measured parameters are shown in figure 11. The overall structure fol-
lows the pattern observed in the STXS stage 0 measurement, shown in figure 8. As in that case, express-
ing the branching fractions as ratios to BZZ introduces a common denominator that couples the decay
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Table 7. Best fit values and 68% CL intervals for the parameters in the fit to stage 1.2 simplified template cross sections and branching
fraction ratios. The cross sections are defined in the fiducial region |yH|< 2.5. The values are normalized to the SM predictions. The
total 68% CL intervals are decomposed into their statistical and systematic components, and the expected intervals are given in
parentheses. The SM prediction, with its theoretical uncertainty, for each of the measured parameters is also provided.

Parameters

SM prediction

(mH = 125.38GeV) Best fit/SM pred. Stat Syst

ggH 0J pHT < 10 x BZZ 182+22−22 fb 0.67+0.17−0.15
(+0.19
−0.17

) +0.15
−0.14

(+0.17
−0.16

) +0.07
−0.06

(+0.08
−0.07

)
ggH 0J pHT > 10+ bbH x BZZ 529+39−39 fb 1.15+0.14−0.13

(+0.13
−0.12

) +0.12
−0.11

(+0.11
−0.10

) +0.07
−0.06

(+0.07
−0.06

)
ggH 1J pHT < 60 x BZZ 194+26−26 fb 1.15+0.28−0.26

(+0.25
−0.24

) +0.23
−0.22

(+0.22
−0.21

) +0.16
−0.14

(+0.13
−0.12

)
ggH 1J 60< pHT < 120 x BZZ 134+18−18 fb 1.19+0.28−0.27

(+0.26
−0.24

) +0.23
−0.23

(+0.23
−0.22

) +0.16
−0.15

(+0.11
−0.10

)
ggH 1J 120< pHT < 200 x BZZ 24.0+4.0−4.0 fb 1.44+0.42−0.39

(+0.37
−0.35

) +0.35
−0.34

(+0.34
−0.32

) +0.23
−0.21

(+0.16
−0.14

)
ggH ⩾2 J 0< mjj < 350, pHT < 60 x BZZ 33.7+7.9−7.9 fb 2.15+0.91−0.89

(+0.76
−0.72

) +0.78
−0.75

(+0.68
−0.66

) +0.47
−0.46

(+0.33
−0.30

)
ggH ⩾2 J 0< mjj < 350, 60< pHT < 120 x BZZ 54.3+12.5−12.5 fb 1.62+0.49−0.46

(+0.44
−0.42

) +0.43
−0.41

(+0.40
−0.39

) +0.24
−0.21

(+0.17
−0.16

)
ggH ⩾2 J 0< mjj < 350, 120< pHT < 200 x BZZ 25.4+5.9−5.9 fb 1.00+0.42−0.39

(+0.42
−0.39

) +0.36
−0.35

(+0.38
−0.36

) +0.22
−0.19

(+0.17
−0.15

)
ggH VBF-topo x BZZ 26.5+6.1−6.1 fb 1.49+0.82−0.80

(+0.75
−0.72

) +0.74
−0.72

(+0.69
−0.67

) +0.36
−0.35

(+0.29
−0.26

)
ggH 200< pHT < 300 x BZZ 13.2+3.3−3.3 fb 1.39+0.41−0.39

(+0.37
−0.35

) +0.35
−0.34

(+0.34
−0.32

) +0.21
−0.19

(+0.15
−0.14

)
ggH 300< pHT < 450 x BZZ 3.37+0.85−0.85 fb 0.88+0.57−0.53

(+0.55
−0.52

) +0.51
−0.48

(+0.50
−0.48

) +0.24
−0.22

(+0.22
−0.19

)
ggH 450< pHT < 650 x BZZ 0.42+0.11−0.11 fb 5.29+2.25−1.93

(+1.38
−1.22

) +2.03
−1.81

(+1.27
−1.17

) +0.97
−0.68

(+0.52
−0.34

)
ggH pHT > 650 x BZZ 0.059+0.015−0.015 fb 4.44+4.85−4.27

(+2.58
−2.23

) +4.26
−3.83

(+2.35
−2.15

) +2.32
−1.88

(+1.05
−0.62

)
qqH other x BZZ 75.6+1.7−1.7 fb −1.10+1.53−1.45

(+1.37
−1.20

) +1.21
−1.11

(+1.24
−1.20

) +0.94
−0.93

(+0.58
−0.12

)
qqH 350< mjj < 700 x BZZ 15.4+0.8−0.8 fb 1.20+0.77−0.73

(+0.70
−0.67

) +0.69
−0.65

(+0.64
−0.61

) +0.35
−0.34

(+0.27
−0.28

)
qqHmjj > 700 x BZZ 20.0+0.6−0.6 fb 0.90+0.27−0.25

(+0.27
−0.24

) +0.24
−0.22

(+0.24
−0.22

) +0.13
−0.11

(+0.12
−0.10

)
qqH 60< mjj < 120 (VH-topo) x BZZ 14.6+0.4−0.4 fb 0.55+0.72−0.75

(+0.71
−0.66

) +0.66
−0.70

(+0.67
−0.63

) +0.28
−0.27

(+0.23
−0.20

)
qqH pHT > 200 x BZZ 4.41+0.12−0.12 fb 0.65+0.30−0.27

(+0.32
−0.28

) +0.26
−0.24

(+0.28
−0.25

) +0.15
−0.12

(+0.15
−0.12

)
WH lep pVT < 75 x BZZ 5.60+0.24−0.24 fb 2.02+1.10−0.91

(+0.88
−0.75

) +0.97
−0.83

(+0.81
−0.72

) +0.53
−0.36

(+0.36
−0.23

)
WH lep 75< pVT < 150 x BZZ 3.52+0.16−0.16 fb 0.87+0.96−0.88

(+0.91
−0.75

) +0.90
−0.85

(+0.86
−0.72

) +0.32
−0.25

(+0.30
−0.18

)
WH lep 150< pVT < 250 x BZZ 1.09+0.05−0.05 fb 1.14+0.89−0.83

(+0.60
−0.52

) +0.70
−0.64

(+0.48
−0.41

) +0.54
−0.53

(+0.37
−0.32

)
WH lep pVT > 250 x BZZ 0.35+0.02−0.02 fb 3.40+1.57−1.10

(+0.57
−0.43

) +1.14
−0.87

(+0.42
−0.34

) +1.08
−0.67

(+0.38
−0.26

)
ZH lep pVT < 150 x BZZ 5.30+0.20−0.17 fb 2.34+0.63−0.54

(+0.43
−0.38

) +0.53
−0.48

(+0.36
−0.33

) +0.34
−0.26

(+0.24
−0.20

)
ZH lep 150< pVT < 250, 0J x BZZ 0.41+0.06−0.06 fb 0.70+0.94−0.79

(+0.61
−0.48

) +0.71
−0.63

(+0.48
−0.39

) +0.62
−0.48

(+0.38
−0.27

)
ZH lep 150< pVT < 250,⩾ 1J x BZZ 0.47+0.08−0.08 fb −0.25+1.45−1.76

(+0.93
−0.83

) +1.19
−1.27

(+0.74
−0.67

) +0.82
−1.22

(+0.57
−0.49

)
ZH lep pVT > 250 x BZZ 0.27+0.03−0.02 fb 3.07+1.51−0.99

(+0.50
−0.36

) +1.04
−0.79

(+0.38
−0.30

) +1.10
−0.61

(+0.32
−0.20

)
ttH pHT < 60 x BZZ 3.08+0.92−0.94 fb 0.64+0.76−0.64

(+0.70
−0.61

) +0.72
−0.62

(+0.64
−0.57

) +0.26
−0.16

(+0.28
−0.22

)
ttH 60< pHT < 120 x BZZ 4.75+0.63−0.72 fb 1.23+0.54−0.47

(+0.48
−0.43

) +0.50
−0.45

(+0.45
−0.41

) +0.18
−0.13

(+0.18
−0.14

)
ttH 120< pHT < 200 x BZZ 3.51+0.49−0.55 fb 0.99+0.49−0.43

(+0.43
−0.38

) +0.46
−0.41

(+0.40
−0.36

) +0.17
−0.13

(+0.17
−0.14

)
ttH 200< pHT < 300 x BZZ 1.47+0.23−0.25 fb 1.07+0.68−0.60

(+0.55
−0.48

) +0.61
−0.55

(+0.49
−0.43

) +0.29
−0.23

(+0.26
−0.21

)
ttH pHT > 300 x BZZ 0.73+0.11−0.12 fb 0.04+0.90−0.85

(+0.75
−0.65

) +0.78
−0.71

(+0.64
−0.57

) +0.44
−0.47

(+0.40
−0.32

)
tH x BZZ 2.44+0.16−0.32 fb 6.17+2.90−2.70

(+2.39
−2.18

) +2.29
−2.17

(+1.96
−1.89

) +1.77
−1.61

(+1.38
−1.09

)
Bbb/BZZ 21.2+0.4−0.4 0.56+0.20−0.16

(+0.33
−0.26

) +0.15
−0.12

(+0.25
−0.20

) +0.14
−0.10

(+0.22
−0.16

)
BWW/BZZ 8.11+0.15−0.15 0.97+0.13−0.11

(+0.13
−0.11

) +0.09
−0.08

(+0.10
−0.09

) +0.08
−0.07

(+0.08
−0.07

)
Bττ/BZZ 2.29+0.04−0.04 0.98+0.17−0.16

(+0.17
−0.15

) +0.11
−0.10

(+0.11
−0.10

) +0.13
−0.12

(+0.13
−0.12

)
Bγγ/BZZ 0.084+0.002−0.002 1.01+0.12−0.11

(+0.12
−0.11

) +0.10
−0.09

(+0.10
−0.09

) +0.06
−0.05

(+0.06
−0.05

)

channels. This leads to anticorrelations between the σiBZZ and Rf/ZZ parameters, and a positive corre-
lation structure among the ratios themselves, and among the σiBZZ parameters. Additional correlation
patterns arise from the increased granularity of the STXS stage 1.2 measurement. In particular, strong
anticorrelations are observed between the ggH STXS bins with additional jets and the ‘qqH other’ STXS
bin. Events from the ‘qqH other’ region are difficult to distinguish from ggH events as the additional jets
in the event are typically soft or fall outside of the experimental acceptance. Therefore, these events tend
to populate the analysis regions targeting ggH production, leading to a large anticorrelation. This in turn
enhances the positive correlation structure between the ggH cross sections with additional jets. Strong
correlations are also observed between the high-pVT regions for the WH and ZH production processes,
and between the high pHT ttH and inclusive tH regions.

In accordance with the production cross section results, a measurement is performed at this granu-
larity, in which the SM Higgs boson branching fractions are assumed. The results are provided as sup-
plementary material to the paper [41]. This fit considers only the 32 STXS bin cross sections as POIs,
and incorporates the theoretical uncertainties associated with the Higgs boson branching fractions.
Results in the signal strength formalism are provided as supplementary material [41].
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Figure 11. The correlations between the 36 parameters considered in the STXS stage 1.2 measurement. The size of the correla-
tions is indicated by the colour scale. Correlations of absolute magnitude smaller than 0.005 are not shown.

Measurements are also performed in an additional parametrization, which introduces a separate
parameter of interest for each STXS bin i, in each decay channel f,

µif =

[
σiBf

]
obs

[σiBf]SM,HO
. (12)

This measurement is performed for the combination of all input analyses, except the H→ inv and off-
shell H→ ZZ→ 4ℓ channels. The parameters are defined using the partitions of phase space that were
used in the original publications. The channels that do not implement the STXS stage 1.2 process split-
tings are fit with the production process cross sections. The parameters for the H→ γγ and H→ ZZ
decays are restricted to nonnegative values to avoid an overall negative event yield in analysis regions
where the background contamination is sufficiently low.

As each decay channel is defined with a different binning scheme, the treatment of common theoret-
ical uncertainty NPs is ambiguous. Consequently, all theoretical uncertainties affecting the cross section
normalizations and branching fractions are included in the fit. In other words, this result is provided in
the signal strength formalism, and can therefore be used directly for reinterpretation without the need to
define an additional theoretical uncertainty scheme.

The best fit values and 68% CL intervals are shown for the 97 POIs in figure 12. Each panel repre-
sents a different Higgs boson decay channel. The corresponding numerical values are provided, along
with the expected 68% CL intervals, in table 8. This result represents the most granular measurement
of the Higgs boson ever performed by the CMS Collaboration. The correlations between the measured
parameters are provided as supplementary material to the paper [41].

The p-value for the compatibility with the SM follows the same trend as the other signal yield
parametrizations, showing some tension with the SM hypothesis. Sizeable deviations are observed for a
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Figure 12. The best fit values (empty circles) and 68% CL intervals (coloured lines) for the measurement of the products of the
cross sections and branching fractions. Theoretical uncertainties affecting the cross section normalizations and branching frac-
tions are included in the fit. The best fit values for the products of cross sections and branching fractions are obtained by mul-
tiplying the fit parameters µif by the SM predictions at the highest available order. Different panels show the measurements for
the different Higgs boson decay channels. The (ttH pHT > 300GeV, H→ bb), (ggH pHT > 300GeV, H→WW), and (ggH 0J
pHT < 10GeV, H→ ττ ) best fit values and 68% CL intervals are entirely contained in the negative domain, and are represented
by arrows as they cannot be shown on the log-scale axes. Arrows are also used to indicate 68% CL intervals that extend into the
negative domain. The H→ γγ and H→ ZZ parameters are restricted to nonnegative values, which is marked by the hatched
grey lines in the corresponding panels.
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number of kinematic regions including the high pVT WH leptonic STXS bins for the H→ bb, H→WW,
and H→ ττ channels, the ZH leptonic pVT > 250 STXS bin for the H→ bb channel, the ggH 0J STXS
bins for the H→ ττ channel, and the tH measurement in the H→ γγ channel. The overall compatibil-
ity with the SM is measured to be pSM = 0.006.

9. Interpretation of measurements in the coupling modifier framework

The coupling modifier (κ) framework [23] introduces parameters that scale Higgs boson production
cross sections and decay rates. These coupling modifiers describe deviations in the couplings of the
Higgs boson to other particles.

The production cross sections σj, or the partial decay widths Γj, associated with the SM particle j,
scale with a factor κ2j such that

κ2j = σj/σ
j
SM or κ

2
j = Γj/Γ

j
SM. (13)

In the SM, all values of κj are positive and equal to unity. The higher-order accuracy of the QCD
and EW corrections to the SM production cross sections and branching fractions are assumed to be
preserved when κj does not equal unity. For the ranges of parameters considered in this study, the
dominant higher-order QCD and EW corrections factorize from the coupling rescaling, validating the
assumption.

Several different models within the κ-framework are probed. These include a model where only the
decays of the Higgs boson to SM particles are allowed; a model that considers additional BSM decays,
with |κW| and |κZ| constrained to be less than or equal to 1 to avoid a complete degeneracy in the total
Higgs boson decay width; and a model that incorporates off-shell Higgs boson measurements to alleviate
this degeneracy by directly constraining the total Higgs boson decay width from data. Measurements are
performed in additional models that include ratios of coupling modifiers. Finally, a model that considers
NLO EW corrections to the production and decay rates from the Higgs boson self-coupling is probed.

Under the assumption that the Higgs boson does not decay to BSM particles, the product of the
production cross section and branching fraction for production process i and decay channel f can be
expressed as

µif(κ⃗)
[
σiBf

]
SM,HO

= σi(κ⃗)Bf(κ⃗) =
σi(κ⃗)Γf(κ⃗)

ΓH(κ⃗)
, (14)

where ΓH(κ⃗) is the total decay width of the Higgs boson and Γf(κ⃗) is the partial width of the Higgs
boson decay to the final state f. The coupling modifier scaling functions µif(κ⃗) enter the signal yield
parametrization, as shown in equation (5).

Two different configurations of coupling modifiers are introduced. In one of these configurations,
all loops in Higgs boson production and decay diagrams are resolved, and coupling modifiers are intro-
duced for each tree-level Higgs boson coupling to another SM particle. The second configuration intro-
duces effective coupling modifiers κg, κγ , and κZγ to describe ggH production, and the H→ γγ and
H→ Zγ decays, which only occur via loop diagrams in the SM. Table 9 shows the scaling of production
cross sections, partial decay widths, and the total Higgs boson decay width for both configurations.

The interference between different diagrams gives sensitivity to the relative signs of a number of cou-
pling modifiers. As shown in table 9, ggH production is sensitive to the relative sign of κb and κt, ggZH
production is sensitive to the relative sign of κZ and κt, and tHq and tHW production, as well as the
H→ γγ and H→ Zγ decays, are sensitive to the relative sign of κW and κt.

When additional BSM decays are allowed, the Higgs boson total decay width is modified as

ΓH
ΓH,SM

=
κ2H

1− (Binv+Bundet)
, (15)

where Binv represents the Higgs boson branching fraction to invisible final states that do not appre-
ciably interact with the detector material and thus escape detection. Such decays are constrained by
the H→ inv searches included in the combination. The Bundet parameter represents the Higgs boson
branching fraction to undetected final states, which are not directly measured by any of the input
analyses. This includes decays to BSM particles that remain undetected because they produce event
topologies that are not explictly searched for, as well as modifications to branching fractions into SM
final states that are not directly measured, such as H→ cc. Together, Binv and Bundet make up the total
BSM branching fraction.
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Table 8. Best fit values and 68% CL intervals for the fit that introduces a separate POI for each STXS bin in
each decay channel. The cross sections are defined in the fiducial region |yH|< 2.5. The values are
normalized to the SM predictions. The fit is performed in the signal strength formalism, such that the
theoretical uncertainties in the SM predictions are folded into the measurement. The expected intervals are
given in parentheses. Some of the parameters are restricted to nonnegative values, as described in the text.
Truncated intervals are reported for these parameters if the 68% CL interval is not fully contained in the
positive domain.

Parameters SM σiBf (fb) Best fit/SM pred.

H→ γγ

ggH 0J pHT < 10 15.2 0.58+0.38−0.26
(+0.66
−0.48

)
ggH 0J pHT > 10+ bbH 44.3 1.35+0.27−0.20

(+0.18
−0.16

)
ggH 1J pHT < 60 16.2 0.84+0.38−0.36

(+0.40
−0.36

)
ggH 1J 60< pHT < 120 11.2 1.26+0.34−0.30

(+0.32
−0.28

)
ggH 1J 120< pHT < 200 2.00 1.30+0.55−0.46

(+0.51
−0.44

)
ggH⩾2J 0< mjj < 350, pHT < 60 2.82 1.39+1.40−1.34

(+1.44
−1.00

)
ggH⩾2J 0< mjj < 350, 60< pHT < 120 4.53 0.00+0.66−0.00

(+0.74
−0.63

)
ggH⩾2J 0< mjj < 350, 120< pHT < 200 2.12 0.33+0.58−0.33

(+0.65
−0.55

)
ggH 200< pHT < 300 1.10 1.01+0.56−0.41

(+0.52
−0.40

)
ggH 300< pHT < 450 0.28 0.53+0.76−0.53

(+0.76
−0.62

)
ggH pHT > 450 0.040 3.56+3.12−2.48

(+1.94
−1.00

)
VBF-like 350< mjj < 700, p

Hjj
T < 25 1.59 0.77+0.82−0.67

(+1.31
−1.00

)
VBF-like 350< mjj < 700, p

Hjj
T > 25 1.25 2.86+1.98−1.32

(+1.14
−0.97

)
VBF-likemjj > 700, p

Hjj
T < 25 1.60 0.54+0.54−0.34

(+0.91
−0.63

)
VBF-likemjj > 700, p

Hjj
T > 25 0.73 0.46+1.50−0.46

(+0.98
−0.85

)
qqH 60< mjj < 120 (VH-topo) 1.22 1.23+1.03−0.94

(+1.00
−0.94

)
qqH pHT > 200 0.37 1.44+0.69−0.62

(+0.66
−0.58

)
WH lep pVT < 75 0.47 1.65+1.33−1.29

(+1.42
−1.00

)
WH lep 75< pVT < 150 0.29 1.54+1.27−1.12

(+1.34
−0.96

)
WH lep pVT > 150 0.12 1.02+0.99−0.79

(+1.04
−0.79

)
ZH lep 0.54 1.29+0.80−0.61

(+0.72
−0.62

)
ttH pHT < 60 0.26 0.74+1.09−0.74

(+1.20
−0.82

)
ttH 60< pHT < 120 0.40 1.30+0.68−0.59

(+0.64
−0.51

)
ttH 120< pHT < 200 0.29 0.79+0.60−0.48

(+0.62
−0.50

)
ttH 200< pHT < 300 0.12 0.99+0.95−0.79

(+0.75
−0.61

)
ttH pHT > 300 0.061 0.00+1.45−0.00

(+1.06
−0.99

)
tH 0.20 8.35+3.64−4.56

(+4.43
−1.00

)
H→ ZZ

ggH 0J pHT < 10 182 0.92+0.33−0.25
(+0.34
−0.28

)
ggH 0J pHT > 10+ bbH 529 1.22+0.22−0.20

(+0.19
−0.17

)
ggH 1J pHT < 60 194 1.26+0.56−0.46

(+0.61
−0.55

)
ggH 1J 60< pHT < 120 134 0.50+0.38−0.36

(+0.56
−0.52

)
ggH 1J 120< pHT < 200 24.0 2.50+1.28−1.06

(+1.03
−0.80

)
ggH⩾2J 0< mjj < 350, pHT < 60 33.7 0.00+0.81−0.00

(+1.65
−1.00

)
ggH⩾2J 0< mjj < 350, 60< pHT < 120 54.3 1.34+0.89−0.65

(+0.99
−0.78

)
ggH⩾2J 0< mjj < 350, 120< pHT < 200 25.4 0.97+0.97−0.67

(+1.11
−0.82

)
ggH VBF-topo 26.5 2.02+2.72−2.02

(+2.09
−1.01

)
ggH pHT > 200 17.0 0.41+0.53−0.36

(+1.05
−0.78

)
qqH other 75.6 0.00+1.63−0.00

(+2.59
−1.00

)
qqH 60< mjj < 120 (VH-topo) 14.6 1.29+1.95−1.29

(+2.05
−1.00

)
qqH 350< mjj < 700, p

Hjj
T < 25 10.7 0.32+2.77−0.32

(+2.59
−1.00

)
qqHmjj > 700, p

Hjj
T < 25 15.5 0.00+0.66−0.00

(+1.32
−0.90

)
qqH pHjjT > 25 9.21 3.03+5.67−3.03

(+4.66
−0.99

)
qqH pHT > 200 4.41 0.00+0.79−0.00

(+2.14
−1.00

)
VH lep pVT < 150 14.4 8.36+4.00−3.65

(+1.94
−1.00

)
VH lep pVT > 150 2.59 0.00+3.50−0.00

(+4.45
−1.00

)
ttH+ tH 16.0 0.16+1.00−0.16

(+1.41
−0.83

)
H→ µµ

ggH+ bbH+ ttH+ tH 10.7 0.69+0.66−0.73
(+0.69
−0.67

)
qqH+ VH 1.27 1.71+0.84−0.76

(+0.74
−0.65

)
(Continued.)
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Table 8. (Continued.)

H→ Zγ

ggH+ bbH+ ttH+ tH 77.6 3.67+1.37−1.22
(+1.14
−1.14

)
qqH+ VH 9.28 −2.39+3.04−2.82

(+3.18
−2.92

)
H→WW

ggH 0J 5670 0.86+0.12−0.14
(+0.14
−0.13

)
ggH 1J pHT < 60 1572 1.71+0.45−0.42

(+0.39
−0.36

)
ggH 1J pHT > 60 1284 0.32+0.25−0.26

(+0.30
−0.26

)
ggH⩾2J pHT < 200 1135 1.65+0.85−0.68

(+0.63
−0.54

)
ggH 200< pHT < 300 107 2.68+1.42−1.21

(+1.09
−0.94

)
ggH pHT > 300 31.2 −4.18+3.27−3.38

(+2.66
−2.41

)
qqH 350< mjj < 700 125 0.27+0.99−0.81

(+0.92
−0.85

)
qqHmjj > 700 162 0.68+0.35−0.31

(+0.35
−0.33

)
qqH pHT > 200 35.8 1.18+0.72−0.66

(+0.72
−0.63

)
qqH 60< mjj < 120 (VH-topo) 118 4.30+3.43−3.58

(+3.13
−3.13

)
WH lep pVT < 150 74.0 1.36+1.09−0.96

(+0.83
−0.80

)
WH lep pVT > 150 11.7 4.08+1.65−1.59

(+1.31
−1.22

)
ZH lep pVT < 150 43.0 2.67+1.05−0.82

(+0.79
−0.64

)
ZH lep pVT > 150 9.31 −0.38+1.29−0.64

(+1.08
−0.89

)
ttH+ tH 130 1.45+0.37−0.32

(+0.34
−0.31

)
H→ ττ

ggH 0J pHT < 10 416 −1.67+0.83−0.84
(+0.96
−0.93

)
ggH 0J pHT > 10 1182 −0.51+0.54−0.56

(+0.53
−0.52

)
ggH 1J pHT < 60 443 0.86+0.65−0.66

(+0.67
−0.64

)
ggH 1J 60< pHT < 120 307 1.87+0.59−0.51

(+0.53
−0.49

)
ggH 1J 120< pHT < 200 54.8 1.42+0.64−0.59

(+0.62
−0.56

)
ggH⩾2J pHT < 200 320 1.63+0.73−0.59

(+0.64
−0.55

)
ggH 200< pHT < 300 30.1 1.43+0.76−0.68

(+0.76
−0.65

)
ggH pHT > 300 8.79 1.91+0.99−0.80

(+0.89
−0.78

)
qqH other 206 −0.98+1.20−1.21

(+1.22
−1.18

)
qqH 350< mjj < 700 35.1 1.30+1.05−1.03

(+1.02
−1.01

)
qqHmjj > 700 45.7 1.27+0.32−0.32

(+0.31
−0.30

)
qqH pHT > 200 10.1 0.20+0.34−0.33

(+0.36
−0.34

)
WH lep pVT < 150 20.8 0.61+0.90−0.89

(+0.83
−0.79

)
WH lep pVT > 150 3.30 2.55+1.46−1.16

(+1.21
−1.11

)
ZH lep pVT < 150 12.1 1.76+0.89−0.76

(+0.78
−0.70

)
ZH lep pVT > 150 2.62 1.93+1.00−0.70

(+0.79
−0.62

)
ttH+ tH 36.5 0.38+0.41−0.40

(+0.49
−0.42

)
H→ bb

ggH 300< pHT < 450 71.5 −1.65+6.74−6.94
(+6.64
−6.45

)
ggH 450< pHT < 650 8.85 2.36+2.04−1.61

(+1.74
−1.60

)
ggH pHT > 650 1.24 2.64+3.26−2.67

(+2.90
−2.64

)
qqH 5760 1.54+0.66−0.57

(+0.49
−0.44

)
WH lep 150< pVT < 250 23.1 0.14+0.66−0.65

(+0.64
−0.63

)
WH lep pVT > 250 7.52 1.88+0.50−0.46

(+0.42
−0.40

)
ZH lep 75< pVT < 150 49.4 1.40+0.75−0.71

(+0.72
−0.69

)
ZH lep 150< pVT < 250, 0J 8.68 0.45+0.48−0.46

(+0.56
−0.51

)
ZH lep 150< pVT < 250,⩾ 1J 9.93 −0.50+1.09−1.09

(+1.05
−0.91

)
ZH lep pVT > 250 5.73 1.65+0.47−0.38

(+0.34
−0.31

)
ttH pHT < 60 65.2 0.52+1.82−1.74

(+2.21
−1.95

)
ttH 60< pHT < 120 101 0.43+1.26−1.41

(+1.33
−1.29

)
ttH 120< pHT < 200 74.5 1.00+0.98−0.81

(+0.91
−0.85

)
ttH 200< pHT < 300 31.2 0.38+0.87−0.92

(+0.93
−0.86

)
ttH pHT > 300 15.5 −1.37+1.20−1.04

(+1.17
−1.09

)
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Table 9. Normalization scaling factors for all relevant production cross sections, partial decay widths, and the total Higgs boson decay
width. For the κ parameters representing loop processes, the resolved scaling in terms of the fundamental SM couplings is also given.
Only the dominant terms in the resolved scaling factor functions are provided in the table. The contributions are calculated for
mH = 125.38GeV.

Effective

Loops Interference scaling factor Resolved scaling factor

Production

σ(ggH) ✓ b-t κ2g 1.04κ2t + 0.002κ
2
b− 0.038κtκb

σ(VBF) — — 0.73κ2W+ 0.27κ2Z
σ(WH) — — κ2W
σ(qq/qg→ ZH) — — κ2Z
σ(gg→ ZH) ✓ Z-t 2.46κ2Z+ 0.46κ

2
t − 1.90κZκt

σ(ttH) — — κ2t
σ(gb→ tHW) — W-t 2.91κ2t + 2.31κ

2
W− 4.22κtκW

σ(qb→ tHq) — W-t 2.63κ2t + 3.58κ
2
W− 5.21κtκW

σ(bbH) — — κ2b

Partial decay width

ΓZZ — — κ2Z
ΓWW — — κ2W
Γγγ ✓ W-t κ2γ 1.59κ2W+ 0.07κ2t − 0.67κWκt
ΓZγ ✓ W-t κ2Zγ 1.118κ2W+ 0.003κ2t − 0.124κWκt
Γττ — — κ2τ
Γbb — — κ2b
Γµµ — — κ2µ

Total width for BBSM = 0

0.58κ2b+ 0.22κ
2
W+ 0.08κ2g+

ΓH ✓ — κ2H +0.06κ2τ + 0.027κ2Z+ 0.029κ
2
c+

+0.0023κ2γ + 0.0016κ2Zγ+

+0.00025κ2s + 0.00022κ
2
µ

9.1. Constraints on coupling modifiers with resolved loops
Figure 13 shows the results of the resolved coupling modifier fit. In total, six coupling parameters are
probed: κW, κZ, κt, κb, κτ , and κµ, and no additional BSM decays of the Higgs boson are considered.
The interference terms that enter the ggH, ggZH, tHq, and tHW production scaling factors, and the
H→ γγ and H→ Zγ decay scaling factors, provide sensitivity to the relative signs of κW, κZ, κb, and
κt. As the fit is only sensitive to the relative signs, the value of κt is restricted to the positive domain
without loss of generality, while both positive and negative values of κW, κZ, and κb are allowed. The
measurements are not sensitive to the signs of κτ and κµ, and therefore these parameters are restricted
to be positive.

The left plot in figure 13 shows the best fit points with the corresponding 68% and 95% CL inter-
vals. The global minimum of the fit corresponds to the domain where all of the coupling modifiers are
positive. Nevertheless, as the H→ ZZ decay and ZH production depend only on the absolute value of
κZ, a secondary minimum around κZ =−1 is observed. The interference between diagrams in ggZH
production provides a term proportional to κZκt in the scaling function, and this helps break the degen-
eracy between the two signs. Given the ggZH contributions are small, the minimum around κZ =−1 is
not strongly disfavoured, and the 95% CL interval includes negative values of κZ. The sensitivity to the
relative sign of κb and κt enters through a weak interference term in the ggH production scaling func-
tion, and therefore negative values of κb are included in the 68% CL interval. Negative values of κW are
strongly disfavoured by the data, because of the interference term proportional to κWκt in the H→ γγ
decay.

The numerical values for the best fit points and 68% CL intervals for the resolved coupling modi-
fiers are provided in table 10. The total uncertainties are decomposed into their systematic and statistical
parts, and the corresponding expected 68% CL intervals are provided in parentheses. The vector boson
coupling modifiers, κW and κZ, are measured with 68% CL intervals of approximately ±6%. The cou-
pling modifiers for third generation fermions are equally well constrained with 68% CL intervals ranging
from ±6% for κt to ±12% for κb. The coupling modifier to muons is measured with a 68% CL interval
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Figure 13. The coupling modifiers of the Higgs boson to fermions and gauge bosons, in the resolved coupling modifier mea-
surement. In the upper plot, the thick (thin) black lines indicate the 68% (95%) CL intervals around the best fit points (empty
circles). For this model, both positive and negative values of κW, κZ, and κb are considered, while κt is restricted to the positive
domain without loss of generality, as indicated by the hatched box. In the lower plot, the measured coupling modifiers are shown
as functions of the fermion or gauge boson mass, where v is the vacuum expectation value of the Brout–Englert–Higgs field. In
this fit, all coupling modifiers are restricted to the positive domain. The 68% and 95% CL intervals are determined around the
minimum that contains the best fit point. The b quark mass is evaluated at a scale equal tomH. The uncertainties in the parti-
cle mass values are not shown in the figure. For gauge bosons, the square root of the coupling modifier is used to keep a linear
proportionality to the mass, as predicted by the SM.

of ±20%. These measurements show good compatibility with the SM hypothesis, with an overall p-value
of pSM = 0.12.

An additional fit is performed in which all κj are restricted to the positive domain. The right plot in
figure 13 shows the measured coupling modifiers from this fit as functions of the mass of the probed
particles. For the b quark, the running mass evaluated at a scale equal to mH = 125.38 GeV is used:
mb(mH) = 2.76 GeV. The observed agreement over three orders of magnitude of mass is a powerful test
of the validity of the SM.

35



Rep. Prog. Phys. 89 (2026) 087801 The CMS Collaboration

Table 10. Best fit values and 68% CL intervals for the Higgs boson coupling modifiers in the
resolved coupling configuration. The total 68% CL intervals are decomposed into their
statistical and systematic components. The expected intervals are given in parentheses. For κb
the 68% CL interval is not contiguous, and the quoted interval corresponds to the minimum
containing the best fit point. The 68% CL interval for this parameter also includes the range
−1.11< κb <−0.89 (−1.13< κb <−0.90) for the observed (expected) case.

Parameters Best fit Stat Syst

κW 1.05+0.06−0.05
+0.04
−0.04

+0.04
−0.04(

+0.06
−0.05

) (
+0.04
−0.04

) (
+0.04
−0.03

)
κZ 1.07+0.06−0.06

+0.04
−0.04

+0.04
−0.04(

+0.06
−0.06

) (
+0.04
−0.04

) (
+0.04
−0.04

)
κt 0.91+0.06−0.07

+0.04
−0.05

+0.04
−0.04(

+0.07
−0.08

) (
+0.04
−0.05

) (
+0.05
−0.06

)
κb 0.98+0.12−0.11

+0.08
−0.08

+0.09
−0.08(

+0.12
−0.12

) (
+0.08
−0.08

) (
+0.09
−0.08

)
κτ 0.90+0.08−0.07

+0.05
−0.04

+0.06
−0.05(

+0.08
−0.07

) (
+0.05
−0.05

) (
+0.07
−0.06

)
κµ 1.09+0.20−0.21

+0.18
−0.19

+0.08
−0.08(

+0.21
−0.23

) (
+0.19
−0.22

) (
+0.08
−0.08

)

9.2. Constraints on coupling modifiers with effective loops
In the effective coupling modifier configuration, ggH production scales according to κ2g, and the sensitiv-
ity to the relative sign of κb and κt is lost. Therefore, for the fits shown in this section, both positive and
negative values of κW and κZ are considered, while κt is restricted to the positive domain without loss of
generality. The other coupling modifiers, including κb, are restricted to be positive as the fit is not sen-
sitive to their signs. Results in which all κj are restricted to be positive are provided as supplementary
material [41].

Fits are performed with three different assumptions on the total Higgs boson decay width, and the
results from each of the three models are summarized in figure 14. The first model, shown in blue,
assumes no additional decays of the Higgs boson to BSM particles. The second model introduces Binv
and Bundet as additional parameters. However, a constraint requiring |κW| and |κZ| to be less than or
equal to one is imposed. This alleviates a complete degeneracy in the total Higgs boson decay width,
where each coupling modifier can be scaled up equally to account for a nonzero Bundet. The choice of
restricting κW and κZ is motivated by the fact that this condition is satisfied for a wide class of BSM
models, including those with an arbitrary number of Higgs doublets, with or without additional Higgs
singlets [23]. The results are shown in orange in figure 14, where the excluded parameter space is indi-
cated by the hatched boxes. In this fit, the Binv and Bundet parameters are constrained to be less than
13% and 21% at the 95% CL, respectively.

In the third model, the off-shell H→ ZZ→ 4ℓ analysis is introduced into the combination to con-
strain the total Higgs boson decay width directly from data. The fit is able to leverage the different scal-
ing behaviours of off-shell and on-shell Higgs boson production, such that the external constraint of
|κV|⩽ 1 can be alleviated. Crucially, the scaling behaviour for off-shell Higgs boson production is inde-
pendent of the total Higgs boson decay width.

To describe the scaling behaviour of off-shell ggH production, the κg parameter cannot be used
directly because of a dependence on the energy scale q2. Instead, an additional coupling modifier κQ
is introduced [87]. This modifier accounts for contributions resulting from the possible presence of an
additional heavy quark in the ggH loop. In the SM, its value is 0. Importantly, the κQ parameter is inde-
pendent of q2.
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The total binned probability density in the off-shell analysis region, r, is the sum of different contri-
butions, each with a different scaling behaviour as a function of the coupling modifiers,

Pr =κ4ZP
(VBF+VH)Z,sig
r +κ2Wκ

2
ZP

(VBF+VH)W,sig
r +κWκ

3
ZP

(VBF+VH)WZ,sig
r

+κ2ZP
(VBF+VH)Z,int
r +κWκZP

(VBF+VH)W,int
r +κ2tκ

2
ZP

(ggH)t,sig
r

+κ2Qκ
2
ZP

(ggH)Q,sig
r +κtκQκ

2
ZP

(ggH)tQ,sig
r

+κtκZP
(ggH)t,int
r +κQκZP

(ggH)Q,int
r

+
κ4ZΓ

H
SM

ΓH
Pcrossr +Pbkgr ,

(16)

where the notation P i
r = sir ρ

i
sig,r has been used to represent the normalized templates (cf equation (1)),

and all explicit dependence on the observables, POIs, and NPs has been dropped for simplicity. The
decay channel index f has also been dropped as all contributions are from the H→ ZZ→ 4ℓ decay.
The contributions are grouped into those that exhibit the same coupling modifier scaling behaviour.
The terms labelled ‘sig’, ‘int’, and ‘cross’ refer to the pure signal contributions, the contributions from
interference between the signal and background amplitudes, and the cross-feed component, respec-
tively. This last component concerns on-shell Higgs boson decays to 2ℓ+X, where X contains additional
leptons that can mimic off-shell H→ ZZ→ 4ℓ events. These cross-feed processes are dominated by
Z(ℓℓ)H(2ℓ+X), and are described in more detail in [35]. Terms that depend on κb are ignored, as their
contribution to the ggH loop is negligible at the value of q2 at which off-shell Higgs boson production

is probed. The final term represents the background contributions in analysis region r, Pbkgr = brρbkg,r,
which are independent of the coupling modifiers.

To facilitate comparisons with the previously described models, the following relation between κg
and κQ for on-shell ggH production at mH = 125.38GeV is used

κ2g =1.035κ
2
t + 0.002κ

2
b− 0.038κtκb

+ 0.979κ2Q+ 2.015κtκQ− 0.004κbκQ.
(17)

The terms in equation (17) are derived by considering the contribution of an additional heavy quark in
the ggH production loop. The calculations are performed at LO using the JHUGEN framework [87–91]
interfaced with MCFM [92], following the procedure described in [87]. A K factor is applied to align the
terms from the LO calculation to the corresponding terms in the ggH resolved scaling factor function in
table 9. The same K factor is applied to the κQ-dependent terms, as these contributions are expected to
receive similar higher-order corrections.

Equation (17) can be inverted to express κQ as a function of κg, κt, and κb. Substituting this expres-
sion into equation (16) allows the off-shell scaling functions to be rewritten in terms of κg, κt, and κb,
instead of κQ. This procedure ensures a coherent treatment of on-shell and off-shell ggH production,
and aligns the fitted POIs across all three effective coupling modifier models. However, equation (17) has
two solutions as a result of the presence of the κ2Q term. Among the two solutions, the positive branch
is chosen as it gives κQ = 0 in the SM limit (κg = κt = κb = 1), ensuring a physical off-shell scaling
behaviour.

The results from the model with the off-shell regions included are shown in purple in figure 14. It
should be noted that the external constraint on |κW| and |κZ| has been removed. The Binv and Bundet
parameters are constrained to be less than 13% and 25% at the 95% CL, respectively.

The best fit values and 68% CL intervals are provided for all three effective coupling modifier fits in
table 11. A notable feature of the fit that includes off-shell regions is the pronounced difference between
the observed and expected upper 68% CL intervals for the κ parameters. As discussed above, on-shell
signal contributions exhibit a degeneracy in the total Higgs boson decay width, where all coupling mod-
ifiers can be scaled up simultaneously to accommodate a nonzero Bundet. While the inclusion of off-shell
processes partially lifts this degeneracy, it still leads to larger expected upper 68% CL intervals compared
to the lower 68% CL intervals. However, the observed data more strongly disfavour nonzero values of
Bundet, resulting in a tighter observed constraint on this parameter. This, in turn, yields more symmet-
ric 68% intervals for the κ parameters, with significantly tighter upper bounds in the observed results
compared to the expected.

For the two models that do not include the off-shell analysis regions, shown in blue and orange in
figure 14, the best fit point for κW is negative. The test statistic q(κW) as a function of κW is shown for
all three models in the left plots of figure 15. While different combinations of signs for κW and κZ are
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Figure 14. The measured Higgs boson coupling modifiers in the effective coupling configuration. The best fit values, and 68%
and 95% CL intervals, are shown for each of the models considered. The results assuming no additional BSM contributions to
the Higgs boson total decay width are shown in blue. The results for the model that allows BSM contributions but places external
constraints on |κW| and |κZ| are shown in orange, with the constraints |κW|, |κZ| ⩽ 1 indicated by hatched boxes. The results
for the fit in which the off-shell analysis regions are included are shown in purple. In all three models, both positive and negative
values of κW and κZ are considered, while κt is restricted to the positive domain without loss of generality, as indicated by a
hatched box. The parameters Binv and Bundet, included in the latter two models, are defined to be nonnegative, which is likewise
indicated by a hatched box. The arrows shown for κZγ are used to indicate 68% CL intervals that extend beyond the plotted
range.

shown, the minimum value of q across all combinations (i.e. the envelope) is used to determine the best
fit point, as well as the 68% and 95% CL intervals. The preference for a negative value of κW is driven
by the observed excess in the tH production cross section, since the tH production scaling function
contains a negative interference term proportional to κWκt. In the effective coupling configuration, the
H→ γγ decay rate scales according to κ2γ , such that it has no dependence on κW. Therefore, the pre-
ferred negative value of κW will not result in an excess in the H→ γγ decay rate. The second model
(orange) also has a slight preference for negative values of κZ. The right plots in figure 15 show q(κt)
as a function of κt, demonstrating how the different combinations of signs for κW and κZ impact the
results for the other coupling modifiers. For example in the first model, the additional parabola from
the positive κW and κZ sign combination (blue) takes over the envelope at κt ≈ 0.9, enlarging the upper
95% CL interval for κt.
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For the third model, in which the off-shell H→ ZZ→ 4ℓ analysis is introduced into the combina-
tion, negative values of κW and κZ are excluded from the 95% CL interval. This is visible in the test
statistic curves shown in the lower plots of figure 15, where only the positive sign combination con-
tributes for q< 10. It can be seen from equation (16) that the scaling behaviour of certain off-shell con-
tributions is sensitive to the relative signs of the coupling modifiers. Therefore, by including the off-shell
H→ ZZ→ 4ℓ analysis regions in the combination, the fit is able to alleviate the degeneracy between
signs, favouring positive values of κW and κZ.

9.3. Constraints on coupling modifier ratios
This section presents measurements of coupling modifier ratios,

λij = κi/κj. (18)

The effective coupling modifier configuration for the treatment of the ggH, H→ γγ, and H→ Zγ loop
diagrams is used. A reference combined coupling modifier is defined that accounts for modifications to
the total event yield of a specific combination of production process and decay channel, thereby avoid-
ing the need for assumptions on the total Higgs boson decay width. In line with previous combinations,
the reference coupling modifier is chosen to be κgZ = κgκZ/κH, as a result of the precise measurement
of the ggH production process in the H→ ZZ decay channel. The remaining POIs are ratios of the cou-
pling modifiers. Both positive and negative values of λWZ and λtg are considered, while κgZ and λZg are
restricted to the positive domain without loss of generality. The measurements are not sensitive to the
signs of the other coupling modifier ratios, and therefore these parameters are restricted to be positive.
Neither the off-shell nor H→ inv input channels are included in this fit.

The best fit values along with the 68% and 95% CL intervals are presented in figure 16, and the
numerical values are provided in table 12. The best fit point for λWZ is negative. This mirrors the
favoured sign combination of negative κW and positive κZ observed in the effective coupling modifier
fit with no additional BSM decays (shown in blue in figure 14). The overall compatibility with the SM is
measured to be pSM = 0.11.

Additional models involving ratios of coupling modifiers are fit to test the symmetry of fermion cou-
plings. These models probe specific BSM scenarios that predict the existence of an extended Higgs sec-
tor (discussed in section 10). In such scenarios, the couplings to up-type and down-type fermions, or
to leptons and quarks, can be modified separately. Therefore, to probe such scenarios, separate cou-
pling modifiers for up-type (κu) and down-type (κd) fermions, or for quarks (κq) and leptons (κl,
where l= e,µ,τ ) are introduced. A generic LO coupling modifier for the Higgs boson coupling to vector
bosons κV, where V=W or Z, is also introduced for these models.

Figure 17 shows the results of a fit where the ratio of the couplings to up-type and down-type
fermions λdu = κd/κu is determined, along with the ratio λVu = κV/κu and κuu = κ2u/ΓH. Also shown
are the results of a fit where the ratio of the couplings to leptons and quarks λlq = κl/κq is determined,
along with the ratio λVq = κV/κq and κqq = κ2q/ΓH. In these fits, κuu and κqq are restricted to the pos-
itive domain without loss of generality, while both positive and negative values are considered for the
other parameters.

The numerical values of the best fit points, along with the 68% and 95% CL intervals, are provided
in table 13. The best fit points for both fits correspond to the domains where all parameters are positive.
Nevertheless, the measurements are not strongly sensitive to the relative signs of λdu and λlq, and nega-
tive values are included in the 68% CL intervals. The overall compatibilities with the SM are measured
to be pSM = 0.04 for both fits.

9.4. Constraints on the Higgs boson self-coupling
The Higgs boson production and decay rates can be used to constrain the Higgs boson self-coupling
through modifications of the production cross sections and decay widths from NLO EW corrections [93,
94]. This analysis follows the procedure used in the combination of single and double Higgs boson
production from the CMS Collaboration using LHC Run 2 data [95]. The combination detailed here
updates a number of the single Higgs boson input analyses with respect to [95], most notably the VH
(H→ bb) and t(t)H (H→ bb) channels. In addition, an overlap removal procedure was performed in
[95] to ensure that the single and double Higgs boson analyses were statistically independent. In par-
ticular, the analysis regions targeting the STXS stage 1.2 bins for ttH production in the H→ γγ decay
channel were replaced by the inclusive ttH analysis regions used in the combined ttH (H→ γγ) and
HH→ γγbb measurment [96]. No such overlap removal procedure is required here, as only single Higgs
boson production analyses are included in this combination.
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Table 11. Best fit values and 68% CL intervals for the Higgs boson coupling modifiers in the effective coupling configuration. The results are shown for each of the models considered. The total 68% CL intervals are decomposed
into their statistical and systematic components. The expected intervals are given in parentheses. The one-sided intervals represent physical boundaries in the POIs. For κZ in the second model, the 68% CL interval is not
contiguous, and the quoted interval corresponds to the minimum containing the best fit point. The observed 68% CL interval for this parameter also includes the range κZ > 0.98.

BBSM = 0 Binv,Bundet floating, |κV| ⩽ 1 Binv,Bundet floating, off-shell inc.

Parameters Best fit Stat Syst Best fit Stat Syst Best fit Stat Syst

κW −1.03+0.06−0.06
+0.04
−0.04

+0.05
−0.05 −1.00+0.06 +0.04 +0.04 1.03+0.07−0.06

+0.07
−0.04

+0.03
−0.04(

+0.06
−0.06

) (
+0.04
−0.04

) (
+0.04
−0.04

) (
−0.06

) (
−0.04

) (
−0.04

) (
+0.19
−0.06

) (
+0.16
−0.04

) (
+0.08
−0.04

)
κZ 1.06+0.06−0.06

+0.04
−0.04

+0.04
−0.04 −0.99+0.06−0.01

+0.04
−0.01

+0.04
−0.00 1.09+0.07−0.06

+0.07
−0.04

+0.03
−0.04(

+0.06
−0.06

) (
+0.04
−0.04

) (
+0.04
−0.04

) (
−0.06

) (
−0.03

) (
−0.05

) (
+0.18
−0.06

) (
+0.16
−0.04

) (
+0.08
−0.04

)
κt 0.80+0.09−0.09

+0.06
−0.06

+0.06
−0.06 0.81+0.10−0.09

+0.08
−0.07

+0.06
−0.06 0.92+0.09−0.08

+0.07
−0.06

+0.05
−0.05(

+0.10
−0.09

) (
+0.06
−0.06

) (
+0.08
−0.07

) (
+0.12
−0.08

) (
+0.07
−0.06

) (
+0.09
−0.05

) (
+0.20
−0.09

) (
+0.17
−0.06

) (
+0.10
−0.07

)
κb 1.06+0.14−0.14

+0.09
−0.10

+0.10
−0.09 0.95+0.09−0.12

+0.07
−0.08

+0.06
−0.09 0.96+0.12−0.12

+0.09
−0.08

+0.08
−0.08(

+0.13
−0.12

) (
+0.09
−0.09

) (
+0.09
−0.08

) (
+0.11
−0.11

) (
+0.09
−0.07

) (
+0.06
−0.09

) (
+0.21
−0.12

) (
+0.18
−0.09

) (
+0.11
−0.08

)
κτ 0.93+0.08−0.07

+0.05
−0.05

+0.06
−0.06 0.91+0.07−0.07

+0.04
−0.05

+0.05
−0.06 0.91+0.08−0.07

+0.06
−0.05

+0.05
−0.05(

+0.08
−0.07

) (
+0.05
−0.05

) (
+0.06
−0.06

) (
+0.07
−0.08

) (
+0.04
−0.04

) (
+0.06
−0.06

) (
+0.20
−0.08

) (
+0.17
−0.05

) (
+0.10
−0.06

)
κµ 1.11+0.21−0.22

+0.18
−0.20

+0.09
−0.08 1.09+0.19−0.22

+0.17
−0.20

+0.07
−0.08 1.09+0.20−0.21

+0.18
−0.20

+0.09
−0.08(

+0.21
−0.24

) (
+0.19
−0.22

) (
+0.08
−0.08

) (
+0.20
−0.24

) (
+0.18
−0.22

) (
+0.09
−0.10

) (
+0.30
−0.24

) (
+0.28
−0.22

) (
+0.13
−0.08

)
κg 0.97+0.07−0.07

+0.04
−0.05

+0.06
−0.05 0.99+0.07−0.09

+0.05
−0.06

+0.05
−0.06 0.92+0.07−0.06

+0.06
−0.04

+0.05
−0.05(

+0.07
−0.07

) (
+0.05
−0.05

) (
+0.06
−0.05

) (
+0.08
−0.07

) (
+0.04
−0.05

) (
+0.07
−0.05

) (
+0.19
−0.07

) (
+0.17
−0.05

) (
+0.09
−0.05

)
κγ 1.07+0.07−0.07

+0.05
−0.05

+0.05
−0.04 1.02+0.07−0.06

+0.06
−0.05

+0.04
−0.04 1.11+0.08−0.07

+0.07
−0.05

+0.04
−0.04(

+0.06
−0.06

) (
+0.05
−0.05

) (
+0.04
−0.04

) (
+0.05
−0.06

) (
+0.04
−0.05

) (
+0.03
−0.03

) (
+0.19
−0.06

) (
+0.17
−0.05

) (
+0.09
−0.04

)
κZγ 1.62+0.33−0.34

+0.30
−0.33

+0.13
−0.09 1.57+0.30−0.34

+0.28
−0.31

+0.11
−0.13 1.62+0.33−0.34

+0.31
−0.33

+0.11
−0.09(

+0.37
−0.58

) (
+0.36
−0.57

) (
+0.09
−0.09

) (
+0.42
−0.58

) (
+0.41
−0.57

) (
+0.11
−0.11

) (
+0.45
−0.60

) (
+0.44
−0.59

) (
+0.13
−0.08

)
Binv — 0.07+0.04−0.06

+0.02
−0.04

+0.03
−0.05 0.05+0.04−0.04

+0.02
−0.02

+0.03
−0.03

—
(
+0.04

) (
+0.02

) (
+0.04

) (
+0.04

) (
+0.02

) (
+0.04

)
Bundet — 0.00+0.11 +0.07 +0.07 0.00+0.11 +0.10 +0.02

—
(
+0.10

) (
+0.06

) (
+0.08

) (
+0.29

) (
+0.26

) (
+0.12

)
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Figure 15. Scans of the test statistic q as a function of κW (left) and κt (right) for the three effective coupling modifier models.
The upper row shows the model that assumes no additional BSM contributions to the Higgs boson total decay width. The mid-
dle row shows the model that introduces BSM contributions, but places an external constraint on |κW| and |κZ|, and the lower
row shows the model in which the off-shell H→ ZZ→ 4ℓ analysis regions are included. The different coloured lines indicate the
value of q for different combinations of signs for κW and κZ. The solid black line shows the minimum value of q across all com-
binations of signs, which is used to determine the best fit point and the 68% and 95% CL intervals. The scan in the middle left
plot is truncated because of the external constraint of |κW| ⩽ 1, which is indicated by the hatched boxes. The plots in the lower
row are shown on a different y-axis scale to emphasize the exclusion of the sign combinations that include negative values of κW
and κZ.

The coupling modifier of the trilinear Higgs boson self-coupling with respect to the SM predic-
tion is defined as κλ = λ3/λ

SM
3 . Deviations from the SM Higgs boson production and decay rates are

parametrized using a three-parameter model: κλ, κF, and κV. Here, κF and κV are the LO coupling
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Figure 16. The measured parameters in the ratios of coupling modifiers fit. The thick (thin) black lines indicate the 68% (95%)
CL intervals, around the best fit points (empty circles). For this model, both positive and negative values of λWZ and λtg are
considered, while κgZ and λZg are restricted to the positive domain without loss of generality, as indicated by the hatched box.

Table 12. Best fit values and 68% CL intervals for the coupling modifier ratios. The total 68% CL
intervals are decomposed into their statistical and systematic components. The expected intervals are
given in parentheses.

Parameters Best fit Stat Syst

κgZ 1.00+0.05−0.05
+0.04
−0.04

+0.04
−0.03(

+0.05
−0.05

) (
+0.04
−0.04

) (
+0.04
−0.03

)
λZg 1.10+0.09−0.08

+0.07
−0.06

+0.07
−0.06(

+0.09
−0.08

) (
+0.06
−0.06

) (
+0.06
−0.06

)
λtg 0.83+0.09−0.09

+0.07
−0.07

+0.07
−0.06(

+0.10
−0.10

) (
+0.07
−0.07

) (
+0.08
−0.07

)
λWZ −0.97+0.06−0.05

+0.04
−0.04

+0.04
−0.04(

+0.06
−0.06

) (
+0.04
−0.04

) (
+0.04
−0.04

)
λγZ 1.01+0.06−0.06

+0.05
−0.05

+0.03
−0.03(

+0.06
−0.06

) (
+0.05
−0.05

) (
+0.03
−0.03

)
λZγZ 1.53+0.31−0.33

+0.27
−0.32

+0.15
−0.09(

+0.37
−0.61

) (
+0.35
−0.60

) (
+0.11
−0.09

)
λbZ 0.99+0.11−0.10

+0.08
−0.08

+0.07
−0.07(

+0.11
−0.10

) (
+0.08
−0.08

) (
+0.07
−0.07

)
λτZ 0.88+0.07−0.07

+0.05
−0.04

+0.05
−0.05(

+0.08
−0.08

) (
+0.05
−0.05

) (
+0.06
−0.06

)
λµZ 1.04+0.19−0.21

+0.18
−0.19

+0.06
−0.08(

+0.21
−0.23

) (
+0.19
−0.22

) (
+0.08
−0.09

)

modifiers for the Higgs boson coupling to fermions and vector bosons, respectively. In the following,
both κF and κV are restricted to the positive domain.

The NLO EW corrections from κλ are dependent on the kinematic properties of H production. The
variations of the production cross sections as a function of κλ have been derived at the granularity of
the STXS stage 1.2 binning scheme [97]. This parametrization is applied to the input channels that split
the signal contributions into the STXS bins. Inclusive scaling functions are used for all other channels.

The test statistic as a function of κλ is shown in figure 18. The blue lines show the results when the
other two coupling modifiers are fixed to their SM values, κF = κV = 1. The measurement is performed
in the region κλ ∈ [−15,20], beyond which the model used here is no longer valid as NNLO effects
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Figure 17. The measured parameters in the fits probing the symmetry of fermion couplings. The left plot shows the results for
the model that probes the ratio of couplings to up-type and down-type fermions. In this fit, both positive and negative values
of λdu and λVu are considered. The right plot shows the results for the model that probes the ratio of couplings to leptons and
quarks, where both positive and negative values of λlq and λVq are considered. In both plots, the thick (thin) black lines indicate
the 68% (95%) CL intervals, around the best fit points (empty circles). The hatched boxes indicate parameters that are restricted
to the positive domain.

Table 13. Best fit values and 68% CL intervals for the three parameter models that probe the
symmetry of fermion couplings. The total 68% CL intervals are decomposed into their
statistical and systematic components. The expected intervals are given in parentheses. For
λdu and λlq the 68% CL intervals are not contiguous, and the quoted intervals correspond to
the minima containing the best fit points. The 68% CL intervals also include the ranges
−1.11< λdu <−0.99 and−1.04< λlq <−0.91 (−1.09< λdu <−0.97 and
−1.07< λlq <−0.93) for the observed (expected) case.

Parameters Best fit Stat Syst

κuu 0.85+0.08−0.11
+0.05
−0.09

+0.06
−0.06(

+0.09
−0.13

) (
+0.06
−0.10

) (
+0.07
−0.08

)
λdu 1.02+0.07−0.06

+0.05
−0.04

+0.05
−0.05(

+0.07
−0.06

) (
+0.05
−0.04

) (
+0.05
−0.04

)
λVu 1.15+0.10−0.06

+0.08
−0.05

+0.06
−0.04(

+0.09
−0.06

) (
+0.07
−0.04

) (
+0.06
−0.04

)
κqq 0.88+0.07−0.06

+0.04
−0.05

+0.05
−0.04(

+0.08
−0.08

) (
+0.05
−0.05

) (
+0.06
−0.06

)
λlq 0.97+0.07−0.06

+0.05
−0.05

+0.04
−0.05(

+0.07
−0.07

) (
+0.05
−0.04

) (
+0.05
−0.05

)
λVq 1.12+0.06−0.06

+0.05
−0.04

+0.04
−0.04(

+0.06
−0.05

) (
+0.05
−0.04

) (
+0.04
−0.04

)

become important. In this scenario, the measured value is κλ = 2.1+4.0−3.2. Compared to the result for sin-
gle Higgs boson production in [95], which measured κλ = 5.8+3.5−4.2, the constraint is slightly improved.
This improvement is a result of the updated input analyses, along with the fact that no overlap removal
procedure with di-Higgs analyses has been performed here. The shift in the best fit value relative to [95]
is largely driven by the updated VH (H→ bb) inputs, as well as the different analysis regions used to
target ttH production in the H→ γγ decay channel. This shift is within the observed 68% CL interval.

The assumptions on the tree-level couplings can be relaxed by allowing κF, κV, or both to vary in
addition to the Higgs boson self-coupling. Figure 19 shows the test statistic as a function of κλ-vs-κF,
and κλ-vs-κV, where the other tree-level coupling modifier is fixed to 1. The orange lines in figure 18
show the test statistic as a function of κλ, when both κF and κV are profiled. In this scenario, the mea-
sured value is κλ = 0.1+6.3−6.0. It is not possible to extract a 95% CL interval within the range of validity
of the model. Nevertheless, it is encouraging that the available data can simultaneously constrain κF, κV,
and κλ, using only analyses that measure single Higgs boson production.

The numerical values of the best fit points, along with the 68% and 95% CL intervals, are provided
in Table 14 for the different assumptions on the values of κF and κV. The pSM values are also provided
for each assumption, giving a measure of the compatibility with the SM hypothesis.
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Table 14. Best fit values, 68% CL, and 95% CL intervals for κλ, with different assumptions
on the values of κF and κV. The expected intervals are given in parentheses. The pSM values,
which represent the compatibility with the SM hypothesis, are also provided. A 95% CL
interval for the fit in which κF and κV are floating cannot be extracted within the range of
validity for this model.

Assumption Best fit κλ 95% CL interval pSM

κF = κV = 1 2.1+4.0−3.2 [−3.3,9.6] 0.74(
+6.6
−3.3

) (
[−4.6,11.6]

)
κV = 1, κF floating 2.5+3.5−3.0 [−2.7,9.3] 0.31(

+6.7
−3.4

) (
[−4.7,11.6]

)
κF = 1, κV floating −2.2+6.6−3.5 [−8.5,15.7] 0.19(

+6.7
−4.4

) (
[−6.5,13.3]

)
κF, κV floating 0.1+6.3−6.0 — 0.30(

+6.9
−6.0

)
—

Figure 18. Profile likelihood ratio scans as functions of κλ for the observed data (solid lines). The expected results assuming an
SM Higgs boson derived using an Asimov data set with κλ = 1 are shown by the dashed lines. The blue lines represent the case
where κF and κV are fixed to 1. The orange lines represent the case where κF and κV are profiled.

10. Interpretation of measurements using benchmark two-Higgs-doublet models

The models described in section 9.3, which test the symmetry of the Higgs boson couplings to fermions,
can also be interpreted in the context of UV-complete extensions of the SM that contain a second Higgs
doublet (two-Higgs-doublet models, 2HDMs) [98–100]. Here, the term UV-complete refers to models
that remain valid up to arbitrarily high energy scales. In a 2HDM, the SM Higgs sector—which contains
one doublet of complex scalar fields Φ1—is extended by the addition of a second complex scalar doublet
Φ2. Electroweak symmetry breaking yields five physical scalar Higgs fields: two neutral CP-even (h and
H), one neutral CP-odd (A), and two charged scalars (H±).

Only 2HDMs with CP conservation are considered. In addition, the models require a (softly bro-
ken) Z2 discrete symmetry to prevent tree-level flavour changing neutral currents [101, 102], which are
strongly constrained experimentally. Four 2HDM types are possible under these conditions, referred to
as the Type-I, Type-II, Lepton-specific, and Flipped scenarios, which differ in the way the two Higgs
doublets couple to fermions:

• Type I: all fermions couple to just one of the Higgs doublets (Φ2 by convention).
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Figure 19. Profile likelihood ratio scans as a function of κλ and κF (upper) and as a function of κλ and κV (lower). The blue
colour scale shows the value of q at each point in the scan. The black marker, and solid and dashed lines, show the best fit point,
and the 68% and 95% CL contours, respectively. The red marker corresponds to the SM prediction.

• Type II: up-type quarks couple to Φ2, while down-type quarks and right-handed leptons couple to
Φ1.

• Lepton-specific: quarks couple to Φ2, and the right-handed leptons couple to Φ1.

• Flipped: up-type quarks and right-handed leptons couple to Φ2, while the down-type quarks couple
to Φ1.

Each of the 2HDM scenarios contains seven free parameters. These are the four Higgs boson masses
(mh, mH, mA, and mH±); the mixing angles α and β, where α diagonalizes the mass-squared matrix of
the neutral scalars, and β diagonalizes the mass-squared matrix of the charged scalars and pseudoscalars;
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and the soft Z2 symmetry breaking parameter m212. The vacuum expectation values of the two Higgs
doublets, v1 and v2, are related by tanβ = v2/v1. Under the additional assumption that the observed
Higgs boson with a mass of 125.38 GeV is the lightest CP-even scalar h, the predicted rates for its pro-
duction and decay are, at LO, only sensitive to the free parameters α and β. These two parameters are
substituted by cos(β−α) and tanβ, without loss of generality.

The 2HDM interpretations in this section are derived in the decoupling limit [99], where the
observed Higgs boson is much lighter than the scale Λ2HDM associated with the heavier scalar states: mH,
mA, mH± ∼ Λ2HDM ≫mh. The decoupling limit implies the alignment limit, cos(β−α)≪ 1, such that
the couplings of the lightest CP-even scalar h approach those of the SM Higgs boson. Table 15 shows
the LO coupling modifiers to vector bosons, quarks, and leptons, in the vicinity of the alignment limit,
for each of the 2HDM scenarios considered. In all scenarios, the coupling of the Higgs boson to vector
bosons is modified by a factor sin(β−α), while the couplings to fermions depend on the scenario.

An additional interpretation is provided in the context of the minimal supersymmetric extension
of the SM (MSSM) [103–106]. In the MSSM, the Higgs sector is a 2HDM of Type II. The additional
constraints that arise from the nontrivial fermion-boson symmetry in the supersymmetric theory fix all
mass relations between the Higgs bosons and the angle α at tree level. This leaves only two free parame-
ters, usually chosen to be mA and tanβ, to fully constrain the MSSM Higgs sector.

The specific benchmark scenario considered here is the hMSSM [107, 108]. As with the generic
2HDM scenarios, the observed Higgs boson is identified with the lightest CP-even scalar h. Its mass
is set equal to the experimentally measured value of 125.38 GeV, which fixes the values of the dom-
inant radiative corrections to the CP-even Higgs boson mass matrix. As a result, the couplings of the
Higgs boson to other particles can be expressed in terms of only mA and tanβ [109], following the rela-
tions given in table 15. These are completed by the definitions of su and sd in equations (19) and (20),
respectively,

su =
1√

1+
(m2A+m2Z)

2
tan2 β

(m2Z+m2A tan
2 β−m2H(1+tan

2 β))
2

(19)

sd = su

(
m2A +m2Z

)
tanβ

m2Z+m2A tan
2β−m2H (1+ tan

2β)
. (20)

Although many other MSSM benchmark scenarios have been defined [110, 111], the lack of analytic
expressions for the Higgs boson couplings renders these models technically more challenging to consider,
and they are beyond the scope of this paper.

To set constraints on the UV-complete model parameters, the test statistic must be evaluated over a
grid of points in the relevant parameter space. The relations between the Higgs boson couplings and the
2HDM and hMSSM parameters result in complicated likelihood surfaces with flat directions and mul-
tiple minima, which make it difficult to perform a direct fit of the model parameters. Instead, three-
dimensional likelihood scans are performed using the coupling modifier ratio parametrizations that
probe the symmetry of fermion couplings, described at the end of section 9.3 (with suitable modifi-
cations to the lepton coupling modifiers to describe the Flipped 2HDM scenario). The resulting three-
dimensional likelihood surfaces are subsequently projected onto the 2D planes of cos(β−α) and tanβ
for the 2HDM scenarios, or mA and tanβ for the hMSSM scenario, following the procedure described
below.

A test statistic is defined over the three-dimensional grid of points, for example in the parametriza-
tion involving λdu, λVu, and κuu,

q(λdu,λVu,κuu) =−2 ln L(λdu,λVu,κuu)

L
(
λ̂du, λ̂Vu, κ̂uu

) , (21)

where λ̂du, λ̂Vu, and κ̂uu are the values of the POIs that maximize the likelihood, and the explicit depen-
dence on the NPs has been dropped for simplicity. An interpolation procedure is used to obtain a con-
tinuous test statistic function over the three-dimensional space. Using the relations in table 15, the
parameters can be expressed as functions of cos(β−α) and tanβ. For example, in the Type-II 2HDM
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Table 15.Modifications to the couplings of the Higgs boson to vector bosons, up-type quarks, down-type quarks, and charged leptons,
in the 2HDM and hMSSM scenarios. The modifications act as multiplicative factors to the SM expectations. The expressions for su and
sd, which enter the hMSSM terms, are given in equations (19) and (20), respectively.

Coupling

2HDM

hMSSMType I Type II Lepton-specific Flipped

W, Z sin(β−α) sin(β−α) sin(β−α) sin(β−α) sd+su tanβ√
1+tan2 β

u, c, t cosα/ sinβ cosα/ sinβ cosα/ sinβ cosα/ sinβ su

√
1+tan2 β

tanβ

d, s, b cosα/ sinβ − sinα/cosβ cosα/ sinβ − sinα/cosβ sd
√
1+ tan2 β

e, µ, τ cosα/ sinβ − sinα/cosβ − sinα/cosβ cosα/ sinβ sd
√
1+ tan2 β

scenario,

λdu =
κd (α,β)

κu (α,β)
=

− sinα/cosβ
cosα/ sinβ

=

√
1− cos2 (β−α)− cos(β−α) tanβ√
1− cos2 (β−α)+ cos(β−α)/ tanβ

. (22)

These mapping functions (provided as supplementary material [41]) are then used to obtain the value
of q as a function of cos(β−α) and tanβ, or mA and tanβ, for the 2HDM and hMSSM scenarios,
respectively.

A second quantity q ′ is defined as,

q ′ =−2 ln
L
(
λ̂du, λ̂Vu, κ̂uu

)
Lmax

, (23)

where Lmax is the maximum likelihood value attained in the planes of cos(β−α) and tanβ, or mA

and tanβ. The allowed regions of parameter space are determined as the points in the plane for which
the difference between q and q ′ (∆q) is less than 5.99. This value corresponds to the 95% CL region,
assuming ∆q follows a χ2 distribution with two degrees of freedom. The procedure is repeated using the
model with the parameters λlq, λVq, and κqq to determine the allowed regions for the Lepton-specific
2HDM scenario.

Figure 20 shows the observed and expected 95% CL exclusion regions for the different 2HDM sce-
narios. The red lines at cos(β−α) = 0 indicate the alignment limit, where the Higgs boson couplings
coincide with the SM predictions. In the Type-I 2HDM scenario, the observed 95% CL region has an
asymmetric shape that favours negative values of cos(β−α), excluding points along the alignment limit
for large values of tanβ. This behaviour is consistent with the observed values of λVu and κuu, which lie
about two standard deviations above and below their SM expectations, respectively (shown in figure 17).
In the Type-II, Lepton-specific, and Flipped 2HDM scenarios, the lobe-like structures appearing in the
upper-right corner of the plots arise from negative values of λdu and λlq, which remain allowed within
the 95% CL regions with the current sensitivity. The constraints for the hMSSM scenario are also shown
in figure 20. At low values of tanβ, the observed exclusion region exhibits a point of inflection rela-
tive to the expected. This feature is again consistent with the observed value of κuu lying below the SM
expectation.

The allowed parameter spaces in the 2HDM and hMSSM scenarios have been significantly reduced
compared with the previous result from the CMS Collaboration using data collected in 2016 only [31].
These constraints are complementary to those obtained from direct searches for additional Higgs bosons
at the LHC, for example in [112–114]. A comparison of the hMSSM constraints to those from direct
searches is provided as supplementary material [41], showing that the indirect constraints from the com-
bination provide unique sensitivity in the intermediate tanβ region (2< tanβ < 7).

11. Interpretation of measurements using SMEFT

A consistent framework for introducing perturbations to the SM Lagrangian arising from the presence
of new particles at an energy scale Λ is provided by SMEFT [24]. The scale Λ is assumed to be much
higher than the EW scale, Λ≫ v. The perturbations are represented by higher-dimensional operators,
which encapsulate the effects of short-distance BSM physics through contact interactions between SM
fields.
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Figure 20. Constraints in the tanβ vs cos(β−α) plane for the Type-I, Type-II, lepton-specific, and Flipped 2HDM scenarios,
and constraints in the tanβ vs.mA plane for the hMSSM scenario. The grey regions, bounded by the solid black lines, represent
the regions of parameter space that are excluded at the 95% CL, given the data observed. The dashed black lines indicate the
expected boundaries of the 95% CL exclusion regions, for an SM Higgs boson. The dashed red lines in the 2HDM plots indicate
the alignment limit, cos(β−α) = 0, where the Higgs boson couplings coincide with the SM predictions.

In contrast to the results presented in section 10, a key feature of SMEFT is that it does not rely on
the realization of any specific BSM scenario. Instead, it serves as a model-agnostic framework to indi-
rectly probe BSM physics by examining deviations in SM processes. Under the assumption that the BSM
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particles are too heavy to be produced on-shell at the LHC, and that there are no additional light parti-
cles, the SM Lagrangian can be expanded in powers of 1/Λ as

LSMEFT = LSM+
N∑
d

∑
j∈O(d)

c(d)j

Λd−4O
(d)
j , (24)

where O(d)
j are operators of mass dimension d⩾ 5, and c(d)j are Wilson coefficients (WCs) control-

ling the size of the effect of each SMEFT operator. Under the SM expectation, the WC values are zero,
whereas values significantly different from zero would indicate BSM contributions in the interaction
described by the corresponding operator.

Only the effects of dimension-6 operators are considered in this interpretation. Operators with odd
dimension d are not considered as they violate lepton number or baryon-minus-lepton number conser-
vation, and higher even-dimension terms are suppressed by factors of 1/Λ4 or more. After demanding
that the operators maintain the gauge symmetries conserved by the SM (SU(3)c × SU(2)L ×U(1)Y), there
are 2499 dimension-6 operators that together form an independent basis. The Warsaw basis implemen-
tation [115] is used to align with many other EFT constraints that have been set based on data from
high-energy physics experiments.

With the current amount of data collected by the CMS experiment, it is not possible to constrain
such a large number of operators simultaneously. However, the number of independent operators can
be reduced significantly by imposing a flavour symmetry. In this interpretation, the topU3l symmetry
of [116] is used. This symmetry introduces a set of operators for the heavy quarks (t and b) separate
from the light quarks (u, d, c, and s), and has a common set of operators for all lepton flavours. This
reduces the basis to 182 operators. In addition, the kinematic variables on which the STXS measure-
ments are based cannot distinguish between CP-conserving and CP-violating effects. As a result, only the
CP-conserving variants of the operators are considered, which leaves a total of 129 operators.

The Higgs boson combination detailed in this paper is sensitive to 43 of the 129 operators that sat-
isfy the above constraints. Maximum likelihood fits are performed to extract constraints on the corre-
sponding 43 WCs, which are listed in table 16. A value of Λ = 1TeV is adopted for all results in this
paper. The results for an alternative scale Λ = X can be obtained by scaling the numerical values by a
factor (X/1TeV)2.

11.1. Derivation of the SMEFT parametrization
The Higgs boson production cross sections and branching fractions are parametrized as functions of the
SMEFT WCs. These scaling functions enter equation (5) as signal strength modifiers µif(⃗c). The cross
section scaling functions are derived at the granularity of the STXS stage 1.2 binning scheme. This facil-
itates tighter constraints on the WCs due to modifications of the kinematic properties of Higgs boson
production. The VH (H→ bb) and t(t)H (H→ bb) input analyses include an additional kinematic split-
ting of the signal contributions in the likelihood, at pVT = 400GeV for the VH leptonic production pro-
cesses, and at pVT = 450GeV for the ttH process. The SMEFT parametrization is derived for these finer
binned kinematic regions, and applied to the VH (H→ bb) and t(t)H (H→ bb) inputs. Inclusive pro-
duction process scaling functions are used for analysis regions that do not split the signal into the STXS
stage 1.2 bins, namely VBF (H→ bb), H→ µµ, and H→ Zγ → ℓℓγ. In this interpretation, SMEFT
modifications are not considered for background processes. This assumption follows the fact that the
input analyses generally have small background contributions, or the background rates are estimated
directly from data in dedicated CRs.

Analytic calculations of the SMEFT contributions at NLO EW accuracy are used for the
H→ γγ [117] and H→ Zγ [118] decay rates. The SMEFT contributions for all other production
and decay processes are derived numerically using two universal FeynRules output (UFO) models in
MADGRAPH5_aMC@NLO [66]. Loop-level contributions are calculated for the ggH, ggZH, and H→ gg
processes using SMEFT@NLO [119], where H→ gg refers to the Higgs boson decay to a pair of glu-
ons. Tree-level contributions are calculated for all remaining processes with SMEFTSIM 3.0 [116]. The
topU3l flavour symmetry is used with the (GF,mZ,mW) input parameter scheme, where GF = 1.16638×
10−5GeV−2 is the Fermi constant, and mZ = 91.1876GeV and mW = 80.379GeV are the Z and W boson
masses, respectively [120]. The parametrization is computed for a Higgs boson mass of 125.0 GeV. While
this differs from the mH value of 125.38 GeV used in the extraction of the results, the impact on the
derived parametrization is negligible. The PDFs are taken from the NNPDF 3.1 set [72], where the 4FS
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Table 16. A list of the 43 WCs, cj, considered in the SMEFT interpretation, and the
corresponding dimension-6 operatorsOj. The coefficients are grouped into terms of a similar
structure in the SM Lagrangian expansion. The operators follow the same notation as [116],
where (q,u,d) denote the quark fields of the first two generations, (Q, t,b) quark fields of the
third generation, and (ℓ, e,ν) lepton fields of all three generations. The Higgs doublet is
represented by H, a covariant derivative by D, and a vector boson field by X= G,W,B.
Fermion fields are represented by ψ, with L (R) indicating left-handed (right-handed)
fermion fields. The d’Alembertian operator is denoted by□.

Group WC Operator

X3 cW ϵijkWiν
µWjρ

ν W
kµ
ρ

cG f abcG aν
µ G bρ

ν G cµ
ρ

H 4D2 cH□ (H †H)□(H †H)

cHD (DµH †H)(H †DµH)

X2H 2 cHG H †HG a
µνG

a,µν

cHW H †HWi
µνW

i,µν

cHB H †HBµνBµν

cHWB H †HWi
µνB

µν

ψ2H 3 Re(ceH) (H †H)(̄leH)

Re(cbH) (H †H)(Q̄H̃t)

Re(ctH) (H †H)(Q̄Hb)

ψ2XH Re(ctG) (Q̄σµνT at)H̃G a
µν

Re(ctW) (Q̄σµν t)σiH̃Wi
µν

Re(ctb) (Q̄σµν t)H̃Bµν

Re(cbG) (Q̄σµνT ab)HG a
µν

Re(cbW) (Q̄σµνb)σiHWi
µν

ψ2H2D c
(1)
Hl (H †i

←→
D µH)(̄lγµl)

c
(3)
Hl (H †i

←→
D i

µH)(̄lσ
iγµl)

c
(1)
Hq (H †i

←→
D µH)(q̄γµq)

c
(3)
Hq (H †i

←→
D i

µH)(q̄σ
iγµq)

c
(1)
HQ (H †i

←→
D µH)(Q̄γµQ)

c
(3)
HQ (H †i

←→
D i

µH)(Q̄σ
iγµQ)

cHe (H †i
←→
D µH)(̄eγµe)

cHu (H †i
←→
D µH)(ūγµu)

cHd (H †i
←→
D µH)(d̄γµd)

Re(cHtb) i(H †DµH)(̄tγµb)

cHt (H †i
←→
D µH)(̄tγµt)

cHb (H †i
←→
D µH)(b̄γµb)

(L̄L)(L̄L) c
(1)
ll (̄lγµl)(̄lγµl)

c
(11)
Qq (Q̄γµQ)(q̄γµq)

c
(18)
Qq (Q̄T aγµQ)(q̄T aγµq)

c
(31)
Qq (Q̄σiγµQ)(q̄σiγµq)

c
(38)
Qq (Q̄σiT aγµQ)(q̄σiT aγµq)

(R̄R)(R̄R) c
(1)
tu (̄tγµt)(ūγµu)

c
(8)
tu (̄tT aγµt)(ūT aγµu)

c
(1)
td (̄tγµt)(d̄γµd)

c
(8)
td (̄tT aγµt)(d̄T aγµd)

(L̄L)(R̄R) c
(1)
qt (q̄γµq)(̄tγµt)

c
(8)
qt (q̄T aγµq)(̄tT aγµt)

c
(1)
Qu (Q̄γµQ)(ūγµu)

c
(8)
Qu (Q̄T aγµQ)(ūT aγµu)

c
(1)
Qd (Q̄γµQ)(d̄γµd)

c
(8)
Qd (Q̄T aγµQ)(d̄T aγµd)
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is used for the bbH and tHq production processes, and the 5FS for all other processes. All fermions are
assumed to be massless when deriving the cross section scaling functions, except t and b in the 4FS, or
t in the 5FS. For the decay parametrization, all fermions are taken to be massive. The light quark (u, d,
s) and lepton masses are taken from [121]. Heavy quark masses (t, b, c) are aligned with the values in
[120], where the masses of the c and b quarks are run up to the Higgs boson mass scale.

The SMEFT contributions do not only modify interaction vertices, but also affect the masses and
decay widths of intermediate particles. These propagator corrections are included in all parametriza-
tions derived with SMEFTSIM 3.0 [116], and are considered simultaneously with the vertex modifications.
Special care is taken to ensure that double insertions, the inclusion of multiple new physics interactions
in a single diagram, are avoided.

In the SMEFT framework, the matrix element for a particular Higgs boson production or decay pro-
cess can be written as the sum of matrix elements originating from the SM and BSM Lagrangians,

MSMEFT =MSM+MBSM. (25)

In this interpretation, the BSM contributions are restricted to diagrams with a single insertion of an EFT
vertex such that,

MBSM =
∑
j

αjcj, (26)

where the index j runs over all dimension-6 operators that contribute to the process, cj are the corre-
sponding WCs, and αj are complex proportionality constants. Squaring the total matrix element gives,

|MSMEFT|2 = |MSM|2+(M∗
SMMBSM+MSMM∗

BSM)+ |MBSM|2

= |MSM|2+
∑
j

(
M∗

SMαj +MSMα
∗
j

)
cj +

∑
j

|αj|2c2j +
∑
j ̸=k

(
α∗
j αk +αjα

∗
k

)
cjck, (27)

where the last sum is over all unique combinations of j and k with j ̸= k. Dividing by |MSM|2 yields a
quadratic functional form

µ= 1+
∑
j

Ajcj +
∑
jk

Bjkcjck, (28)

where Aj and Bjk are real constants that encode the impact of the WCs on the respective process. The
Aj constants are referred to as the linear terms and account for the interference between the SM and
BSM diagrams. The remaining purely BSM terms are split into two categories: Bjj are referred to as the
quadratic terms, and Bjk for j ̸= k are the cross terms. The Higgs boson production cross sections and
partial decay widths are proportional to |MSMEFT|2 and therefore scale as

µi
prod (⃗c) =

σi
SMEFT

σi
SM

= 1+
∑
j

Ai
jcj +

∑
jk

Bi
jkcjck,

µ
f
partial (⃗c) =

Γ
f
SMEFT

Γ
f
SM

= 1+
∑
j

Af
jcj +

∑
jk

Bf
jkcjck,

(29)

where the index i refers to a particular STXS stage 1.2 bin and f refers to the Higgs boson decay channel.
The decay rates also depend on the SMEFT corrections to the Higgs boson total decay width. This is
calculated as the sum of the partial width scaling functions over all possible Higgs boson final states,
weighted according to the SM predictions of the branching fractions at the highest available order, taken
from [13],

µH (⃗c) =
∑
f

Bf
SM,HOµ

f
partial = 1+

∑
j

AHj cj +
∑
jk

BHjkcjck. (30)

The index f runs over all Higgs boson final states with up to four elementary particles produced, includ-
ing those that are not explicitly targeted in the combination, e.g. H→ cc and H→ gg. The linear terms
AHj have been compared to the analytic solution of the Higgs boson total width provided in [122], and
show excellent agreement.
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As the Higgs boson is a scalar, narrow-width particle and only on-shell production is considered in
this interpretation, the total scaling function for production bin i and decay channel f can be written as

µif (⃗c) =

[
σiBf

]
SMEFT

[σiBf]SM
= µi

prod (⃗c) µ
f
partial (⃗c) µ

H (⃗c)−1

=

(
1+

∑
jA

i
jcj +

∑
jkB

i
jkcjck

)
(
1+

∑
jA
H
j cj +

∑
jkB

H
jkcjck

)
1+∑

j

Af
jcj +

∑
jk

Bf
jkcjck

 . (31)

The total scaling functions µif(⃗c) act as multiplicative corrections to the SM predictions of the Higgs
boson production cross section and branching fraction at the highest available order

[
σiBf

]
SM,HO

, as
shown in equation (5). This procedure assumes that the SMEFT corrections factorize from higher order
SM QCD and EW corrections.

The terms Aj and Bjk are derived numerically using the EFT2OBS tool [123] for all processes except
the H→ γγ and H→ Zγ partial decay widths, which are computed analytically [117, 118]. The
EFT2OBS framework wraps and interfaces widely used packages to facilitate the process of deriving an
EFT parametrization. It utilizes MADGRAPH5_aMC@NLO [66] (version 2.6.7) for event generation, and
PYTHIA 8 [70] (version 8.306) for parton showering, hadronization, and modelling the underlying event,
where the CP5 tune [71] is used. Higgs boson production events are further classified into the STXS
stage 1.2 bins using the HIGGSTEMPLATECROSSSECTIONS RIVET routine [124]. A small modification is made
to include events in which a Higgs boson and two leptons are produced at the same interaction vertex
in the VH process. This guarantees the correct classification of events with leptons from off-shell vec-
tor boson decays, which can be enhanced significantly by SMEFT operators compared to the small SM
contribution.

Events are generated under the SM hypothesis and then reweighted to different points in SMEFT
parameter space using the SMEFTSIM 3.0 and SMEFT@NLO UFO models. To derive the full quadratic
dependence for N operators requires 2N+N(N− 1)/2 reweighting points in addition to the nominal
SM hypothesis. The reweighting points are chosen to ensure that the overlap between the SM and BSM
parameter spaces is sufficient to avoid large statistical uncertainties in the derived Aj and Bjk terms. For
the four-fermion decay modes, corrections from the OHW, OHB, and OHWB operators introduce photon-
mediated diagrams that lead to a divergence at mff ∼ 0GeV, where mff is the invariant mass of the sub-
leading fermion pair. Dedicated simulated samples were generated for these operators to account for the
significant difference between the SM and BSM phase spaces.

11.2. Impact of Higgs boson kinematic properties
Section 11.1 described how to parametrize SMEFT corrections to the Higgs boson production cross
sections and branching fractions. However, the kinematic properties of Higgs boson events can be mod-
ified by introducing SMEFT operators, thus affecting other terms that enter the combined likelihood
(equation (4)).

First, the efficiency factors ϵifr,SM that encode the fraction of events from production region i and

decay channel f that are selected in analysis region r, will become dependent on the SMEFT WCs, ϵifr (⃗c).

The parametrization described in equation (31) becomes invalid when ϵ
if
r (⃗c) differs significantly from

the SM prediction. On the production side, the STXS stage 1.2 binning is sufficiently fine-grained to
ensure that the efficiency factors are flat as functions of the WCs. In addition, the theoretical systematic
uncertainties assigned to the SM efficiency factors θ⃗th,acc, are expected to cover the possible modifications
induced by the SMEFT operators. As a result, this interpretation assumes that modifications to the kine-
matic properties of Higgs boson production do not affect the efficiency factors.

The same assumption cannot be made for the Higgs boson decay. Two-body Higgs boson decays are
exempt as the kinematic properties of the final state are not affected by the SMEFT operators. However,
four-body decays are particularly problematic as the STXS framework includes no fiducial phase space
restriction on final-state particles. As discussed at the end of section 11.1, the effects of certain SMEFT
operators are concentrated in regions of phase space (e.g. mff ∼ 0) that are not SM-like, and lie outside
of the experimental acceptance. For example, the H→ ZZ→ 4ℓ analysis [50] requires the invariant mass
of the subleading lepton pair to be greater than 12 GeV to reduce large contributions from background
processes. This selection criterion removes the parameter space that is significantly enhanced by the

SMEFT operators, thus presenting a scenario where ϵifr (⃗c) differs significantly from the SM prediction.
A new procedure has been developed to fully account for these effects in the four-body decay chan-

nels, namely H→ ZZ→ 4ℓ and H→WW→ ℓνℓν/ℓνqq ′. The EFT2OBS package [123] employs the
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MADGRAPH5_aMC@NLO standalone reweighting feature [66] to output a reweighting module. This module
can then be used to reweight existing MC samples without the computationally expensive task of gener-
ating new events. The new weights are calculated using the generator-level information, which is avail-
able in the samples, and can be used to study EFT effects after the event reconstruction and selection.

Signal events from the samples simulated under the SM hypothesis that enter the analysis regions
for the H→ ZZ→ 4ℓ [50] and H→WW→ ℓνℓν/ℓνqq ′ [51] channels are identified. These events
are subsequently reweighted to different points in SMEFT parameter space, and the corrected partial
width scaling functions are derived. As these functions are derived using only events within experi-
mental acceptance, the efficiency factor modifications are fully absorbed into the partial width scaling.
The final parametrization uses the corrected partial width scaling functions for the H→ ZZ→ 4ℓ and
H→WW→ ℓνℓν/ℓνqq ′ signal yield estimates. The total Higgs boson width is an inclusive quantity
and therefore uses the partial width scaling functions without acceptance corrections in its derivation
(equation (30)).

Kinematic modifications from SMEFT operators can also impact the shape of the signal distribu-

tion ρ
if
sig,r as a function of the fitted observable. This may lead to a bias in the measured values of the

WCs. For example, the H→ ZZ→ 4ℓ analysis [50] fits a discriminant Dkin, which depends on the kine-
matic properties of the four-body decay, to separate signal and background events. Using the standalone
reweighting procedure, shape modifications were studied and found to be small compared with the sta-
tistical uncertainty in the observed signal yields. In other words, the potential bias induced by shape
modifications is negligible compared with the range of WC values that the combination is sensitive to.

As a result, all signal shapes ρifsig,r are assumed to follow the SM distributions, and to be independent of
the WC values.

11.3. SMEFT parametrization summary
The parametrizations of the SMEFT corrections are computed up to quadratic order for each produc-
tion cross section and partial width. As the total scaling µif(⃗c) is the product of multiple quadratic func-
tions, a Taylor expansion is performed and the series is truncated to remove higher-order contributions.
The WC constraints are extracted for two different series truncations: the linear parametrization includes
terms up to O(c/Λ2),

µif (⃗c) = 1+
∑
j

(
Ai
j +Af

j −AHj

)
cj, (32)

and the linear-plus-quadratic parametrization includes terms up to O(c2/Λ4),

µif (⃗c) = 1+
∑
j

(
Ai
j +Af

j −Atotj

)
cj +

∑
jk

(
Bi
jk +Bf

jk −BHjk

)
cjck

+

∑
j

Ai
jcj

∑
j

Af
jcj

−

∑
j

Ai
jcj

∑
j

AHj cj


−

∑
j

Af
jcj

∑
j

AHj cj

+

∑
j

AHj cj

2

.

(33)

It is important to note that the O(c2/Λ4) terms in the linear-plus-quadratic parametrization enter at the
same order in 1/Λ as the linear contributions from dimension-8 operators. This introduces an incon-
sistency in the linear-plus-quadratic parametrization, as only some contributions at O(Λ−4) are con-
sidered. As a result, the linear parametrization is considered for the main results of this interpretation.
The linear-plus-quadratic parametrization is used as a comparison to indicate how much the inclusion
of O(Λ−4) terms can impact the sensitivity of the results.

Only the Aj and Bjk constants with an absolute value greater than 0.01 are included in the
parametrization. This threshold corresponds to a 1% deviation for WC values of 1. Any effects that fall
below this threshold are deemed to be negligible, and the corresponding Aj and Bjk terms are dropped
from the parametrization.

The relative impacts of the SMEFT operators on the Higgs boson production cross sections and
branching fractions are shown in figures 21–23. The quantities show the change in cross section or
branching fraction relative to the SM expectation, for the WC values indicated in the legend. These WC
values represent the expected symmetrized 95% CL intervals in the linear-plus-quadratic parametriza-
tion, when considering effects in one SMEFT operator at a time. This choice therefore illustrates the size
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of cross section and branching fraction modifications to which the combination is currently sensitive.
The impact from the linear and linear-plus-quadratic parametrizations are shown by the filled and open
histograms, respectively. The figures are split by operator groups.

The SMEFT parametrizations are provided in the POPXF format [125], which are included in the
HEPData record for this paper [41].

11.4. Constraints on individualWilson coefficients
Maximum likelihood fits are performed to extract constraints on the WCs by introducing µif(⃗c) into the
signal yield parametrization of equation (5). Individual constraints are obtained by scanning over one
WC, while fixing all others to the SM expectation (cj = 0). The expected and observed constraints are
summarized in figure 24 and table 17. The best fit values, and 68% and 95% CL intervals, are shown for
both the linear and linear-plus-quadratic parametrizations. The results are also translated into 95% CL
lower limits on the energy scale of BSM physics Λj. This quantity is evaluated by converting the sym-
metrized 95% CL constraints on cj/Λ2 into an energy scale limit, assuming cj = 1. The WCs are catego-
rized into operators of the same form in the SMEFT Lagrangian, and then listed in order of excluded
energy scale (sensitivity) in the linear-plus-quadratic parametrization.

The tightest constraints are obtained for the cHG and cHB WCs, which are mostly driven by the mea-
surements of ggH production and of the H→ γγ decay channel, respectively. The 95% CL lower limit
on the new physics energy scale for these operators is around 15 TeV.

Most WCs show good agreement with the SM. However, there are a number of WCs that present a

sizeable deviation from zero. For instance c(3)Hq has a p-value with respect to the SM hypothesis of pSM =
0.01. Figure 22 shows that this operator impacts the WH and ZH leptonic cross sections, with larger
SMEFT corrections for the higher pVT bins. Comparing with the measurements in figure 10, it is clear

how the observed excesses in the WH and ZH leptonic pVT > 250GeV cross sections pull c
(3)
Hq away from

zero. The pSM values are provided for each WC in table 17.
Figure 24 also provides a comparison of the constraints obtained using the linear and linear-plus-

quadratic parametrizations. The terms O(c2/Λ4) are shown to have a larger effect for the more weakly
constrained WCs. This follows from the fact that the relative quadratic-to-linear contribution,

Bjjc2j
Ajcj

=
Bjjcj
Aj

, (34)

grows as a function of cj. In other words, the importance of the O(c2/Λ4) terms increases as one moves
further from the SM hypothesis. Conversely, the sensitivities for the more tightly constrained operators
are dominated by the O(c/Λ2) terms. Several WCs are only constrained when quadratic terms are con-
sidered. These include four-fermion operators that impact ttH production and are represented by the
hatched lines in figure 24.

11.5. Constraints on linear combinations ofWilson coefficients
It is expected that BSM physics would induce modifications in multiple operators simultaneously. The
data used in the combination do not contain sufficient information to constrain all WCs at the same
time, as some of the WCs have (nearly) degenerate effects on the signal processes. This leads to flat
directions in the likelihood surface, meaning that many degrees of freedom are left unconstrained.

Linear combinations of the SMEFT WCs that can be constrained simultaneously are used to define
a new basis. It is possible to construct this basis purely from theoretical considerations. For example,
the Higgs basis [13] provides a natural choice for the production cross section and branching fraction
observables measured in the combination. However, a principal component analysis (PCA) technique is
instead used to identify the sensitive linear combinations directly from data.

The Hessian matrix HSTXS from the 97 POI fit (result shown in figure 12) is computed numerically
for an Asimov data set under the SM hypothesis. This is the matrix of second derivatives of the log-
likelihood with respect to all fit parameters, including both POIs and NPs. Under the Gaussian approx-
imation, the covariance matrix CSTXS is equal to the inverse of the Hessian matrix, H−1

STXS. A subma-

trix of the covariance matrix, C̃STXS, is obtained by removing all rows and columns that do not corre-
spond to the POIs. This reduced Hessian matrix is then approximated using the inverse of the subma-
trix, H̃STXS = C̃−1

STXS.

The H̃STXS matrix is translated to the SMEFT WC basis using the linear parametrization shown in
equation (32). A translation matrix T is constructed with terms,

T if
j = Ai

j +Af
j −AHj , (35)
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Table 17. Expected and observed 95% CL intervals on the WCs, when considering modifications to one WC at a time. The results for both the linear and linear-plus-quadratic parametrizations are provided. For non-contiguous
intervals, only the range containing the best fit point is quoted; the full intervals are available in the HEPData record for this paper [41]. The best fit values and pSM values are also given in the table.

Linear Linear+ quadratic

Operator group WCs Expected 95% CL Observed 95% CL Best fit pSM Expected 95% CL Observed 95% CL Best fit pSM

X3 cG [−1.6,2.3] [−1.5,2.4] −0.028 0.97 [−0.33,0.29] [−0.29,0.26] −0.001 1.00

cW [−0.17,0.15] [−0.32,0.03] −0.14 0.11 [−0.16,0.16] [−0.3,0.032] −0.13 0.11

H 4D2 cH□ [−0.79,0.86] [−0.57,1.1] 0.25 0.55 [−0.79,0.86] [−0.57,1.1] 0.25 0.56

cHD [−4.1,3.9] [−2.2,5.9] 1.9 0.35 [−4.1,3.9] [−2.3,5.8] 1.9 0.36

X2H 2 cHG [−0.0038,0.0043] [−0.0039,0.0042] −7e-05 0.98 [−0.0039,0.0043] [−0.0039,0.0042] −7e-05 0.98

cHW [−0.012,0.011] [−0.021,0.0043] −0.0075 0.22 [−0.012,0.012] [−0.02,0.0044] −0.0074 0.22

cHB [−0.004,0.0037] [−0.0075,0.00086] −0.0033 0.13 [−0.0039,0.0038] [−0.007,0.00081] −0.0029 0.12

cHWB [−0.0066,0.0072] [−0.002,0.013] 0.0049 0.17 [−0.0068,0.007] [−0.0022,0.012] 0.0048 0.19

ψ2H 3 Re(ceH) [−2,1.9] [−2.1,1.8] −0.13 0.89 [−2,1.9] [−2.1,1.8] −0.075 0.95

Re(cbH) [−0.028,0.03] [−0.017,0.043] 0.012 0.44 [−0.03,0.028] [−0.018,0.039] 0.011 0.43

Re(ctH) [−1.3,1.1] [−1,1.3] 0.22 0.71 [−1.3,1.1] [−1,1.3] 0.21 0.72

ψ2XH Re(ctG) [−0.15,0.14] [−0.16,0.13] −0.0092 0.90 [−0.14,0.14] [−0.15,0.13] −0.0028 0.97

Re(ctW) [−0.14,0.13] [−0.26,0.023] −0.12 0.11 [−0.13,0.13] [−0.25,0.025] −0.11 0.11

Re(ctb) [−0.075,0.068] [−0.14,0.018] −0.056 0.14 [−0.073,0.071] [−0.13,0.018] −0.054 0.14

Re(cbG) — [−0.3,0.3] [−0.39,0.35] −0.21 0.32

Re(cbW) — [−0.42,0.42] [−0.67,−0.23] −0.48 0.01

ψ2H 2D c
(1)
Hl [−1.3,1.6] [−1.3,1.7] 0.13 0.81 [−1.6,1.4] [−1.5,1.5] 0.14 0.88

c
(3)
Hl [−0.39,0.36] [−0.62,0.17] −0.21 0.29 [−0.37,0.37] [−0.59,0.17] −0.21 0.28

c
(1)
Hq [−0.32,0.25] [−0.63,0.047] −0.25 0.10 [−0.075,0.098] [−0.11,0.13] −0.065 0.13

c
(3)
Hq [−0.035,0.039] [0.012,0.097] 0.055 0.01 [−0.058,0.032] [0.0099,0.064] 0.039 0.01

c
(1)
HQ [−6.5,7.5] [−2.5,12] 4.1 0.23 [−2.1,1.8] [−2.8,2.4] 1.5 0.14

c
(3)
HQ [−10,10] [−7.2,13] 3.6 0.49 [−2,1.9] [−2.9,2.6] −2 0.06

cHe [−2.2,1.9] [−2.8,1.5] −0.47 0.67 [−2.2,1.9] [−2.8,1.5] −0.48 0.66

cHu [−0.21,0.25] [−0.018,0.5] 0.22 0.07 [−0.17,0.1] [−0.21,0.16] 0.091 0.08

cHd [−0.52,0.48] [−1.2,−0.075] −0.58 0.02 [−0.18,0.21] [−0.26,−0.0021] −0.17 0.05

Re(cHtb) — [−0.77,0.77] [0.43,1.2] 0.86 0.01

cHt [−29,19] [−37,14] −8.5 0.43 [−19,30] [13,56] 30 0.03

cHb — [−42,41] [−45,46] 19 0.64

(Continued.)
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Table 17. (Continued.)

(L̄L)(L̄L) c
(1)
ll [−0.65,0.7] [−0.3,1.1] 0.39 0.27 [−0.65,0.7] [−0.3,1.1] 0.38 0.27

c
(11)
Qq — [−0.96,0.94] [−0.81,0.78] −0.018 0.97

c
(18)
Qq [−2.2,3.1] [−2.5,2.5] −0.43 0.74 [−2.6,1.5] [−2.2,1.2] −0.45 0.69

c
(31)
Qq [−5.2,6.8] [−2.3,12] 4.4 0.23 [−0.64,0.61] [−0.92,0.84] −0.6 0.06

c
(38)
Qq [−9.8,14] [−12,8] −3.8 0.47 [−1.4,1.3] [−1.9,−0.13] −1.3 0.05

(R̄R)(R̄R) c
(1)
tu — [−1.2,1.3] [−1.1,1.1] −0.018 0.99

c
(8)
tu [−3.4,5] [−3.5,4.3] −0.33 0.88 [−3.2,2.1] [−2.8,1.8] −0.15 0.87

c
(1)
td — [−1.8,1.8] [−1.5,1.5] 0.015 0.99

c
(8)
td [−5.9,8.4] [−6.6,7] −0.93 0.72 [−4.6,3.1] [−3.9,2.6] −0.45 0.85

(L̄L)(R̄R) c
(1)
qt — [−1.1,1.2] [−0.86,0.84] −0.006 1.00

c
(8)
qt [−2.2,3.2] [−2.4,2.6] −0.37 0.77 [−3.3,1.7] [−2.2,1.3] −0.17 0.85

c
(1)
Qu — [−1.4,1.3] [−1.2,1.2] −0.018 0.99

c
(8)
Qu [−3.5,5.1] [−3.7,4.4] −0.42 0.82 [−3.7,2.3] [−3.3,2] −0.33 0.87

c
(1)
Qd — [−1.7,1.6] [−1.3,1.3] 0.009 0.99

c
(8)
Qd [−5.7,8.1] [−6.3,6.5] −1.1 0.73 [−4.1,2.9] [−3.2,2.3] −0.3 0.84
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Figure 21. Impact of the SMEFT operators on the Higgs boson cross sections and branching fractions. Units of GeV are assumed

for all numerical values related to the pHT ,mjj, p
Hjj
T , and p

V
T variables. The impacts are shown for operators from the follow-

ing groups: X3, H 4D2, X2H 2, ψ2H 3, and ψ2XH. The WCs are set to the expected symmetrized 95% CL interval value in the
linear-plus-quadratic parametrization, assuming all other WCs are set to zero (SM). The impacts are shown relative to the SM
predictions for the linear parametrization in the filled histograms, and the linear-plus-quadratic parametrization in the open
histograms.

where the indices (i, f) run over the 97 µif POIs, and Aj are the corresponding linear terms for WC cj. If
multiple STXS stage 1.2 bins are merged in the POI definition, the linear term for production is com-
puted as the mean of the individual STXS stage 1.2 bin Ai

j constants, weighted according to their SM
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Figure 22. Impact of the SMEFT operators on the Higgs boson production cross sections and branching fractions. Units of

GeV are assumed for all numerical values related to the pHT ,mjj, p
Hjj
T , and p

V
T variables. The impacts are shown for operators

from the ψ2H 2D group. The WCs are set to the expected symmetrized 95% CL interval value in the linear-plus-quadratic
parametrization, assuming all other WCs are set to zero (SM). The impacts are shown relative to the SM predictions for the linear
parametrization in the filled histograms, and the linear-plus-quadratic parametrization in the open histograms.

cross section predictions. The reduced Hessian matrix in terms of the SMEFT WCs is then obtained by
performing the translation,

H̃SMEFT = T TH̃STXST , (36)
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Figure 23. Impact of the SMEFT operators on the Higgs boson production cross sections and branching fractions. Units of GeV

are assumed for all numerical values related to the pHT ,mjj, p
Hjj
T , and p

V
T variables. The impacts are shown for operators from

the four-fermion groups. The WCs are set to the expected symmetrized 95% CL interval value in the linear-plus-quadratic
parametrization, assuming all other WCs are set to zero (SM). The impacts are shown relative to the SM predictions for the linear
parametrization in the filled histograms, and the linear-plus-quadratic parametrization in the open histograms.

where T T is the transpose of matrix T . An eigendecomposition of this matrix H̃SMEFT =RTDR, is per-
formed. The rotation matrix R provides linear combinations of the SMEFT WCs (eigenvectors, E⃗V),
and the diagonal matrix D of eigenvalues λ indicating their constraining power. The scaling functions
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Figure 24. Individual constraints on the SMEFT WCs. The left panel shows the best fit values, and the 68% and 95% CL inter-
vals, when considering modifications in one SMEFT operator at a time. The results from the linear and linear-plus-quadratic
parametrizations are shown in blue and orange, respectively. Arrows are used to indicate where the 95% CL interval extends
beyond the plotted range. In the right panel, the results are translated into a 95% lower limit on the BSM physics energy scale.
The WCs are categorized into operators from the same group, and then listed in order of the probed energy scale using the linear-
plus-quadratic parametrization. The hatched lines represent WCs that cannot be constrained in the linear-only parametrization.

µif(E⃗V) that enter the combined likelihood are now parametrized as functions of the linear combinations
by rotating the nominal SMEFT WCs, c⃗=RTE⃗V.

This procedure provides as many eigenvectors as there are WCs (43). The constraining power for
eigenvector EVj ∈ E⃗V is provided by the quantity 1/

√
λj, which is an estimate of the (symmetrized)

expected 68% CL interval. Eigenvectors with 1/
√
λj > 10 are fixed to the SM (i.e. 0) in the fit, as the

data are deemed not to be sensitive to these directions. This choice of threshold is arbitrary, but it
ensures that the fit converges as the curvature of the likelihood is sufficiently high. In addition, this
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Table 18. Expected and observed 95% CL intervals on the linear combinations of SMEFT WCs. The results are
provided for the linear parametrization. The best fit values are also given.

Eigenvector Expected 95% CL Observed 95% CL Best fit

EV0 [−0.0034,0.0038] [−0.00097,0.007] 0.0028

EV1 [−0.0054,0.0051] [−0.0053,0.0056] 0.00 033

EV2 [−0.053,0.055] [−0.024,0.1] 0.036

EV3 [−0.06,0.062] [0.035,0.17] 0.1

EV4 [−0.061,0.065] [−0.031,0.11] 0.036

EV5 [−0.48,0.47] [−0.71,0.32] −0.18
EV6 [−0.53,0.56] [−0.38,0.84] 0.21

EV7 [−0.65,0.68] [−1.2,0.2] −0.52
EV8 [−0.94,0.95] [−1.6,0.35] −0.64
EV9 [−1.4,1.4] [−0.55,2.3] 0.85

EV10 [−2.5,2.5] [−2.4,2.8] 0.16

EV11 [−2.7,2.3] [−1.3,3.6] 1.2

EV12 [−2.6,2.6] [−2,4.4] 1.2

EV13 [−8.3,7.4] [−17,0.82] −7.4
EV14 [−8.2,11] [−5,16] 4.5

EV15 [−11,9.8] [−20,2.5] −8.1
EV16 [−14,12] [−19,16] −2.6

threshold avoids probing regions of parameter space where the SMEFT perturbative expansion breaks
down. In total, 17 eigenvectors are included in the fit, shown by the truncated R matrix in figure 25.

The linear effects of the eigenvectors on the µif = [σiBf]obs/[σ
iBf]SM,HO POIs are summarized in

figures 26 and 27. The figures show the change in σiBf relative to the SM prediction, for EVj set to
the boundary of the expected (symmetrized) 95% CL interval on each parameter. The eigenvectors are
ordered in terms of sensitivity, with the most sensitive (EV0) at the top and least sensitive (EV16) at
the bottom. The most sensitive direction is driven by the measurement of ggH in the H→ γγ decay
channel.

A maximum likelihood fit is performed to extract constraints on the eigenvectors by using µif(E⃗V)
to parametrize the signal yields. In this fit, all 17 eigenvectors are varied simultaneously. These con-
straints are provided for a linear parametrization with terms up to O(EV/Λ2). Introducing quadratic
terms means that the eigenvectors obtained via the PCA procedure are no longer orthogonal. The rea-
son for this is that the matrix T , used to map the 97 POIs to the SMEFT WCs, is defined using only the
linear terms. In addition, the introduction of quadratic terms can lead to the likelihood fit converging to
one of many local minima which arise when allowing multiple directions in SMEFT parameter space to
vary simultaneously. As a result, no linear-plus-quadratic results are provided for the rotated basis fits.

The expected and observed constraints are summarized in figure 28 and table 18. The best fit values,
as well as the 68% and 95% CL intervals, are shown. Again, the results are translated into 95% CL lower
limits on the energy scale of BSM physics Λj, assuming the corresponding EVj = 1. The eigenvectors are
ordered according to their respective excluded energy scale. The 95% CL intervals are in the range of
approximately ±20 for the least constrained eigenvector, to ±0.005 for the most constrained direction
(assuming Λ = 1TeV).

Overall the results show good agreement with the SM, with pSM = 0.11. The largest deviation from
the SM is observed in EV3, where the best fit value and 68% CL interval are EV3 = 0.101

+0.036
−0.034. As can

be seen in figure 25, this eigenvector is dominated by the contribution from c(3)Hq , which matches the ten-
sion observed in the individual constraint for this WC.

The correlation matrix for the fitted eigenvectors is shown in figure 29. Overall, an adequate level of
decorrelation is achieved, which helps the fit to converge. However, some correlations are present (up
to 83%). The primary source of these correlations is the different splitting of signal contributions in
the PCA procedure and in the full combined likelihood. The 97 µif POIs used in the PCA are defined
with channel-dependent merging of STXS bins, whereas the full combined likelihood splits signal con-
tributions according to the full STXS stage 1.2 binning scheme. Since the SMEFT parametrization is
defined at the STXS stage 1.2 granularity, bins that are merged in the 97 POI fit can scale differently
with the eigenvectors, thereby inducing correlations. Additional correlations arise because the eigenvec-
tors are derived using an Asimov data set under the SM hypothesis, and are therefore not guaranteed to
be orthogonal at the observed best fit point. Finally, correlations can also be induced in the maximum
likelihood fit due to the correlated effects of NPs.
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Figure 25. Truncated rotation matrixR, derived using the PCA procedure. Only the 17 eigenvectors that are included in the fit
are shown. Each row represents a different eigenvector EVj ordered by constraining power. The left panel shows 1/

√
λj for each

eigenvector, where λj is the corresponding eigenvalue. This quantity provides an estimate of the expected 68% CL intervals. The
vertical red line identifies the threshold beyond which the eigenvectors are not considered in the fit. The right panel shows the
rotation matrix elements,Rjk, for each Wilson coefficient ck, such that EVj =

∑
kRjkck. The size of each element is represented

by a colour scale with red meaning large positive values and blue meaning large negative values. The value of each element is also
shown in the plot.
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Figure 26. Impact of the eigenvectors EVj on the µif parameters from the 97 POI fit (figure 12), for the H→ γγ, H→ ZZ→ 4ℓ,

H→ µµ, and H→ Zγ→ ℓℓγ decay channels. Units of GeV are assumed for all numerical values related to the pHT ,mjj, p
Hjj
T ,

and pVT variables. The EVj are individually set to their expected symmetrized 95% CL interval value in the fully profiled fit. When
varying one eigenvector, all other eigenvectors are set to zero (SM). The impacts are shown relative to the SM predictions for
the linear parametrization. The eigenvectors are ordered from most sensitive (upper) to least sensitive (lower). All eigenvectors
included in the fit are shown.
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Figure 27. Impact of the eigenvectors EVj on the µif parameters from the 97 POI fit (figure 12), for the H→WW, H→ ττ , and

H→ bb decay channels. Units of GeV are assumed for all numerical values related to the pHT ,mjj, p
Hjj
T , and p

V
T variables. The EVj

are individually set to their expected symmetrized 95% CL interval value in the fully profiled fit. When varying one eigenvector,
all other eigenvectors are set to zero (SM). The impacts are shown relative to the SM predictions for the linear parametrization.
The eigenvectors are ordered from most sensitive (upper) to least sensitive (lower). All eigenvectors included in the fit are shown.

12. Summary

The most comprehensive combined measurements of Higgs boson (H) production and decay rates per-
formed by the CMS Collaboration to date are reported. The combination uses proton–proton collision
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Figure 28. Constraints on the linear combinations of SMEFT WCs extracted with the PCA procedure. The left panel shows the
observed best fit values, and 68% and 95% CL intervals, as well as the expected 95% CL intervals, for a linear parametrization
with terms up toO(EV/Λ2). An arrow is used to indicate where the 95% CL interval for EV2 extends beyond the plotted range.
In the right panel, the results are translated into a 95% lower limit on the BSM physics energy scale, assuming EVj = 1. The
eigenvectors are listed in order of the expected excluded energy scale.

data recorded by the CMS experiment at
√
s= 13TeV between 2016 and 2018, corresponding to an inte-

grated luminosity of 138 fb−1. The decay channels included in the combined measurements are H→ γγ,
H→ ZZ, H→WW, H→ ττ , H→ bb, H→ µµ, and H→ Zγ → ℓℓγ (ℓ= e or µ). Information in the
events from each decay channel is used to target several Higgs boson production processes, namely
gluon fusion (ggH), vector boson fusion, W (WH) and Z (ZH) boson-associated production, Higgs
boson production in association with a top quark pair, and Higgs boson production in association
with a top quark (tH). Results are provided for various assumptions on the scaling behaviour of Higgs
boson production and decay. This includes measurements of signal strengths, production cross sections,
branching fractions, and, for the first time, a combined measurement by the CMS Collaboration of kine-
matic regions defined by the simplified template cross section (STXS) framework.

The inclusive signal strength is measured to be 1.014+0.055−0.053 times the standard model (SM) expec-
tation, for a Higgs boson mass of 125.38 GeV, where the largest contribution to the total uncertainty
originates from the theoretical systematic component. The per production process signal strengths have a
p-value of pSM = 0.02. The leading contribution to this low p-value is the observed excess of 2.2 standard
deviations in the tH production process. The corresponding 68% confidence level (CL) intervals range
from 7.5% for ggH production to 39% for tH production, relative to the best fit value. The per decay
channel signal strengths exhibit a good level of compatibility with the SM, with a p-value of pSM = 0.33.
The 68% CL intervals range from 8% for H→ γγ to 39% for H→ Zγ.

Production cross section measurements are performed at two levels of granularity. The STXS stage
0 measurements correspond to the different Higgs boson production processes, while the STXS stage
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Figure 29. Correlation matrix for the linear combinations of SMEFT WCs extracted with the PCA procedure.

1.2 measurements further partition the phase space into nonoverlapping kinematic regions. In total, 32
kinematic regions are measured simultaneously, of which 13 are associated with ggH production, five
with vector boson fusion production, four with each of WH and ZH production, where the vector boson
decays leptonically, five with Higgs boson production in association with a top quark pair, and one with
tH production. The production cross sections are extracted as products with the H→ ZZ branching
fraction, and the ratios of branching fractions are included as additional parameters in the fit to account
for modifications to the SM Higgs boson decay rates. Overall, the STXS stage 1.2 measurements show
reasonable agreement with the SM predictions (pSM = 0.06), with some tensions observed in the high
transverse momentum (pVT) regions of the WH and ZH leptonic production processes, as well as for tH
production. The 68% CL intervals relative to the SM predicted values range from ∼14% for the ggH
STXS bin with no additional jets and Higgs boson transverse momentum between 10 and 200 GeV
to ∼260% for the ggH STXS bin with Higgs boson transverse momentum greater than 650 GeV. A
measurement considering a separate parameter for each STXS bin in each decay channel is also per-
formed. In total 97 parameters are fitted, which constitutes the most granular measurement of the Higgs
boson ever performed by the CMS Collaboration. The compatibility of this measurement with the SM is
pSM = 0.006.

Several interpretations of the measurements are also provided. Higgs boson coupling modifiers are
probed in the κ-framework for both the resolved and effective configurations. In the resolved coupling
modifier configuration, the measurements exhibit a good level of compatibility with the SM (pSM =
0.12). The vector boson and third generation fermion coupling modifiers are measured with 68% CL
intervals ranging from 6% for κW to 12% for κb. The Higgs boson coupling modifier to muons is mea-
sured with a 68% CL interval of 20%. Models with different assumptions on the total Higgs boson decay
width are provided for the effective coupling modifier configuration, including models with beyond-
the-SM (BSM) decays of the Higgs boson. In order to constrain the branching fraction to invisible final
states that are allowed in BSM models, analyses targeting the H→ inv decay are included. One model
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also includes off-shell analysis regions in the combination to provide a constraint on the total Higgs
boson decay width directly from data. In this fit, the invisible (undetected) branching fraction is con-
strained to be less than 13% (25%) at the 95% CL. Ratios of coupling modifiers are also extracted,
including models that test the symmetry of the couplings of the Higgs boson to fermions. These mod-
els are further used to extract constraints on specific extensions of the SM that contain a second Higgs
doublet. No significant deviations from the SM are observed and the allowed parameter spaces are sig-
nificantly reduced with respect to previous indirect constraints from CMS. In addition, constraints on
the trilinear Higgs boson self-coupling are provided. These constraints arise from next-to-leading order
electroweak corrections to the Higgs boson production and decay rates. Assuming other Higgs boson
couplings are as predicted in the SM, the trilinear self-coupling is measured to be 2.14+3.95−3.16, relative to
the SM prediction.

An interpretation in the SM effective field theory (SMEFT) framework is also performed. This frame-
work provides a model-agnostic tool to indirectly probe BSM physics via measurements of Higgs boson
production and decay, assuming that the new particles of the BSM theory exist at an energy scale larger
than the electroweak scale. A SMEFT parametrization of STXS measurements is derived using simula-
tion. Individual constraints are extracted on the 43 SMEFT Wilson coefficients to which the combina-
tion is sensitive. To assess the compatibility of data with the SM, a p-value is computed for each of the
Wilson coefficients. These p-values generally indicate good agreement with the SM predictions, with

the majority being above 0.1. The largest discrepancy from the SM is observed in the c(3)Hq parameter

(pSM = 0.01), which is driven by the observed excesses in the high-pVT WH and ZH leptonic STXS mea-
surements. In addition, simultaneous constraints are provided on linear combinations of SMEFT oper-
ators, where the constrained directions in parameter space are extracted using a principal component
analysis procedure. A total of 17 independent directions in SMEFT parameter space are constrained, and
the measurements show reasonable compatibility with the SM hypothesis (pSM = 0.11).

In conclusion, the results show good compatibility with the SM predictions for the majority of the
measured parameters.
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Appendix. Comparison of SMEFT constraints with a simplified likelihood procedure

The SMEFT constraints presented in section 11 are derived from the full combination likelihood. This
likelihood function, constructed following the methodology described in section 5, encodes the signal
yields in each analysis region as functions of the SMEFT parameters. Formulating the statistical model in
this way ensures the most accurate representation of the data. For example, all non-Gaussian effects are
preserved, and correlations between NPs across different analysis regions are fully incorporated. However,
the full combination likelihood is complex and computationally intensive to evaluate. In this appendix,
a simplified likelihood procedure is used to extract the SMEFT constraints, and the results are compared
with those obtained using the full combination likelihood.

The simplified likelihood procedure follows the prescription detailed in [126]. Its inputs are taken
from the 97 POI fit to the parameters representing the products of cross sections and branching frac-
tions (figure 12). The best fit values µ̂I and 68% CL intervals σI, defined relative to the SM predictions,
are used to construct the simplified likelihood, where the index I runs over the 97 POIs. The numerical
values are those listed in table 8. In addition, the correlations between the POIs ρIJ are required, which
are provided as supplementary material to this paper [41].

A linear approximation of the likelihood is constructed as follows. The measurements µI are trans-
formed into new variables χI that follow a standard normal distribution,

µI = aI + bIχI, (A.1)
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such that

χI = (µI − aI)/bI. (A.2)

From this, the parameters aI and bI can be identified as µ̂I and σI, respectively, to arrive at the usual
definition of a χ2 test statistic,

χ2 (µ⃗) = ρ̃−1IJ χIχJ, (A.3)

where a summation over repeated indices is implied. Note this expression is equivalent, up to an additive
constant, to −2 lnL(µ⃗) obtained under the assumption that the measurements are distributed accord-
ing to a multivariate Gaussian distribution. The term ρ̃IJ represents the correlation matrix between
the χI variables, which in the linear approximation is equal to the correlation matrix between the µI

parameters, ρIJ. Furthermore, in the linear approximation, the 68% CL intervals are symmetric and are
obtained by averaging the upper and lower 68% CL intervals in the measurements, σI = (σ+

I +σ−
I )/2.

The parameters from the H→ γγ and H→ ZZ decay channels are restricted to nonnegative values in
the 97 POI fit, and therefore the lower 68% CL intervals can be truncated. In these cases, the upper 68%
CL interval is used as a conservative estimate of the symmetrized uncertainty, σI = σ+

I .
As a result of the limited size of the data set and the asymmetric impact of systematic uncertain-

ties, many of the measurements in the 97 POI fit deviate from the asymptotic Gaussian limit. This can
be seen by considering the asymmetric 68% CL intervals in table 8, where σ+

I ̸= σ−
I . The asymmetry

can be accounted for in the simplified likelihood by including the nonlinear next-to-leading term in the
expansion,

µI = aI + bIχI + cIχ
2
I , (A.4)

where the additional parameter cI incorporates skewness, and is typically much smaller than bI. Inverting
this expression yields a quadratic formula for χI,

χI =

√
b2I − 4cI (aI −µI)− bI

2cI
. (A.5)

This formula can then be used in equation (A.3) to construct a test statistic that accounts for asym-
metric uncertainties. Because of the presence of a square root, χI can become imaginary. However, as
long as cI is small compared to the linear term bI, this only occurs far from the best fit value, where
χ2(µ⃗)≫ 1, which does not cause a problem for the extraction of results. In the asymmetric uncertainty
model, the correlation matrix ρ̃IJ is no longer equal to ρIJ, because of the small contribution from the
quadratic terms.

The values of aI, bI, cI, and ρ̃IJ are determined using the moment matching procedure described in
[126]. The first three moments for measurement µI can be estimated using µ̂I, σ

+
I , and σ−

I , from the
dimidated Gaussian distribution [127], which joins two half-Gaussian distributions at the mode, with
different widths σ+

I and σ−
I on either side. The code used to extract the third moment is taken from

the SPEY tool, and is described in appendix C of [128]. As with the symmetric case, for the H→ γγ
and H→ ZZ parameters with truncated lower 68% CL intervals, the upper 68% CL interval is used for
both σ+

I and σ−
I to provide a conservative symmetric approximation. The calculated moments, along

with ρIJ, are then used to solve for aI, bI, cI, and ρ̃IJ using formulae 2.9–2.12 from [126]. As an exam-
ple, the aI, bI, and cI parameters for the (ggH 0J pHT < 10GeV, H→ γγ) POI are determined to be 0.58,
0.32, and 0.06, respectively. This demonstrates that even for a measurement with a significant asymmetry
(0.58+0.38−0.26), the quadratic term cI is small compared to the linear term bI.

Constraints on the SMEFT eigenvectors E⃗V are then extracted by replacing µI in the χI formulae
with the corresponding SMEFT parametrization µI(E⃗V) (shown in figures 26–27), thereby obtaining χ2

as a function of E⃗V. A new test statistic is defined as,

qsimplified
(
E⃗V

)
= χ2

(
E⃗V

)
−χ2

(
ˆ⃗EV
)
, (A.6)

where ˆ⃗EV are the best fit values that minimize χ2(E⃗V). This test statistic provides an approximation of
the profile likelihood ratio test statistic q used in the full combined likelihood fit, and can likewise be
used to derive SMEFT constraints following the procedure outlined in section 5.3. All results for the
simplified likelihood fits were extracted using a single 8-core CPU in approximately five minutes. In con-
trast, the full likelihood fit required O(50000) CPU hours on a batch system.
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Figure A1. Comparison of the constraints on the linear combinations of SMEFT WCs for different fit strategies. The results
shown in black are obtained using the full combination likelihood, and are the same as those shown in figure 28. The results
in orange and red are obtained with a simplified likelihood procedure, constructed from the 97 POI fit to STXS measurements
(result shown in figure 12). The results shown in orange are based on a symmetric uncertainty model, while the results shown
in red account for asymmetric uncertainties. The left panel shows the observed best fit values, and 68% and 95% CL intervals, as
well as the expected 95% CL intervals. In the right panel, the results are translated into a 95% CL lower limit on the BSM physics
energy scale, assuming EVj = 1. The eigenvectors are listed in order of the expected excluded energy scale from the full likelihood
fit. The fits use a linear SMEFT parametrization, in which terms up toO(EV/Λ2) are included.

Figure A1 compares the SMEFT constraints obtained using the simplified likelihood procedure with
those obtained using the full combination likelihood (black). The simplified likelihood results are shown
for both the symmetric (orange) and asymmetric (red) uncertainty models, obtained with the linear
and nonlinear approximations of the likelihood, respectively. The left panel shows the observed best fit
values, and 68% and 95% CL intervals, in addition to the expected 95% CL intervals. The right panel
shows the results translated into 95% CL lower limits on the energy scale of new physics Λj, assuming
EVj = 1.

Overall, the results obtained with the simplified likelihood show good agreement with those from
the full combination likelihood. Between the two implementations, the asymmetric uncertainty model
provides a better approximation of the full likelihood results, motivating the inclusion of asymmetric
uncertainties in future simplified likelihood fits. In general, the simplified likelihood provides a reliable
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estimate of the sensitivity, although a few notable shifts are observed in the best fit values. For example,
the best fit value for EV2 shifts from 0.036 using the full likelihood, to −0.022 (−0.024) using the sim-
plified likelihood with the symmetric (asymmetric) uncertainty model. This eigenvector is linked to the
qqH, VH, and ttH STXS bin measurements in the H→ ZZ decay channel (shown in figure 26). These
parameters exhibit highly asymmetric (and sometimes truncated) 68% CL intervals, which the simpli-
fied likelihood does not accurately capture. In most cases, the shifts in the best fit values are within the
68% CL intervals of the full likelihood. However, with increased sensitivity, such shifts could lead to false
conclusions about deviations from the SM.

The differences between the simplified likelihood results and full likelihood results can be attributed
to several factors. First, the measured parameters µI do not follow an exact (dimidated) Gaussian dis-
tribution. In addition, the parameters from the 97 POI fit are defined according to a scheme in which
some of the STXS bins are merged, whereas the full combination likelihood parametrizes the signal
according to the full STXS stage 1.2 binning. The simplified likelihood also neglects the effect of NPs,
which can impact the constraints obtained with the full likelihood. Finally, special treatment is required
in the simplified likelihood procedure for parameters with truncated 68% CL intervals; a complication
that is absent in the full likelihood fit. Therefore, while the simplified likelihood procedure provides a
useful approximation, the full combination likelihood is the most accurate representation of the data.
The caveats discussed above should be considered when using the simplified likelihood procedure in
future SMEFT interpretations.
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L Fanòa,b, VMariania,b, MMenichellia, F Moscatellia,51, A Rossia,b, A Santocchiaa,b,
D Spigaa, T Tedeschia,b
INFN Sezione di Perugiaa, Università di Perugiab, Perugia, Italy

C Aimèa,b, C A Alexea,c, P Asenova,b, P Azzurria, G Bagliesia, L Bianchinia,b, T Boccalia,
E Bossinia, D Bruschinia,c, R Castaldia, F Cattafestaa,c, M A Cioccia,d, M Cipriania,b,
R Dell’Orsoa, S Donatoa,b, R Fortia,b, A Giassia, F Ligabuea,c, A CMarinia,b,
A Messineoa,b, S Mishraa, V KMuraleedharan Nair Bindhua,b, S Nandana, F Pallaa,
M Riggirelloa,c, A Rizzia,b, G Rolandia,c, S Roy Chowdhurya,52, T Sarkara, A Scribanoa,
P Solankia,b, P Spagnoloa, F Tenchinia,b, R Tenchinia, G Tonellia,b, N Turinia,d,
F Vasellia,c, A Venturia, P G Verdinia
INFN Sezione di Pisaa, Università di Pisab, Scuola Normale Superiore di Pisac, Pisa, Italy; Università di
Sienad, Siena, Italy

P Akrapa,b, C Basilea,b, S C Beheraa, F Cavallaria, L CunqueiroMendeza,b, F De
Riggia,b, D Del Rea,b, M Del Vecchioa,b, E Di Marcoa, M Diemoza, F Erricoa,
L Frosinaa,b, R Gargiuloa,b, B Harikrishnana,b, F Lombardia,b, E Longoa,b, L Martikainena,b,
J Mijuskovica,b, G Organtinia,b, N Palmeria,b, R Paramattia,b, T Paulettoa,b, S Rahatloua,b,
C Rovellia, F Santanastasioa,b, L Soffia, V Vladimirova,b

INFN Sezione di Romaa, Sapienza Università di Romab, Roma, Italy

NAmapanea,b, R Arcidiaconoa,c, S Argiroa,b, M Arneodo†,a,c, N Bartosika,c, R Bellana,b,
A Belloraa,b, C Biinoa, C Borcaa,b, N Cartigliaa, M Costaa,b, R Covarellia,b, P De Remigisa,
N Demariaa, M Ferreroa, L Fincoa, M Grippoa,b, B Kiania,b, L Lanteria,b, F Leggera,
F Luongoa,b, C Mariottia, S Masellia, A Meccaa,b, L Menzioa,b, P Meridiania, E Migliorea,b,
MMontenoa, MMObertinoa,b, G Ortonaa, L Pachera,b, N Pastronea, M Ruspaa,c,
F Sivieroa,b, V Solaa,b, A Solanoa,b, C Tarriconea,b, D Trocinoa, G Umoreta,b, RWhitea,b

77

https://orcid.org/0000-0002-2363-8889
https://orcid.org/0000-0002-7335-6417
https://orcid.org/0000-0002-8233-7277
https://orcid.org/0000-0001-5404-543X
https://orcid.org/0000-0003-4296-7028
https://orcid.org/0000-0002-7663-0805
https://orcid.org/0000-0001-9038-4500
https://orcid.org/0000-0002-7275-9193
https://orcid.org/0000-0003-1124-8450
https://orcid.org/0000-0001-9523-6451
https://orcid.org/0009-0008-3710-9196
https://orcid.org/0000-0002-3061-1553
https://orcid.org/0000-0001-5927-8865
https://orcid.org/0000-0002-8575-7250
https://orcid.org/0000-0001-7375-4899
https://orcid.org/0000-0001-5269-8517
https://orcid.org/0000-0001-8359-3734
https://orcid.org/0000-0002-8184-7953
https://orcid.org/0000-0002-0227-1301
https://orcid.org/0000-0002-3086-8260
https://orcid.org/0000-0002-2289-2527
https://orcid.org/0000-0002-7497-7450
https://orcid.org/0000-0001-6794-8419
https://orcid.org/0000-0002-0218-4910
https://orcid.org/0000-0002-0782-0883
https://orcid.org/0000-0002-9918-1686
https://orcid.org/0000-0002-8387-762X
https://orcid.org/0000-0003-2461-275X
https://orcid.org/0009-0009-1025-6337
https://orcid.org/0000-0003-2414-4175
https://orcid.org/0009-0002-5210-6213
https://orcid.org/0000-0003-1692-6206
https://orcid.org/0000-0001-6262-4685
https://orcid.org/0000-0001-9526-556X
https://orcid.org/0009-0006-1837-4483
https://orcid.org/0000-0001-9821-4151
https://orcid.org/0009-0008-6689-1842
https://orcid.org/0000-0002-3798-1135
https://orcid.org/0000-0001-6471-5492
https://orcid.org/0000-0002-8773-4781
https://orcid.org/0000-0002-0807-8772
https://orcid.org/0000-0002-3129-828X
https://orcid.org/0000-0002-2205-5737
https://orcid.org/0000-0002-2359-8477
https://orcid.org/0000-0002-5360-1454
https://orcid.org/0009-0009-2649-8955
https://orcid.org/0000-0001-5924-4286
https://orcid.org/0000-0001-7915-1650
https://orcid.org/0000-0002-1659-8727
https://orcid.org/0000-0002-0079-8708
https://orcid.org/0000-0002-1315-563X
https://orcid.org/0000-0002-7253-2669
https://orcid.org/0000-0002-7535-6082
https://orcid.org/0000-0001-8791-7978
https://orcid.org/0000-0003-1797-4330
https://orcid.org/0000-0002-5861-8140
https://orcid.org/0000-0002-1118-6205
https://orcid.org/0000-0001-6253-8656
https://orcid.org/0000-0001-7002-2051
https://orcid.org/0000-0003-3466-7500
https://orcid.org/0000-0002-8279-2464
https://orcid.org/0000-0003-4050-1769
https://orcid.org/0000-0001-5140-9154
https://orcid.org/0000-0002-8938-2193
https://orcid.org/0000-0003-3953-5996
https://orcid.org/0000-0003-0380-1172
https://orcid.org/0000-0003-3075-2679
https://orcid.org/0000-0002-9606-5604
https://orcid.org/0009-0004-8757-6420
https://orcid.org/0000-0002-1162-2505
https://orcid.org/0000-0001-9647-9420
https://orcid.org/0000-0003-4728-6678
https://orcid.org/0000-0003-0697-3420
https://orcid.org/0000-0003-0165-3962
https://orcid.org/0000-0001-9207-7256
https://orcid.org/0000-0003-0037-5032
https://orcid.org/0000-0001-9247-7778
https://orcid.org/0000-0002-2726-2858
https://orcid.org/0000-0002-4159-9123
https://orcid.org/0000-0002-0843-4108
https://orcid.org/0000-0002-9007-629X
https://orcid.org/0000-0001-7108-8116
https://orcid.org/0000-0002-9004-735X
https://orcid.org/0000-0002-7676-3106
https://orcid.org/0000-0002-2031-2955
https://orcid.org/0000-0002-9770-2249
https://orcid.org/0000-0002-2991-6384
https://orcid.org/0000-0002-7125-2905
https://orcid.org/0000-0003-0449-4717
https://orcid.org/0000-0003-4981-2790
https://orcid.org/0000-0003-2379-9903
https://orcid.org/0000-0002-1717-5654
https://orcid.org/0000-0003-4298-1620
https://orcid.org/0000-0002-6598-6865
https://orcid.org/0000-0002-9930-9299
https://orcid.org/0000-0002-2303-2588
https://orcid.org/0000-0001-7248-2967
https://orcid.org/0000-0003-0146-845X
https://orcid.org/0009-0006-6923-4544
https://orcid.org/0000-0003-0002-5462
https://orcid.org/0000-0002-0151-4439
https://orcid.org/0000-0003-1414-9343
https://orcid.org/0000-0001-7646-4977
https://orcid.org/0009-0003-1144-2605
https://orcid.org/0000-0001-9428-2296
https://orcid.org/0000-0002-1549-7107
https://orcid.org/0000-0003-2351-0487
https://orcid.org/0000-0001-7551-5613
https://orcid.org/0000-0002-3510-4833
https://orcid.org/0000-0003-4671-815X
https://orcid.org/0000-0002-9380-8919
https://orcid.org/0000-0002-6361-438X
https://orcid.org/0009-0002-2782-8740
https://orcid.org/0000-0002-4543-2718
https://orcid.org/0000-0002-0635-274X
https://orcid.org/0000-0001-5742-5593
https://orcid.org/0000-0003-0582-4167
https://orcid.org/0000-0002-4338-6332
https://orcid.org/0000-0002-3541-3492
https://orcid.org/0000-0001-7962-5203
https://orcid.org/0000-0003-3469-9377
https://orcid.org/0000-0003-2574-4383
https://orcid.org/0000-0003-2606-9156
https://orcid.org/0000-0002-9395-5230
https://orcid.org/0009-0008-8227-0755
https://orcid.org/0000-0002-0249-4142
https://orcid.org/0000-0002-0042-9507
https://orcid.org/0009-0001-9507-0209
https://orcid.org/0000-0003-4486-6482
https://orcid.org/0000-0002-0798-2727
https://orcid.org/0000-0002-1061-3877
https://orcid.org/0000-0001-6764-5370
https://orcid.org/0009-0002-2944-0985
https://orcid.org/0000-0003-0870-5796
https://orcid.org/0009-0008-3600-574X
https://orcid.org/0000-0002-5920-2438
https://orcid.org/0000-0002-3810-8530
https://orcid.org/0000-0001-8199-370X
https://orcid.org/0009-0003-0170-6208
https://orcid.org/0000-0001-7202-881X
https://orcid.org/0000-0003-0174-4020
https://orcid.org/0000-0001-6238-6787
https://orcid.org/0000-0003-1609-3515
https://orcid.org/0009-0009-1589-9980
https://orcid.org/0000-0002-3229-0781
https://orcid.org/0009-0009-8708-238X
https://orcid.org/0000-0002-0080-9550
https://orcid.org/0009-0000-6402-8975
https://orcid.org/0000-0001-9794-3360
https://orcid.org/0000-0003-2173-7530
https://orcid.org/0000-0003-2505-8359
https://orcid.org/0000-0003-2532-9876
https://orcid.org/0000-0001-9449-2509
https://orcid.org/0000-0001-5904-142X
https://orcid.org/0000-0003-2150-3750
https://orcid.org/0000-0002-7790-7132
https://orcid.org/0000-0002-7196-2237
https://orcid.org/0000-0002-2539-2376
https://orcid.org/0000-0002-2753-5473
https://orcid.org/0000-0002-1397-7246
https://orcid.org/0009-0009-2769-5950
https://orcid.org/0000-0002-0548-9189
https://orcid.org/0000-0003-0156-0790
https://orcid.org/0000-0003-1216-5235
https://orcid.org/0000-0002-4930-7826
https://orcid.org/0000-0003-0743-9465
https://orcid.org/0000-0001-9676-8222
https://orcid.org/0000-0002-2630-5465
https://orcid.org/0000-0003-0770-269X
https://orcid.org/0000-0002-1202-7652
https://orcid.org/0000-0003-1329-5293
https://orcid.org/0000-0003-1400-0709
https://orcid.org/0000-0003-2743-4119
https://orcid.org/0000-0002-6864-3294
https://orcid.org/0000-0001-9871-7859
https://orcid.org/0000-0003-2209-2527
https://orcid.org/0000-0002-8480-2259
https://orcid.org/0000-0002-2271-5192
https://orcid.org/0000-0002-3521-6333
https://orcid.org/0000-0002-8781-8192
https://orcid.org/0000-0001-8411-2971
https://orcid.org/0000-0003-1288-4838
https://orcid.org/0000-0001-7291-1979
https://orcid.org/0000-0002-7655-3475
https://orcid.org/0000-0002-4427-4076
https://orcid.org/0000-0001-6288-951X
https://orcid.org/0000-0002-2971-8214
https://orcid.org/0000-0001-6233-0513
https://orcid.org/0000-0002-2830-5872
https://orcid.org/0000-0002-6674-7874
https://orcid.org/0000-0001-5793-526X


Rep. Prog. Phys. 89 (2026) 087801 The CMS Collaboration

INFN Sezione di Torinoa, Università di Torinob, Torino, Italy; Università del Piemonte Orientalec,
Novara, Italy

J Babbara,b,52, S Belfortea, V Candelisea,b, M Casarsaa, F Cossuttia, K De Leoa, G Della
Riccaa,b, R Delli Gattia,b
INFN Sezione di Triestea, Università di Triesteb, Trieste, Italy

S Dogra, J Hong, J Kim, T Kim, D Lee, H Lee, J Lee, SW Lee, C SMoon, Y DOh,
S Sekmen, B Tae, Y C Yang
Kyungpook National University, Daegu, Republic of Korea

MSKim
Department of Mathematics and Physics—GWNU, Gangneung, Republic of Korea

G Bak, P Gwak, H Kim, D HMoon, J Seo
Chonnam National University, Institute for Universe and Elementary Particles, Kwangju, Republic of
Korea

E Asilar, F Carnevali, J Choi53, T J Kim, Y Ryou, J Song
Hanyang University, Seoul, Republic of Korea

S Ha, S Han, B Hong, J Kim, K Lee, K S Lee, S Lee, J Yoo
Korea University, Seoul, Republic of Korea

J Goh, J Shin, S Yang
Kyung Hee University, Department of Physics, Seoul, Republic of Korea

Y Kang, H S Kim, Y Kim, B Ko, S Lee
Sejong University, Seoul, Republic of Korea

J Almond, J H Bhyun, J Choi, J Choi, W Jun, H Kim, J Kim, T Kim, Y Kim, YWKim,
S Ko, H Lee, J Lee, J Lee, B HOh, J Shin, U K Yang, I Yoon
Seoul National University, Seoul, Republic of Korea

W Jang, D Kim, S Kim, J S H Lee, Y Lee, I C Park, Y Roh, I J Watson
University of Seoul, Seoul, Republic of Korea

GCho, K Hwang, B Kim, S Kim, K Lee, H D Yoo
Yonsei University, Department of Physics, Seoul, Republic of Korea

Y Lee, I Yu
Sungkyunkwan University, Suwon, Republic of Korea

T Beyrouthy, Y Gharbia
College of Engineering and Technology, American University of the Middle East (AUM), Dasman,
Kuwait

F Alazemi
Kuwait University—College of Science—Department of Physics, Safat, Kuwait

KDreimanis, OM Eberlins, A Gaile, C Munoz Diaz, D Osite, G Pikurs, R Plese,
A Potrebko, M Seidel, D Sidiropoulos Kontos
Riga Technical University, Riga, Latvia

NR Strautnieks
University of Latvia (LU), Riga, Latvia

MAmbrozas, A Juodagalvis, S Nargelas, A Rinkevicius, G Tamulaitis
Vilnius University, Vilnius, Lithuania

78

https://orcid.org/0000-0002-4080-4156
https://orcid.org/0000-0001-8443-4460
https://orcid.org/0000-0002-3641-5983
https://orcid.org/0000-0002-1353-8964
https://orcid.org/0000-0001-5672-214X
https://orcid.org/0000-0002-8908-409X
https://orcid.org/0000-0003-2831-6982
https://orcid.org/0009-0008-5717-805X
https://orcid.org/0000-0002-0812-0758
https://orcid.org/0000-0002-9463-4922
https://orcid.org/0009-0004-7371-9945
https://orcid.org/0000-0003-4202-4820
https://orcid.org/0000-0002-6049-7771
https://orcid.org/0000-0002-1028-3468
https://orcid.org/0000-0001-8229-7829
https://orcid.org/0000-0002-7219-9931
https://orcid.org/0000-0003-1726-5681
https://orcid.org/0000-0003-1009-4621
https://orcid.org/0000-0003-0392-8691
https://orcid.org/0000-0002-0095-8185
https://orcid.org/0009-0009-7347-1480
https://orcid.org/0000-0001-8019-9387
https://orcid.org/0000-0002-5628-9187
https://orcid.org/0000-0002-6514-0608
https://orcid.org/0000-0001-5680-599X
https://orcid.org/0000-0003-3857-1231
https://orcid.org/0000-0002-6024-0992
https://orcid.org/0000-0001-8336-2434
https://orcid.org/0009-0002-2762-8650
https://orcid.org/0000-0003-2731-5881
https://orcid.org/0000-0003-2538-1551
https://orcid.org/0000-0002-2259-9929
https://orcid.org/0000-0002-2072-6082
https://orcid.org/0000-0002-3680-7039
https://orcid.org/0000-0001-9257-9643
https://orcid.org/0000-0003-0463-3043
https://orcid.org/0000-0002-1129-2083
https://orcid.org/0009-0004-3306-4518
https://orcid.org/0000-0001-6905-6553
https://orcid.org/0000-0001-6079-3434
https://orcid.org/0000-0002-6543-9191
https://orcid.org/0000-0002-9025-0489
https://orcid.org/0009-0009-4971-5641
https://orcid.org/0000-0002-2483-5104
https://orcid.org/0009-0001-5122-4552
https://orcid.org/0000-0003-4986-1728
https://orcid.org/0000-0001-9876-6642
https://orcid.org/0009-0005-7175-1930
https://orcid.org/0000-0002-4856-5989
https://orcid.org/0000-0003-4377-9969
https://orcid.org/0000-0002-1138-3700
https://orcid.org/0000-0001-6753-3731
https://orcid.org/0000-0002-5351-7201
https://orcid.org/0000-0002-9539-7789
https://orcid.org/0009-0008-3205-750X
https://orcid.org/0000-0002-3491-8026
https://orcid.org/0000-0002-1571-9072
https://orcid.org/0000-0002-8336-9182
https://orcid.org/0000-0002-8015-7379
https://orcid.org/0000-0002-2153-1519
https://orcid.org/0000-0001-5572-5947
https://orcid.org/0000-0003-4510-6776
https://orcid.org/0000-0003-2141-3413
https://orcid.org/0009-0000-3828-3032
https://orcid.org/0000-0002-9539-6815
https://orcid.org/0000-0003-0808-4184
https://orcid.org/0000-0002-3892-3500
https://orcid.org/0000-0001-6954-9964
https://orcid.org/0000-0003-1567-5548
https://orcid.org/0000-0002-5939-7116
https://orcid.org/0000-0002-0156-9448
https://orcid.org/0009-0005-9257-3125
https://orcid.org/0000-0003-0972-5641
https://orcid.org/0000-0001-6323-6764
https://orcid.org/0000-0003-1350-3523
https://orcid.org/0009-0001-3417-4557
https://orcid.org/0000-0002-2912-319X
https://orcid.org/0000-0001-5808-3468
https://orcid.org/0009-0007-2680-1067
https://orcid.org/0000-0002-3776-8270
https://orcid.org/0000-0003-3550-6151
https://orcid.org/0009-0005-9262-1588
https://orcid.org/0000-0003-4540-9048
https://orcid.org/0000-0003-2449-0158
https://orcid.org/0000-0002-1501-3328
https://orcid.org/0000-0002-2085-7680
https://orcid.org/0000-0002-7510-255X
https://orcid.org/0000-0002-2913-9634


Rep. Prog. Phys. 89 (2026) 087801 The CMS Collaboration

I Yusuff54, Z Zolkapli
National Centre for Particle Physics, Universiti Malaya, Kuala Lumpur, Malaysia

J F Benitez, A Castaneda Hernandez, A Cota Rodriguez, L E Cuevas Picos, H A Encinas Acosta, L G
Gallegos Maríñez, J AMurillo Quijada, L Valencia Palomo
Universidad de Sonora (UNISON), Hermosillo, Mexico

GAyala, H Castilla-Valdez, H Crotte Ledesma, R Lopez-Fernandez, J Mejia Guisao, R Reyes-
Almanza, A Sánchez Hernández
Centro de Investigacion y de Estudios Avanzados del IPN, Mexico City, Mexico

COropeza Barrera, D L Ramirez Guadarrama, M Ramírez García
Universidad Iberoamericana, Mexico City, Mexico

I Bautista, F E Neri Huerta, I Pedraza, H A Salazar Ibarguen, C Uribe Estrada
Benemerita Universidad Autonoma de Puebla, Puebla, Mexico

I Bubanja, N Raicevic
University of Montenegro, Podgorica, Montenegro

PH Butler
University of Canterbury, Christchurch, New Zealand

A Ahmad, M I Asghar, A Awais, M IM Awan,WAKhan
National Centre for Physics, Quaid-I-Azam University, Islamabad, Pakistan

V Avati, L Forthomme, L Grzanka, MMalawski, K Piotrzkowski
AGH University of Krakow, Krakow, Poland

MBluj, M Górski, M Kazana, M Szleper, P Zalewski
National Centre for Nuclear Research, Swierk, Poland

K Bunkowski, K Doroba, A Kalinowski, M Konecki, J Krolikowski, A Muhammad
Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Warsaw, Poland

P Fokow, K Pozniak, W Zabolotny
Warsaw University of Technology, Warsaw, Poland

MAraujo, D Bastos, C Beirão Da Cruz E Silva, A Boletti, M Bozzo, T Camporesi, G Da
Molin, M Gallinaro, J Hollar, N Leonardo, G BMarozzo, A Petrilli, M Pisano, J Seixas,
J Varela, J WWulff
Laboratório de Instrumentação e Física Experimental de Partículas, Lisboa, Portugal

P Adzic, L Markovic, P Milenovic, VMilosevic
Faculty of Physics, University of Belgrade, Belgrade, Serbia

DDevetak, M Dordevic, J Milosevic, L Nadderd, V Rekovic, M Stojanovic
VINCA Institute of Nuclear Sciences, University of Belgrade, Belgrade, Serbia

MAlcalde Martinez, J Alcaraz Maestre, Cristina F Bedoya, J A Brochero Cifuentes, Oliver M
Carretero, M Cepeda, M Cerrada, N Colino, B De La Cruz, A Delgado Peris, A Escalante
Del Valle, D Fernández Del Val, J P Fernández Ramos, J Flix, M C Fouz, M Gonzalez
Hernandez, O Gonzalez Lopez, S Goy Lopez, J MHernandez, M I Josa, J Llorente Merino,
C Martin Perez, E Martin Viscasillas, DMoran, C MMorcillo Perez, Á Navarro Tobar, R Paz
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78Also at Karamanoğlu Mehmetbey University, Karaman, Turkey
79Also at California Lutheran University, Thousand Oaks, CA, United States of America
80Also at California Institute of Technology, Pasadena, CA, United States of America
81Also at United States Naval Academy, Annapolis, MD, United States of America
82Also at Bingol University, Bingol, Turkey
83Also at Georgian Technical University, Tbilisi, Georgia
84Also at Sinop University, Sinop, Turkey
85Also at Erciyes University, Kayseri, Turkey
86Also at Horia Hulubei National Institute of Physics and Nuclear Engineering (IFIN-HH), Bucharest,
Romania
87Now at another institute formerly covered by a cooperation agreement with CERN
88Also at Hamad Bin Khalifa University (HBKU), Doha, Qatar
89Also at Yerevan Physics Institute, Yerevan, Armenia
90Also at Imperial College, London, United Kingdom

References

[1] ATLAS Collaboration 2008 The ATLAS experiment at the CERN large Hadron collider J. Instrum. 3 S08003
[2] CMS Collaboration 2008 The CMS experiment at the CERN LHC J. Instrum. 3 S08004
[3] ATLAS Collaboration 2012 Observation of a new particle in the search for the standard model Higgs boson with the ATLAS

detector at the LHC Phys. Lett. B 716 1
[4] CMS Collaboration 2012 Observation of a new boson at a mass of 125GeV with the CMS experiment at the LHC Phys. Lett. B

716 30
[5] CMS Collaboration 2013 Observation of a new boson with mass near 125 GeV in pp collisions at

√
s= 7 and 8 TeV J. High

Energy Phys. JHEP06(2013)081
[6] Englert F and Brout R 1964 Broken symmetry and the mass of gauge vector mesons Phys. Rev. Lett. 13 321
[7] Higgs P W 1964 Broken symmetries, massless particles and gauge fields Phys. Lett. 12 132
[8] Higgs P W 1964 Broken symmetries and the masses of gauge bosons Phys. Rev. Lett. 13 508
[9] Guralnik G S, Hagen C R and Kibble T W B 1964 Global conservation laws and massless particles Phys. Rev. Lett. 13 585
[10] Higgs P W 1966 Spontaneous symmetry breakdown without massless bosons Phys. Rev. 145 1156
[11] Kibble T W B 1967 Symmetry breaking in non-abelian gauge theories Phys. Rev. 155 1554
[12] Evans L and Bryant P 2008 LHC machine J. Instrum. 3 S08001
[13] LHC Higgs Cross section Working Group 2016 Handbook of LHC Higgs Cross Sections: 4. Deciphering the Nature of the Higgs

Sector
[14] Anastasiou C et al 2016 High precision determination of the gluon fusion Higgs boson cross-section at the LHC J. High Energy

Phys. JHEP05(2016)058
[15] Cacciari M et al 2015 Fully differential Vector-boson-fusion Higgs production at next-to-next-to-leading order Phys. Rev. Lett.

115 082002
Cacciari M et al 2018 Fully differential Vector-boson-fusion Higgs production at next-to-next-to-leading order Phys. Rev. Lett.
120 139901 (erratum)

[16] Brein O, Djouadi A and Harlander R 2004 NNLO QCD corrections to the Higgs-strahlung processes at hadron colliders Phys.
Lett. B 579 149

87

https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1088/1748-0221/3/08/S08004
https://doi.org/10.1088/1748-0221/3/08/S08004
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1007/JHEP06(2013)081
https://doi.org/10.1103/PhysRevLett.13.321
https://doi.org/10.1103/PhysRevLett.13.321
https://doi.org/10.1016/0031-9163(64)91136-9
https://doi.org/10.1016/0031-9163(64)91136-9
https://doi.org/10.1103/PhysRevLett.13.508
https://doi.org/10.1103/PhysRevLett.13.508
https://doi.org/10.1103/PhysRevLett.13.585
https://doi.org/10.1103/PhysRevLett.13.585
https://doi.org/10.1103/PhysRev.145.1156
https://doi.org/10.1103/PhysRev.145.1156
https://doi.org/10.1103/PhysRev.155.1554
https://doi.org/10.1103/PhysRev.155.1554
https://doi.org/10.1088/1748-0221/3/08/S08001
https://doi.org/10.1088/1748-0221/3/08/S08001
https://doi.org/10.1007/JHEP05(2016)058
https://doi.org/10.1103/PhysRevLett.115.082002
https://doi.org/10.1103/PhysRevLett.115.082002
https://doi.org/10.1016/j.physletb.2003.10.112
https://doi.org/10.1016/j.physletb.2003.10.112


Rep. Prog. Phys. 89 (2026) 087801 The CMS Collaboration

[17] Brein O, Harlander R V and Zirke T J E 2013 vh@nnlo—Higgs strahlung at hadron colliders Comput. Phys. Commun. 184 998
[18] Harlander R V, Liebler S and Zirke T 2014 Higgs strahlung at the Large Hadron Collider in the 2-Higgs-doublet model J. High

Energy Phys. JHEP02(2014)023
[19] Altenkamp L et al 2013 Gluon-induced Higgs-strahlung at next-to-leading order QCD J. High Energy Phys. JHEP02(2013)078
[20] Frixione S et al 2015 Electroweak and QCD corrections to top-pair hadroproduction in association with heavy bosons J. High

Energy Phys. JHEP06(2015)184
[21] Demartin F, Maltoni F, Mawatari K and Zaro M 2015 Higgs production in association with a single top quark at the LHC Eur.

Phys. J. C 75 267
[22] Berger N et al 2019 Simplified template cross sections – Stage 1.1 and 1.2 (arXiv:1906.02754)
[23] LHC Higgs Cross section Working Group 2013 Handbook of LHC Higgs cross sections: 3. Higgs properties (arXiv:1307.1347)
[24] Brivio I and Trott M 2019 The standard model as an effective field theory Phys. Rept. 793 1
[25] ATLAS Collaboration 2016 Measurements of the Higgs boson production and decay rates and coupling strengths using pp colli-

sion data at
√
s= 7 and 8 TeV in the ATLAS experiment Eur. Phys. J. C 76 6

[26] CMS Collaboration 2015 Precise determination of the mass of the Higgs boson and tests of compatibility of its couplings with
the standard model predictions using proton collisions at 7 and 8 TeV Eur. Phys. J. C 75 212

[27] ATLAS and CMS Collaborations 2016 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.

JHEP08(2016)045
[28] ATLAS Collaboration 2020 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 012002

[29] ATLAS Collaboration 2022 A detailed map of Higgs boson interactions by the ATLAS experiment ten years after the discovery
Nature 607 52
ATLAS Collaboration 2023 A detailed map of Higgs boson interactions by the ATLAS experiment ten years after the discovery
Nature 623 E5 (erratum)

[30] ATLAS Collaboration 2024 Interpretations of the ATLAS measurements of Higgs boson production and decay rates and differen-
tial cross-sections in pp collisions at

√
s= 13 TeV J. High Energy Phys. JHEP11(2024)097

[31] CMS Collaboration 2019 Combined measurements of Higgs boson couplings in proton-proton collisions at
√
s= 13TeV Eur.

Phys. J. C 79 421
[32] CMS Collaboration 2022 A portrait of the Higgs boson by the CMS experiment ten years after the discovery Nature 607 60

CMS Collaboration 2023 A portrait of the Higgs boson by the CMS experiment ten years after the discovery Nature 18 E4 (corri-
gendum)

[33] CMS Collaboration 2024 Measurement of the Higgs boson production via vector boson fusion and its decay into bottom quarks
in proton-proton collisions at

√
s= 13 TeV J. High Energy Phys. JHEP01(2024)173

[34] CMS Collaboration 2024 Measurement of boosted Higgs bosons produced via vector boson fusion or gluon fusion in the H→
bb̄ decay mode using LHC proton-proton collision data at

√
s= 13 TeV J. High Energy Phys. JHEP12(2024)035

[35] CMS Collaboration 2025 Measurement of the Higgs boson mass and width using the four-lepton final state in proton-proton
collisions at

√
s= 13 TeV Phys. Rev. D 111 092014

[36] CMS Collaboration 2023 A search for decays of the Higgs boson to invisible particles in events with a top-antitop quark pair or a
vector boson in proton-proton collisions at

√
s= 13TeV Eur. Phys. J. C 83 933

[37] CMS Collaboration 2024 Measurement of simplified template cross sections of the Higgs boson produced in association with W
or Z bosons in the H→ bb decay channel in proton-proton collisions at

√
s= 13 TeV Phys. Rev. D 109 092011

[38] CMS Collaboration 2025 Measurement of the ttH and tH production rates in the H→ bb decay channel using proton-proton
collision data at

√
s= 13 TeV J. High Energy Phys. JHEP02(2025)097

[39] CMS Collaboration 2020 A measurement of the Higgs boson mass in the diphoton decay channel Phys. Lett. B 805 135425
[40] ATLAS Collaboration 2023 Combined measurement of the Higgs boson mass from the H→ γγ and H→ ZZ*→ 4ℓ decay

channels with the ATLAS detector using
√
s= 7, 8 and 13 TeV pp collision data Phys. Rev. Lett. 131 251802

[41] 2026 HEPData record for this analysis (https://doi.org/10.17182/hepdata.168509)
[42] CMS Collaboration 2024 Development of the CMS detector for the CERN LHC Run 3 J. Instrum. 19 05064
[43] CMS Collaboration 2020 Performance of the CMS Level-1 trigger in proton-proton collisions at

√
s= 13 TeV J. Instrum.

15 10017
[44] CMS Collaboration 2017 The CMS trigger system J. Instrum. 12 01020
[45] CMS Collaboration 2024 Performance of the CMS high-level trigger during LHC Run 2 J. Instrum. 19 11021
[46] CMS Collaboration 2021 Electron and photon reconstruction and identification with the CMS experiment at the CERN LHC J.

Instrum. 16 05014
[47] CMS Collaboration 2018 Performance of the CMS muon detector and muon reconstruction with proton-proton collisions at√

s= 13 TeV J. Instrum. 13 06015
[48] CMS Collaboration 2014 Description and performance of track and primary-vertex reconstruction with the CMS tracker J.

Instrum. 9 10009
[49] CMS Collaboration 2021 Measurements of Higgs boson production cross sections and couplings in the diphoton decay channel

at
√
s= 13 TeV J. High Energy Phys. JHEP07(2021)027

[50] CMS Collaboration 2021 Measurements of production cross sections of the Higgs boson in the four-lepton final state in proton–
proton collisions at

√
s= 13TeV Eur. Phys. J. C 81 488

[51] CMS Collaboration 2023 Measurements of the Higgs boson production cross section and couplings in the W boson pair decay
channel in proton-proton collisions at

√
s= 13 TeV Eur. Phys. J. C 83 667

[52] CMS Collaboration 2023 Measurements of Higgs boson production in the decay channel with a pair of τ leptons in proton-
proton collisions at

√
s= 13 TeV Eur. Phys. J. C 83 562

[53] CMS Collaboration 2021 Measurement of the Higgs boson production rate in association with top quarks in final states with
electrons, muons and hadronically decaying tau leptons at

√
s= 13 TeV Eur. Phys. J. C 81 378

[54] CMS Collaboration 2021 Evidence for Higgs boson decay to a pair of muons J. High Energy Phys. JHEP01(2021)148
[55] CMS Collaboration 2023 Search for Higgs boson decays to a Z boson and a photon in proton-proton collisions at

√
s= 13 TeV

J. High Energy Phys. JHEP05(2023)233
[56] CMS Collaboration 2021 Search for new particles in events with energetic jets and large missing transverse momentum in

proton-proton collisions at
√
s= 13 TeV J. High Energy Phys. JHEP11(2021)153

88

https://doi.org/10.1016/j.cpc.2012.11.002
https://doi.org/10.1016/j.cpc.2012.11.002
https://doi.org/10.1007/JHEP02(2014)023
https://doi.org/10.1007/JHEP02(2013)078
https://doi.org/10.1007/JHEP06(2015)184
https://doi.org/10.1140/epjc/s10052-015-3475-9
https://doi.org/10.1140/epjc/s10052-015-3475-9
https://arxiv.org/abs/1906.02754
https://arxiv.org/abs/1307.1347
https://doi.org/10.1016/j.physrep.2018.11.002
https://doi.org/10.1016/j.physrep.2018.11.002
https://doi.org/10.1140/epjc/s10052-015-3769-y
https://doi.org/10.1140/epjc/s10052-015-3769-y
https://doi.org/10.1140/epjc/s10052-015-3351-7
https://doi.org/10.1140/epjc/s10052-015-3351-7
https://doi.org/10.1007/JHEP08(2016)045
https://doi.org/10.1103/PhysRevD.101.012002
https://doi.org/10.1103/PhysRevD.101.012002
https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-023-06248-5
https://doi.org/10.1038/s41586-023-06248-5
https://doi.org/10.1007/JHEP11(2024)097
https://doi.org/10.1140/epjc/s10052-019-6909-y
https://doi.org/10.1140/epjc/s10052-019-6909-y
https://doi.org/10.1038/s41586-022-04892-x
https://doi.org/10.1038/s41586-022-04892-x
https://doi.org/10.1038/s41586-023-06164-8
https://doi.org/10.1038/s41586-023-06164-8
https://doi.org/10.1007/JHEP01(2024)173
https://doi.org/10.1007/JHEP12(2024)035
https://doi.org/10.1103/PhysRevD.111.092014
https://doi.org/10.1103/PhysRevD.111.092014
https://doi.org/10.1140/epjc/s10052-023-11952-7
https://doi.org/10.1140/epjc/s10052-023-11952-7
https://doi.org/10.1103/PhysRevD.109.092011
https://doi.org/10.1103/PhysRevD.109.092011
https://doi.org/10.1007/JHEP02(2025)097
https://doi.org/10.1016/j.physletb.2020.135425
https://doi.org/10.1016/j.physletb.2020.135425
https://doi.org/10.1103/PhysRevLett.131.251802
https://doi.org/10.1103/PhysRevLett.131.251802
https://doi.org/10.17182/hepdata.168509
https://doi.org/10.1088/1748-0221/19/05/P05064
https://doi.org/10.1088/1748-0221/19/05/P05064
https://doi.org/10.1088/1748-0221/15/10/P10017
https://doi.org/10.1088/1748-0221/15/10/P10017
https://doi.org/10.1088/1748-0221/12/01/P01020
https://doi.org/10.1088/1748-0221/12/01/P01020
https://doi.org/10.1088/1748-0221/19/11/P11021
https://doi.org/10.1088/1748-0221/19/11/P11021
https://doi.org/10.1088/1748-0221/16/05/P05014
https://doi.org/10.1088/1748-0221/16/05/P05014
https://doi.org/10.1088/1748-0221/13/06/P06015
https://doi.org/10.1088/1748-0221/13/06/P06015
https://doi.org/10.1088/1748-0221/9/10/P10009
https://doi.org/10.1088/1748-0221/9/10/P10009
https://doi.org/10.1007/JHEP07(2021)027
https://doi.org/10.1140/epjc/s10052-021-09200-x
https://doi.org/10.1140/epjc/s10052-021-09200-x
https://doi.org/10.1140/epjc/s10052-023-11632-6
https://doi.org/10.1140/epjc/s10052-023-11632-6
https://doi.org/10.1140/epjc/s10052-023-11452-8
https://doi.org/10.1140/epjc/s10052-023-11452-8
https://doi.org/10.1140/epjc/s10052-021-09014-x
https://doi.org/10.1140/epjc/s10052-021-09014-x
https://doi.org/10.1007/JHEP01(2021)148
https://doi.org/10.1007/JHEP05(2023)233
https://doi.org/10.1007/JHEP11(2021)153


Rep. Prog. Phys. 89 (2026) 087801 The CMS Collaboration

[57] CMS Collaboration 2022 Search for invisible decays of the Higgs boson produced via vector boson fusion in proton-proton colli-
sions at

√
s= 13 TeV Phys. Rev. D 105 092007

[58] CMS Collaboration 2021 Search for dark matter produced in association with a leptonically decaying Z boson in proton-proton
collisions at

√
s= 13 TeV Eur. Phys. J. C 81 13

CMS Collaboration 2020 Search for dark matter produced in association with a leptonically decaying Z boson in proton-proton
collisions at

√
s= 13 TeV Eur. Phys. J. C 81 333 (erratum)

[59] CMS Collaboration 2024 Performance of the CMS electromagnetic calorimeter in pp collisions at
√
s= 13 TeV J. Instrum.

19 09004
[60] CMS Collaboration 2022 Identification of hadronic tau lepton decays using a deep neural network J. Instrum. 17 07023
[61] CMS Collaboration 2017 Particle-flow reconstruction and global event description with the CMS detector J. Instrum. 12 10003
[62] CMS Collaboration 2025 Performance of heavy-flavour jet identification in Lorentz-boosted topologies in proton-proton colli-

sions at
√
s= 13 TeV J. Instrum. 20 11006

[63] CMS Collaboration 2023 Search for Higgs boson decay to a charm quark-antiquark pair in proton-proton collisions at
√
s= 13

TeV Phys. Rev. Lett. 131 061801
[64] CMS Collaboration 2023 Search for Higgs boson and observation of Z boson through their decay into a charm quark-antiquark

pair in boosted topologies in proton-proton collisions at
√
s= 13 TeV Phys. Rev. Lett. 131 041801

[65] CMS Collaboration 2026 Simultaneous probe of the charm and bottom quark Yukawa couplings using ttH events Phys. Rev. Lett.
136 011801

[66] Alwall J et al 2014 The automated computation of tree-level and next-to-leading order differential cross sections and their
matching to parton shower simulations J. High Energy Phys. JHEP07(2014)079

[67] Hamilton K, Nason P, Re E and Zanderighi G 2013 NNLOPS simulation of Higgs boson production J. High Energy Phys.
JHEP10(2013)222

[68] Hamilton K, Nason P and Zanderighi G 2012 MINLO: multi-scale improved NLO J. High Energy Phys. JHEP10(2012)155
[69] Luisoni G, Nason P, Oleari C and Tramontano F 2013 HW±/HZ+ 0 and 1 jet at NLO with the POWHEG BOX interfaced to

GoSam and their merging within MiNLO J. High Energy Phys. JHEP10(2013)083
[70] Sjöstrand T et al 2015 An introduction to PYTHIA 8.2 Comput. Phys. Commun. 191 159
[71] CMS Collaboration 2020 Extraction and validation of a new set of CMS PYTHIA8 tunes from underlying-event measurements

Eur. Phys. J. C 80 4
[72] Collaboration N N P D F 2017 Parton distributions from high-precision collider data Eur. Phys. J. C 77 663
[73] Becker K et al 2024 Precise predictions for boosted Higgs production SciPost Phys. Core 7 001
[74] ATLAS and CMS Collaborations and LHC Higgs Combination Group 2011 Procedure for the LHC Higgs boson search combi-

nation in Summer 2011 Technical Report CMS-NOTE-2011-005, ATL-PHYS-PUB-2011-11
[75] CMS Collaboration 2012 Combined results of searches for the standard model Higgs boson in pp collisions at

√
s= 7 TeV Phys.

Lett. B 710 26
[76] CMS Collaboration 2024 The CMS statistical analysis and combination tool: combine Comput. Softw. Big Sci. 8 19
[77] Verkerke W and Kirkby D P 2003 The ROOFIT toolkit for data modeling eConf C0303241MOLT007
[78] Moneta L et al 2010 The ROOSTATS project Proc. Sci. ACAT2010 057
[79] Bernlochner F U, Fry D C, Menary S B and Persson E 2023 Cover your bases: asymptotic distributions of the profile likelihood

ratio when constraining effective field theories in high-energy physics SciPost Phys. Core 6 013
[80] Cowan G, Cranmer K, Gross E and Vitells O 2011 Asymptotic formulae for likelihood-based tests of new physics Eur. Phys. J. C

71 1554
(https://doi.org/10.1140/epjc/s10052-013-2501-z) (erratum)

[81] CMS Collaboration 2021 Precision luminosity measurement in proton-proton collisions at
√
s= 13 TeV in 2015 and 2016 at

CMS Eur. Phys. J. C 81 800
[82] CMS Collaboration 2018 CMS luminosity measurement for the 2017 data-taking period at

√
s= 13 TeV CMS Physics Analysis

Summary CMS-PAS-LUM-17-004
[83] CMS Collaboration 2019 CMS luminosity measurement for the 2018 data-taking period at

√
s= 13 TeV CMS Physics Analysis

Summary CMS-PAS-LUM-18-002
[84] Barlow R J and Beeston C 1993 Fitting using finite Monte Carlo samples Comput. Phys. Commun. 77 219
[85] Cacciari M, Salam G P and Soyez G 2008 The anti-kT jet clustering algorithm J. High Energy Phys. JHEP04(2008)063
[86] Cacciari M, Salam G P and Soyez G 2012 FastJet user manual Eur. Phys. J. C 72 1896
[87] Davis J et al 2022 Constraining anomalous Higgs boson couplings to virtual photons Phys. Rev. D 105 096027
[88] Gao Y et al 2010 Spin determination of single-produced resonances at Hadron colliders Phys. Rev. D 81 075022
[89] Bolognesi S et al 2012 On the spin and parity of a single-produced resonance at the LHC Phys. Rev. D 86 095031
[90] Anderson I et al 2014 Constraining anomalous HVV interactions at proton and lepton colliders Phys. Rev. D 89 035007
[91] Gritsan A V, Röntsch R, Schulze M and Xiao M 2016 Constraining anomalous Higgs boson couplings to the heavy flavor

fermions using matrix element techniques Phys. Rev. D 94 055023
[92] Campbell J M and Ellis R K 2010 MCFM for the Tevatron and the LHC Nucl. Phys. B 205-206 10
[93] Degrassi G, Giardino P P, Maltoni F and Pagani D 2016 Probing the Higgs self coupling via single Higgs production at the LHC

J. High Energy Phys. JHEP12(2016)080
[94] Maltoni F, Pagani D, Shivaji A and Zhao X 2017 Trilinear Higgs coupling determination via single-Higgs differential measure-

ments at the LHC Eur. Phys. J. C 77 887
[95] CMS Collaboration 2025 Constraints on the Higgs boson self-coupling from the combination of single and double Higgs boson

production in proton-proton collisions at
√
s= 13 TeV Phys. Lett. B 861 139210

[96] CMS Collaboration 2021 Search for nonresonant Higgs boson pair production in final states with two bottom quarks and two
photons in proton-proton collisions at

√
s= 13 TeV J. High Energy Phys. JHEP03(2021)257

[97] Monti F et al 2022 Modelling of the single-Higgs simplified template cross-sections (STXS 1.2) for the determination of the
Higgs boson trilinear self-coupling LHC Higgs Working Group Note LHCHWG-2022-002 (CERN)

[98] Branco G C et al 2012 Theory and phenomenology of two-Higgs-doublet models Phys. Rept. 516 1
[99] Gunion J F and Haber H E 2003 The CP conserving two Higgs doublet model: the approach to the decoupling limit Phys. Rev. D

67 075019
[100] Maiani L, Polosa A D and Riquer V 2013 Bounds to the Higgs sector masses in minimal supersymmetry from LHC data Phys.

Lett. B 724 274

89

https://doi.org/10.1103/PhysRevD.105.092007
https://doi.org/10.1103/PhysRevD.105.092007
https://doi.org/10.1140/epjc/s10052-020-08739-5
https://doi.org/10.1140/epjc/s10052-020-08739-5
https://doi.org/10.1140/epjc/s10052-021-08959-3
https://doi.org/10.1140/epjc/s10052-021-08959-3
https://doi.org/10.1088/1748-0221/19/09/P09004
https://doi.org/10.1088/1748-0221/19/09/P09004
https://doi.org/10.1088/1748-0221/17/07/P07023
https://doi.org/10.1088/1748-0221/17/07/P07023
https://doi.org/10.1088/1748-0221/12/10/P10003
https://doi.org/10.1088/1748-0221/12/10/P10003
https://doi.org/10.1088/1748-0221/20/11/P11006
https://doi.org/10.1088/1748-0221/20/11/P11006
https://doi.org/10.1103/PhysRevLett.131.061801
https://doi.org/10.1103/PhysRevLett.131.061801
https://doi.org/10.1103/PhysRevLett.131.041801
https://doi.org/10.1103/PhysRevLett.131.041801
https://doi.org/10.1103/9nwb-splk
https://doi.org/10.1103/9nwb-splk
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP10(2013)222
https://doi.org/10.1007/JHEP10(2012)155
https://doi.org/10.1007/JHEP10(2013)083
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1140/epjc/s10052-019-7499-4
https://doi.org/10.1140/epjc/s10052-019-7499-4
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.21468/SciPostPhysCore.7.1.001
https://doi.org/10.21468/SciPostPhysCore.7.1.001
https://doi.org/10.1016/j.physletb.2012.02.064
https://doi.org/10.1016/j.physletb.2012.02.064
https://doi.org/10.1007/s41781-024-00121-4
https://doi.org/10.1007/s41781-024-00121-4
https://doi.org/10.1142/9781860948985_0039
https://doi.org/10.1142/9781860948985_0039
https://doi.org/10.22323/1.093.0057
https://doi.org/10.22323/1.093.0057
https://doi.org/10.21468/SciPostPhysCore.6.1.013
https://doi.org/10.21468/SciPostPhysCore.6.1.013
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://doi.org/10.1140/epjc/s10052-021-09538-2
https://doi.org/10.1140/epjc/s10052-021-09538-2
https://doi.org/10.1016/0010-4655(93)90005-W
https://doi.org/10.1016/0010-4655(93)90005-W
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://doi.org/10.1103/PhysRevD.105.096027
https://doi.org/10.1103/PhysRevD.105.096027
https://doi.org/10.1103/PhysRevD.81.075022
https://doi.org/10.1103/PhysRevD.81.075022
https://doi.org/10.1103/PhysRevD.86.095031
https://doi.org/10.1103/PhysRevD.86.095031
https://doi.org/10.1103/PhysRevD.89.035007
https://doi.org/10.1103/PhysRevD.89.035007
https://doi.org/10.1103/PhysRevD.94.055023
https://doi.org/10.1103/PhysRevD.94.055023
https://doi.org/10.1016/j.nuclphysbps.2010.08.011
https://doi.org/10.1016/j.nuclphysbps.2010.08.011
https://doi.org/10.1007/JHEP12(2016)080
https://doi.org/10.1140/epjc/s10052-017-5410-8
https://doi.org/10.1140/epjc/s10052-017-5410-8
https://doi.org/10.1016/j.physletb.2024.139210
https://doi.org/10.1016/j.physletb.2024.139210
https://doi.org/10.1007/JHEP03(2021)257
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1103/PhysRevD.67.075019
https://doi.org/10.1103/PhysRevD.67.075019
https://doi.org/10.1016/j.physletb.2013.06.026
https://doi.org/10.1016/j.physletb.2013.06.026


Rep. Prog. Phys. 89 (2026) 087801 The CMS Collaboration

[101] Glashow S L and Weinberg S 1977 Natural conservation laws for neutral currents Phys. Rev. D 15 1958
[102] Paschos E A 1977 Diagonal neutral currents Phys. Rev. D 15 1966
[103] Djouadi A 2008 The anatomy of electro-weak symmetry breaking tome II. the Higgs bosons in the minimal supersymmetric

model Phys. Rept. 459 1
[104] Gunion J F and Haber H E 1986 Higgs bosons in supersymmetric models (I) Nucl. Phys. B 272 1
[105] Haber H and Kane G 1985 The search for supersymmetry: probing physics beyond the standard model Phys. Rept. 117 75
[106] Nilles H 1984 Supersymmetry, supergravity and particle physics Phys. Rept. 110 1
[107] Djouadi A et al 2013 The post-Higgs MSSM scenario: Habemus MSSM? Eur. Phys. J. C 73 2650
[108] Djouadi A et al 2015 Fully covering the MSSM Higgs sector at the LHC J. High Energy Phys. JHEP06(2015)168
[109] ATLAS Collaboration 2015 Constraints on new phenomena via Higgs boson couplings and invisible decays with the ATLAS

detector J. High Energy Phys. JHEP11(2015)206
[110] Carena M et al 2013 MSSM Higgs boson searches at the LHC: benchmark scenarios after the discovery of a Higgs-like particle

Eur. Phys. J. C 73 2552
[111] Bahl H, Liebler S and Stefaniak T 2019 MSSM Higgs benchmark scenarios for Run 2 and beyond: the low tanβ region Eur. Phys.

J. C 79 279
[112] CMS Collaboration 2023 Searches for additional Higgs bosons and for vector leptoquarks in ττ final states in proton-proton

collisions at
√
s= 13 TeV J. High Energy Phys. JHEP07(2023)073

[113] CMS Collaboration 2025 Search for heavy pseudoscalar and scalar bosons decaying to a top quark pair in proton-proton colli-
sions at

√
s= 13 TeV Rept. Prog. Phys. 88 127801

[114] CMS Collaboration 2025 Searches for Higgs boson production through decays of heavy resonances Phys. Rept. 1115 368
[115] Grzadkowski B, Iskrzynski M, Misiak M and Rosiek J 2010 Dimension-six terms in the standard model Lagrangian J. High

Energy Phys. JHEP10(2010)085
[116] Brivio I 2021 SMEFTsim 3.0 — a practical guide J. High Energy Phys. JHEP04(2021)073
[117] Dawson S and Giardino P P 2018 Electroweak corrections to Higgs boson decays to γγ andW+W− in standard model EFT

Phys. Rev. D 98 095005
[118] Dawson S and Giardino P P 2018 Higgs decays to ZZ and Zγ in the standard model effective field theory: an NLO analysis Phys.

Rev. D 97 093003
[119] Degrande C et al 2021 Automated one-loop computations in the standard model effective field theory Phys. Rev. D 103 096024
[120] Particle Data Group 2024 Review of particle physics Phys. Rev. D 110 030001
[121] Ellis J et al 2021 Top, Higgs, diboson and electroweak fit to the standard model effective field theory J. High Energy Phys.

JHEP04(2021)279
[122] Brivio I, Corbett T and Trott M 2019 The Higgs width in the SMEFT J. High Energy Phys. JHEP10(2019)056
[123] Brooijmans G et al 2020 Les Houches 2019 physics at TeV colliders: new physics working group report 11th Les Houches

Workshop on Physics at TeV Colliders: PhysTeV Les Houches
[124] Buckley A et al 2013 Rivet user manual Comput. Phys. Commun. 184 2803
[125] Brivio I et al 2025 POPxf: an exchange format for polynomial observable predictions Joint LHC EFT Working Group and LHC

Higgs Working Group note LHCHWG-2025-050, (CERN)
[126] Buckley A et al 2019 The simplified likelihood framework J. High Energy Phys. JHEP04(2019)064
[127] Barlow R 2003 Asymmetric errors Proc: PHYSTAT (2003): Statistical Problems in Particle Physics, Astrophysics and Cosmology
[128] Araz J Y 2024 Spey: smooth inference for reinterpretation studies SciPost Phys. 16 032

90

https://doi.org/10.1103/PhysRevD.15.1958
https://doi.org/10.1103/PhysRevD.15.1958
https://doi.org/10.1103/PhysRevD.15.1966
https://doi.org/10.1103/PhysRevD.15.1966
https://doi.org/10.1016/j.physrep.2007.10.005
https://doi.org/10.1016/j.physrep.2007.10.005
https://doi.org/10.1016/0550-3213(86)90340-8
https://doi.org/10.1016/0550-3213(86)90340-8
https://doi.org/10.1016/0370-1573(85)90051-1
https://doi.org/10.1016/0370-1573(85)90051-1
https://doi.org/10.1016/0370-1573(84)90008-5
https://doi.org/10.1016/0370-1573(84)90008-5
https://doi.org/10.1140/epjc/s10052-013-2650-0
https://doi.org/10.1140/epjc/s10052-013-2650-0
https://doi.org/10.1007/JHEP06(2015)168
https://doi.org/10.1007/JHEP11(2015)206
https://doi.org/10.1140/epjc/s10052-013-2552-1
https://doi.org/10.1140/epjc/s10052-013-2552-1
https://doi.org/10.1140/epjc/s10052-019-6770-z
https://doi.org/10.1140/epjc/s10052-019-6770-z
https://doi.org/10.1007/JHEP07(2023)073
https://doi.org/10.1088/1361-6633/ae2207
https://doi.org/10.1088/1361-6633/ae2207
https://doi.org/10.1016/j.physrep.2024.09.004
https://doi.org/10.1016/j.physrep.2024.09.004
https://doi.org/10.1007/JHEP10(2010)085
https://doi.org/10.1007/JHEP04(2021)073
https://doi.org/10.1103/PhysRevD.98.095005
https://doi.org/10.1103/PhysRevD.98.095005
https://doi.org/10.1103/PhysRevD.97.093003
https://doi.org/10.1103/PhysRevD.97.093003
https://doi.org/10.1103/PhysRevD.103.09602
https://doi.org/10.1103/PhysRevD.103.09602
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1007/JHEP04(2021)279
https://doi.org/10.1007/JHEP10(2019)056
https://doi.org/10.1016/j.cpc.2013.05.021
https://doi.org/10.1016/j.cpc.2013.05.021
https://doi.org/10.1007/JHEP04(2019)064
https://doi.org/10.21468/SciPostPhys.16.1.032
https://doi.org/10.21468/SciPostPhys.16.1.032

	Combined measurements and interpretations of Higgs boson production and decay in proton–proton collisions at s = 13TeV
	1. Introduction
	2. The CMS detector
	3. Analyses included in the combination
	3.1. H→γγ
	3.2. H→ZZ
	3.3. H→WW
	3.4. H→ττ
	3.5. H→bb
	3.6. t(t)H production with H→leptons
	3.7. H→µµ
	3.8. H→Zγ
	3.9. H→invisible particles
	3.10. Off-shell production

	4. Modifications to the input analyses
	5. Statistical procedure
	5.1. The combined likelihood
	5.2. Signal yield parametrization
	5.3. Extraction of results

	6. Systematic uncertainties
	6.1. Theoretical uncertainties
	6.2. Experimental uncertainties

	7. Measurements of signal strengths
	8. Measurements of simplified template cross sections and decay branching fractions
	8.1. Stage 0 measurements
	8.2. Stage 1.2 measurements

	9. Interpretation of measurements in the coupling modifier framework
	9.1. Constraints on coupling modifiers with resolved loops
	9.2. Constraints on coupling modifiers with effective loops
	9.3. Constraints on coupling modifier ratios
	9.4. Constraints on the Higgs boson self-coupling

	10. Interpretation of measurements using benchmark two-Higgs-doublet models
	11. Interpretation of measurements using SMEFT
	11.1. Derivation of the SMEFT parametrization
	11.2. Impact of Higgs boson kinematic properties
	11.3. SMEFT parametrization summary
	11.4. Constraints on individual Wilson coefficients
	11.5. Constraints on linear combinations of Wilson coefficients

	12. Summary
	Appendix. Comparison of SMEFT constraints with a simplified likelihood procedure
	References


