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Combination of Higgs boson measurements at
√
s =

13 TeV and their interpretations by the ATLAS

experiment

The ATLAS Collaboration

This paper presents combined measurements of Higgs boson production and decay us-

ing up to 140 fb−1 of proton–proton collision data collected by the ATLAS experiment

at the LHC at
√
B = 13 TeV. The inclusive Higgs boson event rate relative to its

Standard Model prediction is determined to be 0.990+0.053
−0.051

= 0.990 ± 0.027 (stat.) ±
0.024 (exp.) +0.037

−0.035
(sig. theo.) +0.016

−0.015
(bkg. theo.), separating statistical, experimental, signal-

theory and background-theory uncertainty components. The signal theory uncertainty is the

largest contribution, dominated by missing higher-order terms in QCD and the modelling of

parton shower effects. Inclusive production cross-sections and decay branching ratios are

measured, with sensitivities improved by up to 35% relative to the previous ATLAS publication.

Production cross-sections for individual decay channels are also reported. The results are

interpreted in terms of modifiers to Higgs boson couplings. The combination of single Higgs

boson and Higgs boson pair production measurements yields ^_ = 1.3+3.1
−1.6

for the modifier to

the Higgs boson self-coupling, with an interval of [−1.5, 6.5] at 95% confidence level. The

partial width in the � → 11̄ decay channel is used to obtain the first ATLAS determination

of the running mass of the 1-quark at the Higgs boson mass scale in the modified minimal

subtraction scheme, found to be <1 (<�) = 2.73+0.27
−0.25

GeV. The total width of the Higgs

boson is measured to be Γ� = 3.6+2.1
−1.6

MeV based on its on- and off-shell production rates.

The kinematics of Higgs boson production are probed within the framework of Simplified

Template Cross-sections in 44 kinematic regions, and the results are interpreted in the context

of Standard Model Effective Field Theory models.
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1 Introduction

One of the main physics objectives of Run 2 of the LHC (2015-2018) is to measure with increasing

precision the properties of the Higgs boson discovered by the ATLAS and CMS Collaborations in 2012 [1,

2]. Measurements of these properties, which have so far been found to be compatible with Standard Model

(SM) predictions, provide sensitive tests of the consistency of the SM and a window into possible new

phenomena beyond it.

Within the SM, the couplings of the Higgs boson to fundamental SM particles and the rates of its production

and decay processes are fully determined by the knowledge of SM parameters. ATLAS [3] and CMS [4]

have performed measurements of these properties using analyses targeting a variety of Higgs boson

production and decay channels. The production processes considered consist of gluon–gluon fusion (66F),

, or / vector-boson fusion (VBF), associated production with a , or / boson (+�, with + = ,, /),

associated production with a pair of top quarks (CC�), a pair of 1-quarks (11�) or a single top quark (C�),

and Higgs boson pair production (��). The latter provides direct sensitivity to the Higgs boson trilinear

self-coupling _��� . The decay channels include � → 11, � → ,,∗, � → gg, � → 22, � → //∗,
� → WW, � → /W, and � → ``.1 These processes are illustrated in Figure 1.

This paper studies the production and decay rates of the Higgs boson, using a combination of analyses

targeting individual production and decay processes. Compared to the previous publication of Ref. [3], nine

measurements are updated and several new measurements are included. The changes lead to significant

improvements, in particular to the measurements of the � → gg, � → ,,∗, +� (→ 11, 22) and CC�

processes.

All analyses use the full dataset of proton–proton (??) collisions collected during Run 2, except for those

of Refs. [5] and [6] that use triggers that were not available during part of the running period. The results

assume the value <� = 125.09± 0.24 GeV for the Higgs boson mass, obtained from the latest combination

of ATLAS and CMS Higgs-boson mass measurements [7] and compatible with more recent measurements

performed individually by ATLAS [8, 9] and CMS [10, 11]. More details on the analyses included in the

combination are provided in Section 3.

Measurements of Higgs boson processes generally target Higgs boson production event rates in specific

decay channels. These measurements are either inclusive or differential with respect to kinematics

associated with the Higgs boson production as established by the Simplified Template Cross-section

(STXS) framework [12–15]. Combining the production measurements across multiple decay channels

as performed here provides a more comprehensive determination of Higgs boson properties from which

further model-independent interpretations can be performed.

The measurements are compared with state-of-the-art theory predictions of the rates and kinematics of these

processes within the SM. The precision of these predictions was significantly improved in recent years, in

particular due to computations involving higher-order corrections in QCD and electroweak effects, which

have pushed the boundaries of achievable precision at hadron colliders [12, 16–55]. The resulting theory

uncertainties are generally comparable to or smaller than the corresponding experimental uncertainties, but

form the dominant uncertainty in several important cases, in particular in measurements of inclusive event

rates.

1 No distinction is made between particles and anti-particles, and the same notation is used to refer to both. The symbol ℓ refers

to electrons and muons.
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Figure 1: Examples of Feynman diagrams for single (top row) and double (middle row) Higgs boson production, and

Higgs boson decay (bottom row): Higgs boson production via gluon–gluon fusion (66F; a),, or / vector-boson

fusion (VBF; b), and associated production with, or / bosons (+�; c), top- or 1-quark pairs (CC�, 11�; d), or a

single top quark (C�; e); Higgs boson pair production via gluon–gluon fusion (f), and Higgs boson pair production

via vector-boson fusion (g). Higgs boson decays into a pair of, or / bosons (h), a pair of photons, or a / boson and

a photon (i), a pair of quarks (j), and a pair of charged leptons (k).

Results are reported in terms of measurements of the inclusive rates of the production and decay processes

mentioned above, presented in Sections 4 and 5, and interpreted as modifications to the Higgs boson

couplings to other SM particles within the ^ framework [56] in Section 6. The latter also includes the

first ATLAS determination of <1 (<�), the running mass of the 1-quark at the Higgs boson mass scale, a

measurement of the total Higgs boson width Γ� , and a determination of the Higgs boson self-coupling.

Measurements of Higgs boson production kinematics in the STXS framework [12–15] are reported in

Section 7 and an interpretation in the context of Standard Model Effective Field Theory (SMEFT) [57, 58]

models is presented in Section 8.

2 ATLAS detector

The ATLAS experiment [59] at the LHC is a multipurpose particle detector with a forward–backward

symmetric, cylindrical geometry and a near 4c coverage in solid angle. The detector records digitized

signals produced by the products of proton bunch collisions at the LHC, hereafter termed collision ‘events’.

It is designed to identify a wide variety of particles and measure their momenta and energies. These

particles include electrons, muons and g-leptons, photons, as well as gluons and quarks that produce

collimated jets of particles in the detector. Since the jets from 1-quarks and 2-quarks contain hadrons

with relatively long lifetimes, they can be identified by observing decay vertices that typically occur at

a measurable distance from the collision point. The presence of particles that do not interact with the
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detector, such as neutrinos, can be inferred by summing the vector momenta of the visible particles in the

plane transverse to the beam and imposing conservation of transverse momenta.

The detector components closest to the collision point measure charged-particle trajectories and momenta.

This inner spectrometer is surrounded by a thin superconducting solenoid providing a 2 T axial magnetic

field and by calorimeters that are used in the identification of particles and in the measurement of

their energies. The calorimeters are in turn surrounded by an outer spectrometer based on three large

superconducting air-core toroidal magnets with eight coils each. The field integral of the toroids ranges

between 2.0 and 6.0 T m across most of the detector. The muon spectrometer includes a system of precision

tracking chambers dedicated to measuring the trajectories and momenta of muons, the only charged particles

to travel through the calorimeters. A two-level trigger system was optimised for Run 2 data-taking [60]

to select events of interest at a rate of about 1.25 kHz from the proton bunch collisions occurring at a

rate of 40 MHz. An extensive software suite [61] is used in the simulation, reconstruction and analysis

of real and simulated data, in detector operations, and in the trigger and data acquisition systems of the

experiment. The results presented in this paper use ?? collision data at
√
B = 13 TeV collected during

Run 2 (2015–2018), corresponding to an integrated luminosity of up to 140 fb−1 [62].

3 Input measurements and combination procedure

3.1 Analyses included in the combination

The measurements entering the combination are listed in Table 1. A total of 26 measurements are included

in the combination, each focusing on a specific set of Higgs boson production and decay processes. Some

analyses are only used for a subset of the results shown in this paper. Measurements of off-shell Higgs

boson production [63, 64] and of Higgs boson decay into invisible final states [65–68] are only used

in the Higgs boson coupling modifier measurements presented in Section 6, while the measurement of

Higgs boson production at high transverse momentum in the � → 11 decay channel [69] is only used

in the STXS measurements (Section 7) and their effective-field theory interpretations (Section 8). The

measurements targeting the � → /W [70] and � → `` [71] decays and +� production in the � → gg

decay [72] are only used in the inclusive measurements of production and decay rates (Section 5) and

coupling modifier measurements (Section 6).

All analyses use the full set of ?? collision data collected by ATLAS during Run 2. The integrated

luminosity of this dataset is 140 fb−1, except for three analyses for which the trigger algorithms used to

collect the data were only available for part of Run 2: the measurements of VBF production in the � → 11

channel [5] and of Higgs boson pair production in the �� → 1111 channel [6], which both use a dataset

with an integrated luminosity of 126 fb−1, and the measurement of � → 11 production at high ?�
T

[69],

which uses a dataset of 136 fb−1. Compared to the previous ATLAS publication on combined Higgs boson

measurements [3], several channels are added and some of the existing channels are augmented with a

larger dataset or an improved re-analysis of the dataset.

The analyses included in the STXS measurements are those which provide a modelling of the Higgs boson

signal processes with separate event rates for each kinematic region of the STXS binning described in

Section 7, which is based on the Stage 1.2 scheme [12–15]. In the remaining analyses, the Higgs boson

signal rate is modelled with a granularity corresponding to the production and decay modes described in

Section 1.
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In some cases these input analyses are modified compared to their individual publications. Analysis results

using the previous determination of 139 fb−1 for the integrated luminosity of the Run 2 dataset are modified

to reflect the updated value of 140 fb−1 and its associated relative uncertainty of 0.83% [62]. In analyses

included in the STXS combination, electroweak corrections computed using HAWK [35] are applied to the

VBF and quark-initiated +� production as a function of the variables defining the Stage 1.2 regions for

these processes: the transverse momentum of the Higgs boson, the invariant mass of the two leading jets,

and the transverse momentum of the, or / boson in the case of +�.

The signal-sensitive regions of all input analyses are non-overlapping by construction, except for the

� (∗) → // (∗) analysis of Ref. [63] and the /�, � → invisible analysis of Ref. [66] where about 40%

of the events in the latter are also selected by the former. For this reason, only one of these analyses

is used in each of the Higgs boson coupling modifier measurements presented in Section 6. In some

cases, the selections of the control regions used to constrain background processes overlap with signal or

control regions in other analyses. The effect of these overlaps is however found to be small compared to

uncertainties of the results and is not considered in the statistical treatment.

3.2 Treatment of systematic uncertainties

Uncertainties on the Higgs boson production cross-sections are applied to the SM prediction in each region

of the STXS Stage 1.2 scheme, as described in Ref. [3], and uncertainties in Higgs boson branching ratios

are applied as prescribed in Ref. [12]. Theory uncertainties from identical sources are correlated across

analyses, in particular uncertainties from missing higher-order terms and parton distribution function (PDF)

uncertainties for analyses using the same PDF set. The uncertainty in the UB parameter is correlated across

the PDF and branching ratio schemes.

Experimental uncertainties associated with luminosity and pile-up modelling are correlated across the

input analyses. Trigger efficiency uncertainties are included in all analyses and are correlated across

analyses where the same trigger algorithms and configurations are used. Uncertainties related to the

reconstruction, identification, and calibration of photons, electrons, muons, g-leptons, jets, and missing

transverse momentum are also correlated when compatible reconstruction and calibration schemes are

used; otherwise, they are left uncorrelated. Hadronic jet definitions and energy calibration schemes vary

across analyses, but the uncertainties in the jet energy scale and resolution are generally described using a

common set of uncertainty sources across analyses. These uncertainties are therefore correlated in most

cases, and the same applies also to uncertainties in the missing transverse momentum. Uncertainties on

the mass scale and resolution of large-radius jets are included in analyses of Higgs boson production at

high transverse momentum making use of boosted topologies, and are treated as uncorrelated with the

small-radius jet uncertainties. Uncertainties on the flavour tagging of hadronic jets are generally treated

as uncorrelated since the input analyses often use different tagging algorithms or working points and are

correlated only when these choices are compatible. The only analyses satisfying this requirement are the

on-shell and off-shell � → //∗ and � → ,,∗ measurements.

In a small number of exceptions to the general rules above, uncertainties are kept uncorrelated across

analyses if the uncertainty sources are not in exact correspondence in each case. However, in each of these

cases the impact on the results of correlating or not correlating the uncertainty was found to be negligible.

Some uncertainties initially implemented as correlated are also decorrelated in the final model as described

in Section 3.3.

7



Table 1: Input analyses to the combination, with in each case the targeted Higgs boson decay and production processes,

the integrated luminosity of the dataset used (L) and the reference to the original publication. Analyses targeting

Higgs boson production at large transverse momentum are denoted by high ?�
T

, and + → leptons refers to, or /

boson decays into leptons. Analyses initially reporting results corresponding to a Run 2 integrated luminosity of

139 fb−1 are rescaled to the updated 140 fb−1 value for the combination. In the sixth column, New denotes analyses

not present in the combination of Ref. [3]; Full Run 2 refers to analyses that used a partial Run 2 dataset and are

updated to use the full dataset; and Updated to cases where an improved analysis of the full Run 2 dataset is used.

The last three columns indicate the classes of measurement that include each analysis: the column labelled Incl.

indicates the analysis used inclusive measurements of Higgs boson production and decay of Sections 4 and 5.3, the

column labelled ^ those used in the coupling modifier measurements of Section 6 and the column labelled STXS

those used in the measurements of Sections 7 and 8 making use of the STXS framework.

Analysis Prod. L Ref. Comparison Measurements

modes [fb−1] with Ref. [3] Incl. ^ STXS

� → //∗ → 4ℓ All 140 [73] Unchanged

� → ,,∗ → ℓaℓa 66F, VBF 140 [74] Updated

� → ,,∗ → ℓaℓa, ℓa 9 9 +� 140 [75] Full Run 2

� → WW All 140 [76] Unchanged

� → /W All 140 [70] Unchanged

� → gg All, except (+ → leptons)� 140 [77] Updated

� → gg (+ → leptons)� 140 [72] New

� → `` All 140 [71] Unchanged

� → 11 VBF 126 [5] Unchanged

� → 11, 22 (+ → leptons)� 140 [78] Updated

� → 11 (high ?�
T

) All 136 [69] Unchanged

� → multileptons CC� 140 [79] Full Run 2

� → 11 CC� 140 [80] Updated

� → 11 C� 140 [81] Updated

� → invisible VBF 140 [65] Unchanged

� → invisible VBF + W 140 [68] New

� → invisible (+ → leptons)� 140 [66] Unchanged

� → invisible CC� 140 [67] New

� (∗) → // (∗) 66F, VBF 140 [63] Updated

� (∗) → ,, (∗) 66F, VBF 140 [64] New

�� → 1111 66F, VBF 126 [6] New

�� → 1111 (high ?�
T

) VBF 140 [82] New

�� → 11gg 66F, VBF 140 [83] New

�� → 11WW 66F, VBF 140 [84] New

�� → 11ℓℓ + �miss
)

66F, VBF 140 [85] New

�� → multileptons 66F, VBF 140 [86] New

8



3.3 Combination procedure

The measurement parameters, also referred to as parameters of interest (POIs), are used to express signal

rates in the various analysis regions. These take the form of Higgs boson production cross-sections or

decay branching ratios, or signal-strength parameters representing ratios of observed event rates to their

SM expectations. In the latter case, uncertainties in the SM expectation are included in addition to the

uncertainties in the event rate. These quantities are also expressed in terms of the parameters of specific

models, such as Higgs boson coupling modifiers and SMEFT parameters for the interpretations shown in

Sections 6 and 8, respectively.

The data are analysed using a combined likelihood model built from the likelihood functions describing

each of the input measurements [87]. The effects of theoretical and experimental systematic uncertainties

in the predicted signal and background yields are taken into account by including nuisance parameters

(NPs) in the likelihood function, which are free to vary in the fit. These NPs are also subject to a

constraint in the likelihood function, representing an auxiliary measurement. The constraints used are

represented by a normal distribution with a mean corresponding to the NP, or in some cases by a Poisson

distribution. In most cases, the impact of Gaussian-constrained NPs on other parameters in the likelihood

is implemented using an exponential form, making the procedure equivalent to the use of a log-normal

constraint. For the small uncertainties typical of the systematic effects considered here, the log-normal

and Gaussian constraints are numerically indistinguishable and this choice has negligible impact on the

results. The auxiliary observable entering the constraints represents the observed value of the auxiliary

measurement [87]. Correlated uncertainties across multiple analysis channels are implemented by using

the same NP in each case; this allows individual analyses to constrain shared nuisance parameters, which

in turn benefits other analyses in the combination.

The combined likelihood is obtained by including all the categories 2 from each input analysis 0, and the

constraints for all constrained nuisance parameters. It is expressed as

L(-, ); data) =
#inputs∏

0=1

#
(0)
cats∏

2=1

L (0)2 (-, ); data)
#cons∏

:=1

G
(
\̃: ; \:

)
, (1)

where - and ) are the vectors of POIs and NPs, respectively, #inputs is the number of input analyses, #
(0)
cats

is the number of categories in analysis 0, L (0)2 is the likelihood function for category 2 of input analysis

0, where 0 labels one specific analysis in the combination. #cons is the overall number of constrained

nuisance parameters, G denotes the constraint probability density function (not to be confused with parton

distribution functions) and \̃: is the auxiliary observable corresponding to the \: nuisance parameter.

Combined likelihoods are built to perform the measurements reported in the following sections, using the

subsets of input analyses described in Table 1.

A procedure to identify and remove NPs with negligible impact on the final results from the combined

model is applied. In addition, uncertainty sources that were initially correlated across input analyses are

decorrelated in cases where the NP describing the uncertainty is found to have significantly different

behaviour in the combined statistical model in comparison with individual input analyses. The decorrelation

procedure is applied if the best-fit value of the NP in the combined model shifts by more than 0.7f when

comparing fits to data using the combined model and fits with individual analyses, or if its uncertainty in

the combined model is smaller than 0.5f. In both cases, f denotes the width of the constraint applied

on the NP. The decorrelation is performed by implementing the uncertainty source using separate NPs
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in the various input analyses. The affected parameters are predominantly jet energy scale and jet energy

resolution uncertainties. In each such case the impact on the results of correlating or decorrelating the

uncertainty was found to be negligible.

The resulting statistical models describe up to 663 analysis regions and contain about 6300 NPs. The RooFit

framework [88] is used to implement these models and perform statistical computations. The statistical test

of a given signal hypothesis, used for the measurement of the parameters of interest, is performed with a

test statistic based on the profile likelihood ratio [89], denoted by −2 ln ! in the following. The confidence

intervals of the measured parameters are obtained using asymptotic formulae [89]. The compatibility of

the results and the SM predictions is estimated using a ?-value ?SM, computed as described in Ref. [3].

Uncertainties are decomposed into components corresponding to different classes of uncertainty using

two methods. All results except the Higgs boson total width measurement of Section 6.6 make use of

the conditional uncertainty method already employed in Ref. [3]. The uncertainty corresponding to a

given set of NPs is obtained by fixing these NPs to their best-fit value, and subtracting in quadrature the

uncertainty in the POI obtained in this configuration from the baseline fit uncertainty (i.e. the uncertainty

from the nominal fit in which all NPs are free to vary). The statistical uncertainty component is obtained

from a fit in which all the NPs representing systematic uncertainties are fixed to their best-fit values. The

uncertainties in the results presented in Section 6.6 use the shifted auxiliary observable method described

in Ref. [90]. In this case, the contributions from each systematic uncertainty source are obtained by shifting

the auxiliary observable of the corresponding constraint by ±1 standard deviation and performing two

fits to data per nuisance parameter to evaluate the resulting absolute change in the POI. The uncertainty

associated with a group of systematic sources is then computed as the sum in quadrature of their individual

contributions. The shifted auxiliary observable method is used for the total width measurement since it

yields an uncorrelated decomposition of the uncertainty, enabling the detailed breakdown provided in

Appendix G; the conditional uncertainty method is sufficient for all other results.

Expected results under the SM hypothesis are obtained from Asimov datasets [89] generated with POIs set

to their values in the SM and NPs set to their best-fit value in data; they represent the results that would be

obtained in the absence of statistical fluctuations if the Higgs boson couplings exactly matched their SM

predictions. When fitting the Asimov dataset, auxiliary observables are set to the best-fit value in data of

the corresponding NPs.

4 Measurement of the inclusive signal strength

This section presents a test of the overall Higgs boson production and decay rate compared to its SM

expectation. The rate of Higgs boson production and decay processes is expressed using the quantity

f8 × � 5 , where f8 denotes the cross-section of the production process 8 and � 5 the branching ratio into the

final state 5 . The signal strength of the process is defined by the ratio `8 5 = (f8 × � 5 )/(fSM
8
× �SM

5
) of

the measured event rate to its SM prediction. The SM corresponds to values of unity for each of the `8 5
parameters.

In this section a single inclusive signal strength ` scaling all event rates considered in the combination is

measured. Following the procedure described in Section 3.3, a combined likelihood model is constructed

in which all the `8 5 parameters are identified with the inclusive `. The best-fit value observed in data is

` = 0.990+0.053
−0.051 = 0.990 ± 0.027 (stat.) ± 0.024 (exp.) +0.037

−0.035 (sig. theo.) +0.016
−0.015 (bkg. theo.)
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Figure 2: Observed values of −2Δ ln ! as a function of the signal strength `, in the model with a single signal-strength

scaling the event rate of all Higgs boson processes. The intersections with the horizontal dotted lines define the

68% and 95% confidence level intervals on ` under the asymptotic approximation. The solid black line (Total)

corresponds to the full statistical model with all uncertainties included, and other lines to cases where a class of

systematic uncertainties is removed from consideration: the background theory uncertainties (blue line), the signal

theory uncertainties (red line), and all systematic uncertainties (dashed black line).

where (stat.) refers to the statistical component of the uncertainty, (exp.) to the contribution from

experimental systematic uncertainties, (sig. theo.) to theory uncertainties in the Higgs boson signal,

and (bkg. theo.) to theory uncertainties in the background processes. The signal theory uncertainty is

significantly larger than both the experimental systematic uncertainty and the statistical uncertainty. This

reflects the improved experimental precision of the present combination: signal theory uncertainties are

comparable to those of the previous combination of Ref. [3], in which the three components were of similar

size.

The leading contributions to the signal theory uncertainty originate from missing higher-order QCD

corrections (+0.026
−0.024

), with about 90% of this uncertainty originating from the 66F process. Other

contributions include the uncertainties in the modelling of parton shower and underlying event effects

(+0.019
−0.018

) and on the knowledge of parton distribution functions and UB (+0.017
−0.015

). The observed profile

log-likelihood scan is shown in Figure 2. The expected result under SM assumptions is 1.000+0.054
−0.052

and

the expected scan is shown in Figure 23 in Appendix A. The result is in good agreement with the SM,

with a compatibility corresponding to a ?-value ?SM = 77%. The total uncertainty is reduced by about

15% compared to the results published in Ref. [3]. The expected statistical uncertainty is reduced from

±0.030 in Ref. [3] to ±0.027 in the present combination. The improvement is driven by improved analysis

techniques, in particular in the updated measurement of 66F and VBF in the � → ,,∗ → ℓaℓa final

state [74] and the updated analysis of the � → gg decay [77], as well as larger datasets. Improved analysis

techniques also lead to a reduction in experimental uncertainties from +0.032
−0.031

in Ref. [3] to ±0.024 in the

present combination.
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Table 2: Measured values of Higgs boson production cross-sections, assuming branching ratios match their expectations

in the SM within theory uncertainties. Observed and expected uncertainties are shown along with their contributions

from data statistics (stat.) and systematic uncertainties (syst.). The last column indicates the corresponding SM

predictions together with their theory uncertainties.

Production mode
Observed Observed uncertainty [pb] Expected uncertainty [pb] SM prediction

value [pb] Total Stat. Syst. Total Stat. Syst. [pb]

66F + 11� 46.7 +2.9
−2.8

±1.8 ±2.2 ±2.8 ±1.8
+2.2
−2.1

44.8 ±2.6

VBF 3.6 ±0.4 ±0.3 ±0.3 ±0.4 ±0.3 ±0.3 3.50 ±0.07

,� 1.17 +0.19
−0.18

±0.14
+0.13
−0.12

+0.19
−0.18

±0.14
+0.13
−0.12

1.216 ±0.024

/� 0.79 +0.14
−0.13

+0.11
−0.10

+0.10
−0.08

+0.14
−0.13

+0.11
−0.10

+0.09
−0.08

0.796 ±0.029

CC� 0.32 ±0.07 ±0.05
+0.05
−0.04

±0.07 ±0.05 ±0.05 0.50 ±0.05

C� 0.44 +0.21
−0.19

±0.15
+0.14
−0.12

+0.17
−0.15

+0.14
−0.13

+0.11
−0.09

0.085 +0.005
−0.011

5 Measurements of production and decay rates

5.1 Production cross-section measurements

A measurement of Higgs boson production cross-sections is performed in the fiducial volume |H� | < 2.5,

where H� is the rapidity of the Higgs boson, which matches, to a good approximation, the detector region

where the Higgs boson decay products can be reconstructed across the analyses in the combination. The

measurement assumes that the branching ratios of Higgs boson decays are equal to their SM expectations,

within SM theory uncertainties. The 11� mode is considered together with 66F since no dedicated analysis

targeting this process is included in the combination and the acceptances for the 11� and 66F processes are

similar in all the channels considered. The other production modes considered are VBF,,�, /�, CC� and

C�. The +� processes include both leptonic and hadronic decays of the, and / , and the gluon-initiated

66 → /� process is considered as part of /�. The C� process encompasses C� production in association

with a hadronic jet and in association with a, boson, as well as the B-channel C� production process.

The observed results are shown in Figure 3 and Table 2. The observed CC� cross-section shows a mild

deficit relative to the SM prediction but results are in overall agreement with SM predictions, with a

?-value ?SM = 20%. Expected results under SM assumptions and the correlation matrices of the observed

and expected measurements are shown respectively in Figures 24 and 27 in Appendix B. Correlation

coefficients are generally at 10% or below in absolute value, except for the CC� and C� modes for which the

observed (expected) correlation is −47% (−37%) due to the similar experimental signature between the two

processes. An observed (expected) 95% confidence level (CL) upper bound on the C� cross-section is set

at 10.1 (5.2) times its SM value. Compared to the previous combination of Ref. [3], uncertainties in f,�

and f/� are reduced by about 30% and 20%, respectively, mainly as a result of the updated measurement

of +�, � → 11, 22 [78]. Similarly, the uncertainty in fCC� is reduced by about 40%, mainly due to the

updated measurements of CC� in the � → 11 [80] and � → multileptons [79] final states.
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 0.08+
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 0.12+
   1.03     0.02  ±

WH  ) 0.10±  ,    0.11±     (  0.15±   0.96     0.02  ±
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 0.12+
  ,    0.13±     (  0.17−
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tH  ) 1.47−

 1.63+
  ,    1.76−

 1.81+
     (  2.29−

 2.44+   5.18     0.10  ±

Cross-section normalized to SM value

Figure 3: Observed cross-section values for the main Higgs boson production modes, relative to their SM predictions.

The 11� mode is considered together with 66F. Higgs boson decay branching ratios are assumed to be equal to

their SM expectations within theory uncertainties. Total uncertainties in the measurements and their statistical and

systematic components are shown. The vertical line and the shaded regions represent the SM predictions and their

uncertainties.

5.2 Decay branching ratio measurements

A measurement of Higgs boson branching ratios is performed under the assumption that the production

cross-sections are equal to their SM expectations, within SM theory uncertainties. The Higgs boson decay

processes considered are � → 11, � → ,,∗, � → gg, � → 22, � → //∗, � → WW, � → /W and

� → ``. The rates of other decay processes are assumed to match their SM expectations. Higgs boson

processes are considered in the fiducial volume |H� | < 2.5. Observed results are shown in Figure 4 and

Table 3. The results are compatible with SM predictions, with a ?-value ?SM = 85%. Expected results

under SM assumptions are provided in Appendix B. Compared to Ref. [3], the uncertainty in the � → 11

branching ratio is reduced by approximately 20%, mainly due to the higher sensitivity of the updated

analyses of the+�, � → 11, 22 and CC�, � → 11 processes [78, 80]. The uncertainties in the � → ,,∗

and � → gg branching ratios are reduced by respectively about 20% and 10% due to the updated analyses

of Refs. [74] and [77], as well as to a somewhat lesser degree the analyses of Refs. [75] and [72].
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 3.37−
 3.63+ 
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Figure 4: Observed branching ratio values in the � → WW, � → //∗, � → ,,∗, � → gg, � → 11, � → ``,

� → /W and � → 22 decay modes, relative to their SM predictions. Higgs boson production cross-sections are

assumed to be equal to their SM expectations within theory uncertainties. Total uncertainties in the measurements

and their statistical and systematic components are shown. The vertical line and the shaded regions represent the SM

predictions and their uncertainties.

Table 3: Measured values of Higgs boson decay branching ratios, assuming production cross-sections to match their

expectations in the SM within theory uncertainties. Observed and expected uncertainties are shown along with

their contributions from data statistics (stat.) and systematic uncertainties (syst.). The last column indicates the

corresponding SM predictions together with their theory uncertainties.

Decay mode
Observed Observed uncertainty [%] Expected uncertainty [%] SM prediction

value [%] Total Stat. Syst. Total Stat. Syst. [%]

� → 11 51 +7
−6

±4
+6
−5

±7 ±4
+6
−5

58.1 ±0.7

� → ,,∗ 23 ±2 ±1 ±2 ±2 ±1 ±2 21.5 ±0.3

� → gg 5.9 ±0.6 ±0.4
+0.5
−0.4

±0.6 ±0.4
+0.5
−0.4

6.26 ±0.08

� → 22 4 ±15 ±11 ±10
+15
−14

±11
+10
−9

2.9 ±0.2

� → //∗ 2.6 +0.3
−0.2

±0.2 ±0.1
+0.3
−0.2

±0.2 ±0.1 2.64 ±0.03

� → WW 0.23 ±0.02 ±0.01
+0.02
−0.01

±0.02 ±0.01 ±0.01 0.227 ±0.004

� → /W 0.31 +0.15
−0.14

+0.14
−0.13

+0.06
−0.05

+0.14
−0.13

±0.13
+0.05
−0.04

0.154 ±0.008

� → `` 0.027 ±0.013 ±0.013 ±0.003 ±0.013 ±0.013
+0.003
−0.002

0.0217 ±0.0003
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5.3 Measurements of Higgs boson production per decay channel

This section presents measurements of Higgs boson production rates for individual decay channels. The

� → 11, � → ,,∗, � → gg, � → 22, � → //∗, � → WW, � → /W, and � → `` processes

are considered within the fiducial volume |H� | < 2.5. The measured production modes are defined in

the same way as in Section 5.1 with some adjustments driven by the limited statistical sensitivity in

some combinations of production and decay: in the � → 11 mode, the 66F + 11� and VBF modes are

considered as a single process; in the � → //∗ decay, the CC� and C� modes and the,� and /� modes

are similarly merged; in the � → `` decay, the 66F + 11� and CC� + C� modes are considered together,

as are the VBF,,� and /� modes; in the � → /W mode all production processes are merged; and finally

in the � → 22 mode, only the,� and /� processes are considered, while the others are fixed to their

SM expectation. In total, 32 combinations (f8 × � 5 ) of production cross-sections f8 and branching ratios

� 5 are reported.

Results are shown in Figure 5 and Table 4. The results are all in agreement with SM predictions, with

a ?-value ?SM = 53%. The inclusive (f8 × � 5 ) result, obtained by summing over all production and

decay processes, is 1.002+0.045
−0.042

= 1.002±0.028 (stat.) +0.026
−0.021

(exp.) +0.021
−0.020

(sig. theo.) ±0.013 (bkg. theo.)

relative to the SM prediction. This value differs from the inclusive signal strength of Section 4 (` =

0.990 +0.053
−0.052

) primarily because signal theory uncertainties in Higgs boson event rates enter in the

denominator of the signal strength, which leads to a small shift between the central values of the two

measurements and a larger signal theory uncertainty component for the signal strength.
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Table 4: Measured values of (f8 × � 5 ) for different combinations of production processes and decay modes. The

last two columns list the SM prediction for the measurement and its theory uncertainty. Results are expressed in pb

in the top part of the table, and in fb for the rarer processes in the bottom part. The values for the C� (� → 11),
/� (→ WW) and /� (→ 22) processes are measured to be negative due to an observed event count that is below the

predicted background level in the corresponding signal-sensitive regions.

Decay mode Prod. mode Observed Observed uncertainty [pb] Expected uncertainty [pb] SM prediction

value [pb] Total Stat. Syst. Total Stat. Syst. [pb]

� → 11

66F + 11� + VBF 26 ±10 ±9 ±5 ±10 ±9 ±5 28.0 ±1.5

,� 0.69 +0.15
−0.14

±0.10
+0.11
−0.10

+0.16
−0.14

±0.10
+0.12
−0.10

0.706 ±0.016

/� 0.41 +0.10
−0.09

±0.07
+0.07
−0.06

+0.11
−0.10

±0.07
+0.08
−0.07

0.462 ±0.018

CC� 0.24 +0.07
−0.06

±0.04
+0.06
−0.05

±0.07 ±0.04 ±0.06 0.290 ±0.029

C� −0.12 +0.28
−0.30

+0.15
−0.15

+0.24
−0.26

+0.29
−0.29

+0.16
−0.16

+0.24
−0.24

0.049 +0.003
−0.006

� → ,,∗

66F + 11� 11.4 ±1.1 ±0.6 ±0.9
+1.1
−1.0

±0.6 ±0.9 9.6 ±0.6

VBF 0.72 +0.16
−0.14

±0.10
+0.12
−0.10

+0.16
−0.14

±0.10
+0.12
−0.10

0.753 ±0.018

,� 0.13 ±0.08 ±0.07 ±0.04 ±0.09
+0.08
−0.07

±0.05 0.262 ±0.006

/� 0.29 +0.09
−0.08

±0.07
+0.05
−0.04

+0.08
−0.07

+0.07
−0.06

+0.04
−0.03

0.171 ±0.007

CC� 0.05 ±0.03 ±0.03 ±0.02 ±0.03 ±0.03 ±0.02 0.108 ±0.011

C� 0.20 +0.10
−0.10

+0.08
−0.08

+0.07
−0.07

+0.09
−0.09

+0.07
−0.07

+0.06
−0.06

0.018 +0.001
−0.002

� → gg

66F + 11� 2.2 +0.8
−0.7

±0.4
+0.7
−0.6

+0.9
−0.8

±0.4
+0.8
−0.7

2.80 ±0.17

VBF 0.228 +0.040
−0.036

+0.028
−0.027

+0.028
−0.023

+0.038
−0.035

+0.028
−0.027

+0.026
−0.021

0.219 ±0.005

,� 0.113 +0.036
−0.034

+0.028
−0.027

+0.022
−0.020

+0.034
−0.032

+0.027
−0.026

+0.021
−0.018

0.0761 ±0.0018

/� 0.054 +0.024
−0.021

+0.021
−0.019

+0.011
−0.008

+0.022
−0.019

+0.020
−0.018

+0.010
−0.007

0.0498 ±0.0020

CC� 0.009 +0.014
−0.013

±0.012 ±0.006
+0.014
−0.013

±0.012 ±0.006 0.0313 +0.0032
−0.0031

C� 0.044 +0.032
−0.031

+0.028
−0.026

±0.016
+0.030
−0.029

+0.027
−0.025

+0.015
−0.014

0.0053 +0.0003
−0.0007

� → //∗

66F + 11� 1.1 +0.13
−0.12

±0.12 ±0.04
+0.13
−0.12

±0.12 ±0.04 1.18 ±0.07

VBF 0.12 +0.05
−0.04

+0.05
−0.04

±0.01
+0.05
−0.04

+0.05
−0.04

±0.01 0.0924 ±0.0022

+� 0.08 +0.06
−0.05

+0.06
−0.05

±0.01
+0.05
−0.04

+0.05
−0.04

+0.01
+0.00

0.0531 ±0.0014

CC� + C� 0.029 +0.026
−0.018

+0.026
−0.018

+0.003
+0.000

+0.020
−0.012

+0.020
−0.012

+0.002
−0.001

0.0154 +0.0013
−0.0014

Decay mode Prod. mode Observed Observed uncertainty [pb] Expected uncertainty [pb] SM prediction

value [fb] Total Stat. Syst. Total Stat. Syst. [fb]

� → 22
,� 180 +320

−310
+220
−220

+230
−220

+300
−290

+210
−210

+210
−200

35.1 ±2.0

/� −20 +160
−150

+130
−120

+90
−90

+160
−150

+130
−130

+90
−90

23.0 ±1.5

� → WW

66F + 11� 105 ±10 ±8
+6
−5

±10 ±8
+6
−5

102 ±6

VBF 10.1 +2.2
−2.0

±1.5
+1.6
−1.3

+2.0
−1.7

+1.5
−1.4

+1.3
−1.0

7.94 ±0.20

,� 4.1 +1.5
−1.4

+1.5
−1.3

±0.3
+1.3
−1.2

+1.3
−1.2

+0.2
−0.1

2.76 ±0.07

/� −0.4 +1.1
−1.0

+1.1
−0.9

+0.2
−0.3

+1.2
−1.1

+1.2
−1.1

+0.3
−0.2

1.81 ±0.07

CC� 1.01 +0.36
−0.34

+0.35
−0.33

+0.08
−0.06

+0.35
−0.33

+0.34
−0.32

+0.09
−0.06

1.13 ±0.11

C� 0.5 +0.8
−0.6

+0.7
−0.6

±0.2
+0.6
−0.5

+0.6
−0.4

±0.1 0.192 +0.013
−0.025

� → /W All 159 +75
−72

+69
−68

+29
−25

+70
−68

+66
−64

+24
−22

78 ±6

� → ``
66F + 11� + CC� + C� 6 ±9 ±9 ±2 ±9 ±9 ±2 9.8 ±0.6

VBF ++� 2.7 ±1.5
+1.5
−1.4

±0.3
+1.4
−1.3

+1.4
−1.3

±0.3 1.197 +0.026
−0.027
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6 Measurements of coupling parameters in the + framework

The measurements presented in Section 5.3 are interpreted in the context of Higgs boson coupling

parameters, defined within the ^-framework [56]. Multiplicative real modifiers ^? are introduced for the

couplings of the Higgs boson to the elementary SM particles ? = ,, /, C, 1, 2, g, `, with the SM hypothesis

corresponding to a unit value for all ^?. The modifiers ^6, ^W and ^/W are also introduced to describe

effective Higgs boson interactions with gluons (�66), photons (�WW) and the combined interaction with

a photon and a / boson (�/W). The event rates of Higgs boson processes not probed by the analyses

included in the combination are assumed to correspond to their SM expectations, and only SM decays of

the Higgs boson are allowed, except in Section 6.3 where invisible and undetected decay modes are also

included. Higgs boson production cross-sections and decay rates are expressed in terms of the coupling

modifiers using several parameterisations, each based on a set of physics assumptions. In each case, the

modifications are applied to the SM predictions; the uncertainties in these predictions therefore enter the

uncertainties in the measured values of the modifiers.

6.1 Measurement of Higgs boson couplings to weak vector bosons and fermions

A first model considers only two coupling modifiers: the bosonic coupling parameters ^, and ^/ are

assumed to be equal to a single modifier ^+ , while a modifier ^� is associated to all fermion couplings.

Both parameters are assumed to be positive: for ^+ this is by convention, and a negative value of the relative

sign between ^� and ^+ is experimentally excluded [91]. The effective couplings ^6, ^W and ^/W are

expressed as a function of ^� and ^+ , using expressions derived from the corresponding leading-order loop

processes in the SM. The parameterisations used for this model and the ones shown below are described in

detail in Table 14 in Appendix C.

The observed (expected) values of the coupling modifiers are ^+ = 1.002+0.027
−0.026

(1.000 ±0.027) and

^� = 0.945+0.043
−0.041

(1.000+0.045
−0.043

). The observed (expected) correlation coefficient between the two parameters

is 40% (38%). Profiled log-likelihood contours at 68% and 95% CL in the (^+ , ^�) plane are shown in

Figure 6. Observed results are consistent with the SM, with a ?-value ?SM = 34%.
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Figure 6: Contours of −2Δ ln !, the profile log-likelihood ratio, in the plane (^+ , ^�) of modifiers to Higgs boson

fermionic and bosonic coupling modifiers. The observed 68% and 95% CL regions are shown respectively as dark

and light blue shaded areas, while the corresponding expected regions under the SM hypothesis are shown as black

and red dashed lines. The cross indicates the best-fit point, while the SM expectation is represented by the red star.

The data are obtained from a combined fit assuming no deviations from the SM in Higgs boson decays except for

those encoded in the coupling modifiers.

6.2 Measurement of Higgs boson couplings assuming only SM decays

A more general model introduces independent ^ modifiers for Higgs boson couplings to each of, and /

bosons, top, bottom and charm quarks, g-leptons and muons. A positive sign is assumed by convention

for ^, . For ^/ and ^C only positive values are considered, since the negative regions are experimentally

excluded [76, 92, 93]. For ^1, ^g and ^` the combination is sensitive to the absolute values of the modifiers

but has almost no sensitivity to their signs. The fit is allowed to explore both positive and negative values;

the absolute value of the envelope of the negative and positive regions of the confidence interval is reported.

The ^2 modifier is however allowed to range over both positive and negative values since it is only weakly

constrained in the combination and the ^2 = 0 scenario cannot be excluded at the considered confidence

levels.

Two scenarios are explored for the effective modifiers ^6, ^W and ^/W . Firstly, a resolved parameterisation

similar to the first model above, in which the effective modifiers are expressed as functions of the other

modifiers using expressions derived from the corresponding leading-order loop contributions within the

SM. Secondly, an effective parameterisation in which they are instead considered as independent parameters

in the fit, providing sensitivity to potential contributions from new phenomena beyond the SM (BSM) in the
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Table 5: Observed values of Higgs boson coupling modifiers. The second and third columns correspond to the

resolved parameterisation, in which the modifiers ^6, ^W and ^/W are expressed as functions of the other modifiers.

The fourth and fifth columns correspond to the effective parameterisation in which they are treated as independent

parameters. In the second and fourth columns, ^2 is treated as a free parameter, while in the third and fifth columns it

is set equal to ^C .

Parameter
Resolved ^6, ^W , ^/W Effective ^6, ^W , ^/W

Free ^2 ^2 = ^C Free ^2 ^2 = ^C

^/ 0.99+0.09
−0.07

0.98 ±0.05 0.98+0.09
−0.07

0.97 ±0.05

^, 1.01+0.09
−0.07

1.00 ±0.04 1.02+0.09
−0.07

1.01+0.05
−0.04

^C 0.93+0.09
−0.07

0.93+0.06
−0.05

0.87+0.11
−0.09

0.86 ±0.08

|^1 | 0.92+0.13
−0.11

0.91+0.10
−0.09

0.95+0.13
−0.12

0.93 ±0.10

|^g | 0.95+0.10
−0.08

0.94 ±0.06 0.96+0.10
−0.08

0.95+0.07
−0.06

|^` | 1.09+0.28
−0.32

1.08+0.25
−0.31

1.08+0.28
−0.32

1.07+0.25
−0.31

|^6 | — — 1.00+0.11
−0.09

0.99 ±0.07

|^W | — — 1.00+0.10
−0.08

0.99 ±0.06

|^/W | — — 1.40+0.34
−0.38

1.38+0.31
−0.36

|^2 | (95% CL) < 4.1 — < 4.2 —

loop processes that would not be captured by the resolved expressions. In the resolved parameterisation, ^2
is either included as a measurement parameter, or set equal to ^C . The assumption ^2 = ^C corresponds to

treating the charm and top quarks as having equal coupling modifiers, motivated by the fact that both form

the up-type components of (* (2)! doublets, respectively of the second and third quark generations.

The observed values of the coupling modifiers in the resolved parameterisation are shown as a function

of the corresponding particle masses in Figure 7. The measured values for both parameterisations are

summarised in Table 5 and illustrated in Figure 8 for the case in which ^2 is included as a measurement

parameter. The case of ^2 = ^C is shown in Figure 30 in Appendix D. The results are consistent with

SM expectations, with ?SM = 77% (69%) for the resolved parameterisation with (without) ^2 as a free

parameter, and ?SM = 78% (70%) for the effective parameterisation with (without) ^2 as a free parameter.

The uncertainty in the charm coupling modifier ^2 is reduced by a factor of about two compared to the

results of Ref. [3], mainly due to the improved constraints on the +� (→ 22) process from the analysis of

Ref. [78]. The uncertainty in ^C is improved by about 15% relative to Ref. [3], mainly due to the reanalysed

CC�, � → 11 [80] and the full Run 2 CC�, � → multileptons [79] analyses.

Tables 6 and 7 show the decomposition of the uncertainties in the observed coupling modifiers, respectively

for the resolved and effective parameterisations and considering both the free-^2 and ^2 = ^C models.

Uncertainty contributions from data statistics (stat.), experimental systematic uncertainties (exp.), signal
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Figure 7: Observed values of Higgs boson coupling modifiers as a function of the corresponding particle mass. In the

top panel, the values |^� |<�/E and
√
^+<+/E are shown respectively for fermion and boson couplings, where ^�

and ^+ are the coupling modifiers, <� and <+ are the particle masses, and E = 246 GeV is the vacuum expectation

value of the Higgs field. Quark masses are evaluated in the MS scheme at the scale <� , while physical masses are

used in other cases. The bottom panel shows the raw coupling modifiers. Points in light grey colour show the results

for the case in which the ^2 modifier is a free parameter in the model, while points in dark colours correspond to

the case in which ^2 = ^C . The resolved parameterisation described in the text is used in both cases and no BSM

contributions to Higgs boson decays are considered except for those encoded in the coupling modifiers.
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Figure 8: Observed values of the Higgs boson coupling modifiers for the case in which ^2 is included as a free

parameter and no BSM contributions to Higgs boson decays are considered except for those encoded in the coupling

modifiers. Results are shown for the effective parameterisation of the loop-induced couplings ^6, ^W and ^/W (round

markers and solid error bars), and for the resolved parameterisation in which these effective couplings are expressed

in terms of the coupling modifiers of the particles contributing to the corresponding loop processes in the SM (square

markers and dashed error bars). The intervals correspond to 68% CL uncertainties. The SM prediction is indicated

by the vertical red line.
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Table 6: Decomposition of the observed uncertainties in the coupling modifiers into contributions from data statistics

(stat.), experimental systematic uncertainties (exp.), signal theory uncertainties (sig. theo.) and background theory

uncertainties (bkg. theo.), for the resolved parameterisation with ^2 as a free parameter and ^2 = ^C , respectively.

The decomposition for |^2 | shows one-sided uncertainties at 95% CL; for all other rows, the uncertainties are shown

at 68% CL. Central values are given in Table 5.

Resolved ^6, ^W , ^/W — Free ^2 Resolved ^6, ^W , ^/W — ^2 = ^C

Parameter Stat. Exp. Sig. theo. Bkg. theo. Stat. Exp. Sig. theo. Bkg. theo.

^/
+0.07
−0.06

+0.04
−0.024

+0.028
−0.023

+0.04
−0.026

±0.04 ±0.018
+0.022
−0.020

+0.019
−0.019

^,
+0.06
−0.05

+0.04
−0.025

±0.022
+0.04
−0.025

±0.029 ±0.018
+0.020
−0.019

+0.018
−0.018

^C
+0.06
−0.05

+0.04
−0.028

+0.04
−0.03

+0.04
−0.026

±0.03
+0.022
−0.023

+0.03
−0.029

+0.021
−0.021

|^1 | ±0.08 ±0.06
+0.05
−0.011

+0.06
−0.05

±0.06 ±0.04
+0.05
−0.04

+0.05
−0.04

|^g | +0.07
−0.06

+0.05
−0.04

±0.03
+0.04
−0.025

±0.04
+0.030
−0.029

+0.030
−0.026

+0.020
−0.019

|^` | +0.26
−0.3

+0.07
−0.06

+0.04
−0.03

+0.06
−0.03

+0.24
−0.3

+0.05
−0.06

+0.04
−0.028

+0.026
−0.013

|^2 | (95% CL) +2.3 +1.4 +0.6 +1.3 —

theory uncertainties (sig. theo.) and background theory uncertainties (bkg. theo.) are considered. The

observed values of ^, and ^/ shown in this section are all somewhat lower than could be expected from the

value of the common modifier ^+ obtained in Section 6.1. This is related to the best-fit value of ^1 being

below unity in all cases, which is associated with a computed value of the total Higgs boson width that is

below its SM expectation. Since the total width enters the denominator of the expressions for the Higgs

boson event rates, this also leads to smaller values for the coupling modifiers entering in the numerator.
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Table 7: Decomposition of the observed uncertainties in the coupling modifiers into contributions from data statistics

(stat.), experimental systematic uncertainties (exp.), signal theory uncertainties (sig. theo.) and background theory

uncertainties (bkg. theo.), for the effective parameterisation with ^2 as a free parameter and ^2 = ^C , respectively.

The decomposition for |^2 | shows one-sided uncertainties at 95% CL; for all other rows, the uncertainties are shown

at 68% CL. Central values are given in Table 5.

Effective ^6, ^W , ^/W — Free ^2 Effective ^6, ^W , ^/W — ^2 = ^C

Parameter Stat. Exp. Sig. theo. Bkg. theo. Stat. Exp. Sig. theo. Bkg. theo.

^/
+0.07
−0.06

+0.04
−0.024

+0.025
−0.022

+0.04
−0.024

±0.04
+0.019
−0.018

+0.022
−0.019

+0.019
−0.019

^,
+0.07
−0.06

+0.05
−0.028

±0.024
+0.04
−0.028

±0.03 ±0.021
+0.021
−0.020

+0.021
−0.021

^C ±0.07 ±0.04
+0.05
−0.04

+0.05
−0.04

+0.05
−0.05

+0.026
−0.03

+0.05
−0.04

+0.03
−0.03

|^1 | +0.09
−0.08

+0.06
−0.05

+0.05
−0.04

+0.06
−0.05

±0.07 ±0.04
+0.04
−0.03

±0.05

|^g | +0.07
−0.06

+0.05
−0.04

±0.03
+0.04
−0.026

±0.04 ±0.03
+0.03
−0.027

+0.021
−0.019

|^` | +0.26
−0.3

+0.07
−0.05

±0.04
+0.06
−0.04

+0.24
−0.3

+0.05
−0.06

+0.04
−0.026

+0.026
−0.012

|^6 | +0.07
−0.06

+0.05
−0.04

±0.04
+0.05
−0.03

±0.04 ±0.029 ±0.04
+0.024
−0.023

|^W | +0.07
−0.06

+0.05
−0.03

+0.03
−0.027

+0.04
−0.025

±0.04
+0.028
−0.026

+0.026
−0.024

+0.020
−0.019

|^/W | +0.30
−0.3

+0.12
−0.13

+0.08
−0.06

+0.07
−0.05

+0.28
−0.3

+0.10
−0.13

+0.08
−0.05

+0.03
−0.012

|^2 | (95% CL) +2.2 +1.3 +0.6 +1.3 —

6.3 Constraints on new phenomena in Higgs boson decays

This section considers the presence of BSM contributions to Higgs boson decays into final states that are

either invisible (decays producing particles that are invisible to the detector components) or undetected

(decays producing detectable particles that are not targeted by any analysis included in the combination).

The corresponding branching ratios are denoted respectively as �inv and �u. While in the previous section

separate modifiers ^, and ^/ were considered, the models described here make use of a single parameter

^+ = ^, = ^/ . This is due to the fact that some of the analyses included in this model that target off-shell

Higgs boson production are designed with a unified vector-boson coupling modifier; modifying these

analyses to enable the use of separate ^, and ^/ parameters is not feasible within the scope of this

combination. Three scenarios are considered in the effective parameterisation, which is adopted here to

account for potential BSM contributions to the loop-induced couplings (^6, ^W and ^/W) that would not be

captured by the resolved loop expressions:

1. Scenario 1 (�inv = �u = 0): no BSM contributions to Higgs boson decays are considered except for

those encoded in the coupling modifiers. This scenario differs from the results of Section 6.2 solely

through the unification of the vector boson coupling modifiers into a common ^+ = ^, = ^/ , and

serves as a reference case connecting this section to the previous one.
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Table 8: Observed values of Higgs boson coupling modifiers in the effective parameterisation with unified vector

boson couplings (^+ = ^, = ^/ ) and ^2 free, for the three scenarios shown in Figure 9. Scenario 1: no BSM

contributions to Higgs boson decays except those encoded in the coupling modifiers. Scenario 2: invisible (�inv)

and undetected (�u) branching ratios free, ^+ ≤ 1 assumed, and � → invisible (Hinv) search results included.

Scenario 3: �inv and �u branching ratios free, Hinv and off-shell Higgs boson production measurements included, no

^+ ≤ 1 constraint. Uncertainties are given at 68% CL and upper limits at 95% CL.

Parameter Scenario 1 (�inv = �u = 0) Scenario 2 (^+ ≤ 1, Hinv) Scenario 3 (Hinv+off-shell)

^+ 1.00+0.09
−0.07

1.00+0.00
−0.05

0.99+0.09
−0.05

^C 0.87+0.10
−0.09

0.87 ±0.08 0.87+0.11
−0.08

|^1 | 0.93+0.13
−0.12

0.93+0.08
−0.09

0.92+0.11
−0.10

|^g | 0.95+0.10
−0.08

0.96+0.06
−0.07

0.95+0.10
−0.07

|^` | 1.09+0.28
−0.32

1.09+0.24
−0.32

1.08+0.26
−0.32

|^6 | 0.99+0.10
−0.08

0.99 ±0.07 0.98+0.10
−0.06

|^W | 1.00+0.10
−0.08

1.00+0.05
−0.06

1.00+0.10
−0.06

|^/W | 1.39+0.34
−0.37

1.38+0.32
−0.35

1.35+0.30
−0.35

|^2 | < 4.0 < 2.4 < 3.3

�inv 0 (fixed) < 12% < 12%

�u 0 (fixed) < 18% < 32%

2. Scenario 2 (�inv and �u free, ^+ ≤ 1): the invisible and undetected branching ratios are left free, with

the constraint ^+ ≤ 1 imposed to lift the intrinsic degeneracy between the changes to the coupling

modifiers and to the total Higgs boson width when only on-shell measurements are considered. The

analyses targeting � → invisible [65–68] are included in the combination in order to constrain �inv.

3. Scenario 3 (�inv and �u free, no ^+ ≤ 1 constraint): �inv and �u are both left free without the ^+ ≤ 1

assumption. The analyses targeting � → invisible [65–68] and off-shell Higgs boson production [63,

64] are both included, with the latter providing a constraint on the total width that plays a similar

role to the ^+ ≤ 1 assumption.

The measured coupling modifiers for these three scenarios are summarised in Figure 9. The observed

coupling modifier values and branching ratio limits for all three scenarios are summarised in Table 8. In

Scenario 2, the observed (expected) 95% CL upper limit on the branching ratio to invisible final states

is �inv < 12% (7.6%) and to undetected final states �u < 18% (20%). In Scenario 3, the corresponding

observed (expected) upper limits are �inv < 12% (7.5%) and �u < 32% (45%). No correlation between

�inv and �u is quoted since the best-fit value of �u lies at the boundary of its physical range, making the

covariance matrix ill-defined.

In Scenario 3, the inclusion of the off-shell Higgs boson production measurement provides a constraint

on the total Higgs boson width through the assumption that the coupling modifier ^+ is the same in the

on-shell and off-shell kinematic regimes (^on-shell
+

= ^off-shell
+

). In addition, the kinematics of on- and
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Figure 9: Observed values of Higgs boson coupling modifiers in the effective parameterisation with unified vector

boson couplings (^+ = ^, = ^/ ) and ^2 free. Three scenarios are shown: no BSM contributions to Higgs boson

decays except those encoded in the coupling modifiers (�inv = �u = 0, solid circles); invisible (�inv) and undetected

(�u) branching ratios free and ^+ ≤ 1 (solid squares); �inv and �u free with � → invisible, off-shell Higgs boson

production included, and no ^+ ≤ 1 constraint (open circles). The SM expectation is indicated by the vertical red line.
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off-shell Higgs boson production are assumed to match their SM predictions. This implies in particular that

the particles responsible for any non-zero �u should couple only feebly to quarks and gluons, motivated

by the expectation that a BSM particle with sizeable couplings to quarks or gluons would already have

been observed in direct searches. This constraint makes it possible to simultaneously determine the Higgs

boson coupling modifiers and allow for non-zero �inv and �u without requiring the ^+ ≤ 1 assumption, and

without a significant deterioration in the precision of the coupling measurements. These results demonstrate

that precise determinations of the Higgs boson coupling modifiers are achievable with only mild model

assumptions, even in the absence of a direct measurement of the total width.

6.4 Model-independent coupling-strength ratios

The coupling modifiers of Section 6.2 can be re-expressed as ratios that are independent of any assumption

on the total Higgs boson width, providing the most model-independent measurements achievable within

the ^-framework [56]. The measurement parameters are the overall coupling scale ^6/ ≡ ^6^//^� , where

^� ≡
√
Γ�/ΓSM

�
parametrizes the total Higgs boson decay width, and ratios of individual couplings, as

defined in Table 9. All parameters are assumed to take positive values. Two models are presented: one fixing

^2 = ^C (the minimal flavour assumption described in Section 6.2) and one in which the ratio _21 ≡ ^2/^1
is a free parameter, providing a direct test of the universality of the second- and third-generation down-type

Yukawa couplings. The measurement parameters form the complete set of width-independent combinations

of individual coupling modifiers to which the analyses included in the combination are sensitive.

The observed and expected results for the model with free _21 are shown in Figure 10 and Table 9, together

with the full decomposition of observed uncertainties into statistical (stat.), experimental (exp.), signal

theory (sig. theo.) and background theory (bkg. theo.) components. All parameters are consistent with SM

expectations, with ?SM = 77%. The ratio _21 ≡ ^2/^1 is constrained to _21 < 3.8 at 95% CL, providing

a direct test of the universality of the charm and bottom Yukawa couplings. Results for the model with

^2 = ^C (?SM = 70%) are given in Table 15 in Appendix D; the remaining coupling-ratio parameters in

this model are consistent with those obtained from the free-_21 fit.
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Figure 10: Observed (solid circles) and expected (dashed squares) values of the model-independent coupling-ratio

parameters for the model with _21 ≡ ^2/^1 free. The main panel shows 68% CL intervals for eight parameters on a

common axis; _/W/ is shown in a separate panel due to its wider uncertainty range. The bottom panel shows the

95% CL upper limit on |_21 |. The SM expectation is indicated by the vertical red line. All results are consistent with

SM expectations, with ?SM = 77%.
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Table 9: Definitions and observed values of the model-independent coupling-ratio parameters for the model with

free _21 ≡ ^2/^1, together with the expected total uncertainty (the SM central value is 1 for all parameters by

construction). For _21, the third and last columns show respectively the observed and expected 95% CL upper limit

in this parameter. Observed uncertainties are decomposed into contributions from data statistics (stat.), experimental

systematic uncertainties (exp.), signal theory uncertainties (sig. theo.) and background theory uncertainties (bkg.

theo.). One-sided 95% CL uncertainty decompositions are shown for _21, while 68% CL decompositions are shown

for the remaining coupling-ratio parameters. All results are consistent with the SM.

Parameter Definition Observed Stat. Exp. Sig. theo. Bkg. theo. Expected unc.

^6/ ^6^//^� 1.001+0.054
−0.049

±0.038 ±0.014
+0.035
−0.025

+0.008
−0.009

±0.05

_C6 ^C/^6 0.866+0.090
−0.086

±0.060
+0.030
−0.031

+0.052
−0.044

+0.031
−0.032

±0.09

_/6 ^//^6 0.973+0.084
−0.075

+0.054
−0.052

±0.032
+0.046
−0.040

+0.031
−0.015

+0.09
−0.08

_,/ ^,/^/ 1.042+0.055
−0.054

+0.045
−0.042

+0.024
−0.019

+0.014
−0.019

+0.016
−0.020

+0.06
−0.05

_W/ ^W/^/ 1.024+0.058
−0.054

+0.050
−0.048

+0.024
−0.022

±0.013
+0.011
−0.006

+0.06
−0.05

_g/ ^g/^/ 0.979+0.072
−0.066

+0.054
−0.051

+0.031
−0.032

+0.031
−0.025

+0.018
−0.012

±0.07

_1/ ^1/^/ 0.966+0.094
−0.087

+0.069
−0.065

+0.034
−0.031

+0.038
−0.034

+0.037
−0.034

±0.09

_`g ^`/^g 1.131+0.269
−0.334

+0.257
−0.323

+0.000
−0.062

+0.086
−0.044

+0.020
−0.032

+0.28
−0.38

_/W/ ^/W/^/ 1.427+0.314
−0.374

+0.290
−0.347

+0.098
−0.131

+0.073
−0.051

+0.001
+0.000

+0.4
−0.6

_21 (95% CL) ^2/^1 < 3.8 +2.0 +1.0 +0.4 +1.0 < 3.5

6.5 Determination of the mass of the b-quark from Higgs boson couplings

In Section 6.2, measurements of fermion masses were used to determine the SM expectations for the Higgs

boson Yukawa couplings that are used to define the corresponding coupling modifiers. The agreement

between these reference values and the measured values of the coupling modifiers is shown in Figure 7.

In this section, the logic is reversed and a measurement of <1 (<�), the running mass of the 1-quark at

the Higgs boson mass scale in the modified minimal subtraction (MS) scheme, is inferred from Higgs

boson coupling properties to the 1-quark assuming that other Higgs boson properties match their SM

predictions.

The measurement uses the same combination of analyses as described in Section 5.3. Production cross-

sections and decay branching ratios are parameterised using the production cross-sections f//
8 in the

� → //∗ final state and the ratios of partial widths Γ 5 /Γ// . The production modes considered are 66F,

VBF,,�, /�, CC� and C�, defined as in Section 5.1 and the decay processes are � → 11, � → ,,∗,
� → gg, � → 22, � → WW, � → /W and � → ``. The rates of other production and decay processes

are assumed to match their SM expectations. Under the narrow-width approximation, the event rate for

production process 8 and decay process 5 can then be expressed as

f
5

8
= f//

8

(
Γ 5

Γ//

)
. (2)
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A measurement of <1 (<�) is obtained by expressing Γ11/Γ// as a function of this parameter. The other

ratios of partial widths and cross-sections depend only weakly on <1 (<�) and are left free to vary in the

fit in order to reduce the sensitivity of the result to potential deviations from SM predictions.

The expression for Γ11/Γ// is obtained using HDECAY 6.61 [94–96], which provides a computation

of Γ11 to fifth order (N4LO) in QCD and next-to-leading-order (NLO) in electroweak corrections and

allows <1 (<�) to be specified as an input parameter. Values of Γ11 are obtained by scanning the range

2.2 ≤ <1 (<�) ≤ 4.0 GeV in steps of 0.5 MeV. The value UB (</ ) = 0.118 is assumed for the strong

coupling constant. A multiplicative correction is applied to Γ11 so that its value matches the recommendation

from Ref. [12] at <ref
1
(<�) = 2.787 GeV, which corresponds to the value <1 (<1) = 4.18 GeV assumed

in the other results reported in this paper. The dependence is parameterised as

Γ11

Γ//

=

(
Γ11

Γ//

)

SM

(
1 +

5∑

==1

0=

[(
<1 (<�)
<ref

1
(<�)

)=
− 1

])
(3)

with the polynomial coefficients given in Table 21 in Appendix F. The fifth-order polynomial is an empirical

choice providing a sufficiently flexible interpolation; the leading dependence is quadratic, originating

from the dependence of Γ11 on the Yukawa coupling of the 1-quark, but higher-order terms are needed

to account for subleading effects. The result is stable under variations of the polynomial order from 3

to 6, with changes in <1 (<�) that are negligible compared with the experimental uncertainties. The

experimental and theory uncertainties are implemented as described in Section 3.2. The observed value

is

<1 (<�) = 2.73+0.27
−0.25 GeV = 2.73+0.22

−0.20(stat.)+0.15
−0.14 (syst.)+0.07

−0.06 (theo.) GeV, (4)

where the uncertainty components correspond respectively to data statistics, experimental systematic

uncertainty, and theory uncertainties. The results of the fit where Γ11/Γ// is considered as a free parameter

rather than as a function of <1 (<�) are shown in Figure 37 in Appendix D.

Figure 11 shows the measurement alongside determinations of the MS mass <1 at other energy scales. The

running of<1 is probed using the parameterisation<1 (`; G, <1 (<1)) = G
[
<SM

1
(`;<1 (<1)) − <1 (<1)

]
+

<1 (<1), following Refs. [97, 98]. The quantity <SM
1
(`;<1 (<1)) is the prediction obtained from RE-

volver [99] and G is a parameter that allows to smoothly interpolate between the SM (G = 1) and the

scenario where <1 does not run (G = 0). The parameters <1 (<1) and G are obtained from a fit to a dataset

consisting of the value of <1 (<�) obtained in this section, the values of <1 (</ ) measured at LEP and

SLC [100–103] and the PDG world average for <1 (<1) [104]. The result is shown in Figure 11. The

best-fit values are <1 (<1) = 4.18 ± 0.02 GeV and G = 1.04 ± 0.12 (exp.) ± 0.05 (UB), where the first

uncertainty component corresponds to the experimental uncertainties in the inputs and the second to the

effect of varying UB (</ ) by ±0.004 [97]. The value of <1 (<1) is in agreement with the PDG average

of <1 (<1) = 4.18+0.03
−0.02

GeV. The value of G agrees with the SM expectation (G = 1) and confirms the

exclusion of the no-running scenario with a significance of more than 8 standard deviations.
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Figure 11: Value of the MS running mass <1 (&) at various energy scales &. The value of <1 (<� ) obtained in the

present work is shown alongside values of <1 (</ ) obtained at the Z pole [100–103] and the PDG world average of

<1 (<1) [104]. The line shows the renormalisation-group evolution of <1 (&) obtained using REvolver [99] with the

PDG world average of <1 (<1) taken as reference. Uncertainties in the evolution due to missing higher orders and

the value of the strong coupling constant are also shown.

6.6 Constraint on the total width of the Higgs boson

By combining off-shell Higgs boson production analyses with the on-shell Higgs boson measurements,

a constraint on the total width of the Higgs boson can be obtained within the ^-framework [105, 106].

This combination makes the same assumptions as for Scenario 3 of Section 6.3: that modifications to

Higgs boson couplings to, and / bosons are the same in the on-shell and off-shell kinematic regimes,

and that the kinematics of on-shell and off-shell Higgs boson production match their SM predictions. In

particular, the relative fraction of Higgs boson production in the region <++ ≫ <� probed by off-shell

production analyses is assumed to correspond to its SM value. The full set of measurements of off-shell

Higgs boson production in the � (∗) → // (∗) [63] and � (∗) → ,, (∗) [64] channels is considered in this

interpretation without removing any region. Concerning on-shell measurements, all production and decay

channels are considered except for the � → invisible decay, due to the overlap between analyses of this

process and those of � (∗) → // (∗) that is described in Section 3.1. Two scenarios are considered: one

combines the measurements of off-shell and on-shell Higgs boson production in the � (∗) → // (∗) and

� (∗) → ,, (∗) final states, while the other combines all available measurements of off-shell and on-shell

production. The second scenario provides the most comprehensive result, but the first scenario is also

retained as its simpler model allows performing two additional studies: first the explicit validation of the

asymptotic approximation via a Neyman construction (Figure 12(a)), and second a detailed decomposition

of systematic uncertainty contributions (Appendix G). Both of these would be computationally prohibitive

in the more complex model of the second scenario.

Negative log-likelihood scans as a function of Γ�/ΓSM
�

for the first scenario are shown in Figure 12(a).

In this scenario, only the modifiers for vector boson (^+ ) and gluon (^6) couplings are considered as
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free parameters in the fit. All other coupling modifiers are found to have a negligible impact on the

results and are fixed to their SM values. The comparison of the 68% and 95% CL intervals obtained in

the asymptotic approximation and from a Neyman construction shows differences of at most 2%. The

difference between the two methods is much reduced compared to Ref. [63], as the larger dataset reduces

the statistical uncertainty relative to the systematic component, improving the accuracy of the asymptotic

approximation. The observed (expected) result is

Γ� = 3.3+2.1
−1.7 (obs.)

(
4.1+3.2
−2.7 (exp.)

)
MeV (5)

at 68% CL, showing good agreement between the measurement and the SM prediction. The impact

of different sources of systematic uncertainties in the measurement of the Higgs boson width is shown

in Appendix G. The uncertainties are evaluated using two complementary methods: the conditional

uncertainty method and the shifted auxiliary observable method, both described in Section 3.3. Consistent

values of the total uncertainties are found with the two methods; the values obtained using the shifted

auxiliary observable method are reported as they allow contributions from independent sources to be

summed in quadrature. The observed (expected) statistical significance of Higgs boson off-shell production

is found to be 3.7 (2.9) standard deviations using the combination of on-shell and off-shell � (∗) → // (∗)

and � (∗) → ,, (∗) analyses. The observed (expected) 68% CL interval on Γ� is reduced by 17% (14%)

compared to the result obtained using � (∗) → // (∗) alone (the most sensitive input to the combination),

while making use of the same measurement assumptions. This improves upon the previous ATLAS result

of Γ� = 4.3+2.7
−1.9

MeV from Ref. [63], obtained from a combination of analyses targeting on-shell and

off-shell Higgs boson production in the � (∗) → // (∗) decay, for which the expected significance was 2.4

standard deviations.

Negative log-likelihood scans as a function of Γ�/ΓSM
�

for the second scenario are shown in Figure 12(b).

In this scenario, the on-shell input is extended to include all analyses of Higgs boson production and

decay, rather than only the ones targeting � → //∗ and � → ,,∗ as in the first scenario. The coupling

modifiers that are left free are now the same set as in Section 6.2, in the effective parameterisation and with

^2 considered as a free parameter. No additional assumptions beyond those of Section 6.2 are required. A

Neyman construction is not computationally feasible for the full combination model; instead, the validity

of the asymptotic approximation is inferred from the first scenario. The larger dataset entering the full

combination further improves the accuracy of the approximation, so that only the asymptotic result is

shown. The observed result of Γ� at 68% CL is:

Γ� = 3.6+2.1
−1.6 MeV = 3.6+1.9

−1.4 (stat.) +0.9
−0.8 (syst.)MeV. (6)

The expected result at 68% CL is:

Γ� = 4.1 ± 3.0 MeV = 4.1+2.5
−2.3 (stat.) +1.7

−2.0 (syst.) MeV. (7)

This result is the most sensitive determination to date of Γ� in this scenario. The larger statistical

uncertainty compared with the first scenario reflects the introduction of additional degrees of freedom from

the coupling modifiers profiled in the fit; this effect outweighs the gain in statistical precision from the

additional input analyses. The observed value is again in good agreement with the SM prediction.
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Figure 12: Observed and expected negative log-likelihood scans as a function of the ratio of the total width of the

Higgs boson to its SM prediction, Γ�/ΓSM
�

, from the combination of � (∗) → // (∗) , � (∗) → ,, (∗) and on-shell

Higgs boson production and decay measurements. Panel (a) shows the results using only the measurements of on-shell

production in the � → //∗ and � → ,,∗ final states; the dashed horizontal lines show the levels −2Δ ln ! = 1

and 3.84 used to estimate the 68% and 95% CL intervals in the asymptotic limit, respectively. The dots show the

68% and 95% CL intervals obtained from a Neyman construction. Panel (b) shows the results obtained using all

measurements of on-shell production, except for those in the � → invisible channel; due to the small difference (at

most 2%) between the asymptotic limit and the Neyman construction observed in the first panel, only the asymptotic

result is shown for this panel.

6.7 Constraints on the Higgs boson self-coupling

Single-Higgs boson production processes acquire sensitivity to the trilinear self-coupling modifier ^_
through NLO electroweak corrections to production cross-sections and branching ratios [107, 108]. The

dependence on ^_ is parameterised using process- and kinematic-dependent �1 coefficients and  EW

factors, provided by the LHC Higgs Working Group [109]. These corrections encode the effect of potential

BSM phenomena coupling to the SM via the Higgs potential and affecting mainly the self-coupling of the

Higgs boson.

The total width of the Higgs boson is fixed to its SM value. In the primary fit, ^_ is the only free coupling

modifier, with all other coupling modifiers (^+ , ^C , ^1, ^g) fixed to their SM values in the resolved

parameterisation, so that ^6, ^W and ^/W are also fixed to their SM values through the corresponding

loop expressions. The single-� channels are combined with a combination of six analyses of ��

production (�� → 11WW, �� → 11gg, �� → 1111, �� → 1111(high ?�
T

), �� → 11ℓℓ + �miss
)

,

and �� → multileptons) following the procedure described in Ref. [110]. Relative to Ref. [110], two

modifications are applied to the �� inputs: the ^_-dependent scale and <top uncertainty parameterisation

of the 66F �� production are updated, and the dependence of the single-� processes on ^_ is incorporated

into all the �� analyses except �� → 11gg, which already included this effect.

The result labelled “Di-Higgs” in Table 10 reports the ��-only constraint with these modifications applied,

and therefore does not reproduce exactly the result of Ref. [110]. Combining the single-� and �� inputs

requires the treatment of systematic uncertainties common to both sets of analyses. A correlation scheme is

adopted in which shared nuisance parameters are identified and correlated, with the exception of parameters
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Table 10: Observed best-fit values of ^_ and 68% and 95% CL intervals in various measurement configurations. In

the first three rows (Single-Higgs, Di-Higgs, H+HH others fixed), the remaining coupling modifiers (^+ , ^C , ^1, ^g)

are fixed to their SM values. In the fourth row (H+HH generic) these modifiers are free in the fit alongside ^_; the

shift in the best-fit value between these two scenarios is due to the correlations between the ^_ and the other coupling

modifiers through their impact on single-� event rates.

Fit Best fit 68% CL interval 95% CL interval

Single-Higgs −0.9+3.9
−2.5

[−3.4, 3.0] [−5.3, 8.8]
Di-Higgs 3.5+2.4

−3.4
[0.1, 5.9] [−1.3, 7.2]

H+HH (others fixed) 1.3+3.1
−1.6

[−0.3, 4.4] [−1.5, 6.5]
H+HH (generic) 0.6+2.5

−1.5
[−0.9, 3.1] [−2.1, 5.9]

found to be strongly pulled or constrained in either input, which are left decorrelated to avoid propagating

tensions across the analyses as explained in Section 3.3. Overlaps between the event selections in the

analyses of single-� and �� production, studied in particular for the �� → 11gg and � → gg analyses,

are found to have a negligible impact on the results.

The observed value of ^_ in the combination of single-� and �� analyses is

^_ = 1.3 +3.1
−1.6,

with a 68% CL interval of [−0.3, 4.4] and a 95% CL interval of [−1.5, 6.5]. The expected result under

the SM hypothesis is ^_ = 1.0 +3.7
−1.4

, with a 68% CL interval [−0.5, 4.6] and a 95% CL interval [−1.5, 6.8].
Observed results for the individual single-� and �� inputs, and for a generic model in which ^+ , ^C , ^1
and ^g are also profiled alongside ^_, are summarised in Table 10. The observed likelihood scans of ^_ are

shown in Figure 13. The corresponding expected results are shown in Table 23 in Appendix H. Observed

constraints in the two-dimensional planes (^_, ^C ) and (^_, ^�) with all other coupling modifiers fixed to

their SM values are shown in Figure 14.

The expected 68% and 95% CL intervals on ^_ as a function of the true value of ^_ are shown in Figure 15,

illustrating the relative contribution of the single-� and �� results. For some values of the true ^_, the

single-� results have the effect of lifting a degeneracy in ^_ intervals at 95% CL that are obtained from the

�� results alone.

The combined result ^_ = 1.3 +3.1
−1.6

is consistent with the SM prediction. The single-� and �� inputs

provide complementary sensitivities: �� production is sensitive to ^_ at leading order through the trilinear

Higgs boson vertex in the 66F �� amplitude and dominates the combined constraint, particularly at large

values of |^_ | where the �� production rate differs significantly from the SM expectation. Single-�

processes acquire sensitivity to ^_ only through NLO electroweak corrections parameterised by the �1

coefficients; among single-� production modes, CC� has the largest�1 coefficient and the greatest individual

sensitivity to ^_, but these corrections are at most a few percent for order-unity deviations on ^_ from unity.

The combination of the two inputs yields a significant improvement in sensitivity with respect to either

input alone.

In the generic model where ^+ , ^C , ^1 and ^g are profiled alongside ^_, the expected upper and lower

bounds on ^_ at 68% CL are looser when compared to the case where other modifiers are fixed to the SM,

respectively by 1% and 5%. The complementarity of the �� and single-� inputs takes a qualitatively

different form in this model: the ^_-induced shift in single-� rates can largely be absorbed by adjustments
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Figure 13: Observed likelihood scans of ^_ with all other coupling modifiers fixed to their SM values, for single-�
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• The +� process considers +� production with a leptonic decay of the vector boson, encompassing

,� production (@@ → �ℓa), quark-initiated /� production (@@ → �ℓℓ/aa) and gluon-initiated

/� production (66 → �ℓℓ/aa). Measurement regions are defined in the transverse momentum of

the vector boson (?+
T

) and in #jets.

• The CC� process is considered in bins of ?�
T

.

• The 11�, C�@ and C�, processes each correspond to a single region.

The definitions of the STXS measurement regions used in this paper are modified with respect to Ref. [14]

to more closely correspond to the sensitivity of the analyses included in the combination. In cases where

the analyses are not sensitive to the separation between certain regions, these regions are merged together

into a single bin. Uncertainties on the efficiency and acceptance factors for the resulting bin are obtained

from those that are merged together, under the assumption that the fraction of events in each merged bin

follows its SM prediction. Conversely, some Stage 1.2 bins are split into smaller regions in cases where

this is permitted by the analysis sensitivity. These changes are as follows:

• In the 66 → � process, regions split in ?
� 9

T
and ?

� 9 9

T
are merged together. The regions within

#jets ≥ 2, < 9 9 < 350 GeV and ?�
T
< 120 GeV are merged into a single bin, as well as the regions

within #jets ≥ 2, ?�
T
< 200 GeV, < 9 9 > 350 GeV. In each case, this removes separations within the

Stage 1.2 definition to which none of the analyses in the combination are sensitive.

• In the EW @@� process, all ?
� 9 9

T
splits are removed, and the bins #jets = 0 and #jets = 1 are merged

into a single #jets ≤ 1 region. Within the region #jets ≥ 2, < 9 9 < 350 GeV, the 60 ≤ < 9 9 < 120 GeV

bin is denoted by VH-enriched since it is dominated by +� production with hadronic vector boson

decays. The remaining bins < 9 9 < 60 GeV and < 9 9 ≥ 120 GeV are merged together into a region

denoted by VBF-enriched.

• In the +� process, the regions defined for @@ → �ℓℓ/aa and 66 → �ℓℓ/aa production are

merged together pairwise into regions corresponding to a single ?? → �ℓℓ/aa process. The

?+
T
≥ 400 GeV regions in the @@ → �ℓa and ?? → �ℓℓ/aa processes are both split into separate

bins for 400 ≤ ?+
T
< 600 GeV and ?+

T
≥ 600 GeV to take advantage of the sensitivity provided

by the +�, � → 11, 22 analysis of Ref. [78] at high values of ?+
T

. The expected yields and

theory uncertainties in these bins are derived following the same procedure as followed for the

original Stage 1.2 scheme [111]. Separations in #jets are retained for the 75 ≤ ?+
T
< 150 GeV,

150 ≤ ?+
T
< 250 GeV and 250 ≤ ?+

T
< 400 GeV bins of the ?? → �ℓℓ/aa process and removed

elsewhere.

• The 11� process is considered together with the 66 → � process, since these processes cannot be

distinguished by the analyses in the combination.

• The C�@ and C�, processes are merged together into a single C� process, since the combination

has insufficient sensitivity to distinguish between them.

Only the regions in the range |H� | < 2.5 of the Higgs boson rapidity H� are considered, since no significant

sensitivity outside this range is provided in the combination. Production rates in the region |H� | > 2.5 are

assumed to follow SM predictions.

The resulting set of 44 measurement regions is presented in Figure 16.

Results are reported under two sets of assumptions. In the first model, the branching ratios of Higgs boson

decays are assumed to match their SM predictions, within the uncertainties described in Section 3.2. The
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Figure 16: STXS measurement regions in the modified Stage 1.2 scheme used in this work for the 66 → � (top),

EW @@� (middle), +� (bottom left), CC� (bottom centre) and C� (bottom right) processes. In each case the top-level

box indicates the targeted production modes, clear boxes show intermediate selection criteria and solid boxes show

the measurement regions.
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Figure 17: Observed production cross-sections in 44 STXS regions for the 66 → �, EW @@�, +�, CC� and C�

processes. Points with error bars represent the best-fit values and total measurement uncertainties, and hashed bands

show the systematic uncertainty component. The SM prediction in each region is indicated by vertical lines, and the

associated theory uncertainty by the shaded area.

measured and expected production cross-sections in each region are presented in Table 11 and illustrated in

Figure 17.

The correlation matrix of the measurement is shown in Figure 41 in Appendix I. The measurement

provides the most detailed description to date of Higgs boson production in ?? collisions. Compared to

Ref. [3], the ?�
T
> 200 GeV region of the EW @@� process has finer binning in < 9 9 , mainly due to the

sensitivity provided by the improved analyses in the � → ,,∗ [74] and � → gg [77] decay modes. In

the @@ → �ℓa and ?? → �ℓℓ/aa processes, an additional region is defined for ?+
T
≥ 600 GeV. In the

?? → �ℓℓ/aa process, bins corresponding to #jets = 0 and #jets ≥ 1 are now separately measured in

all the regions in the 75 ≤ ?+
T
< 400 GeV range. These new measurements are made possible mainly by

the increased sensitivity provided by the improved analysis of the +�, � → 11 process [78]. Finally, a

measurement is now provided in the region ?+
T
< 75 GeV of the ?? → �ℓℓ/aa process, mainly due to the

introduction of the +�, � → ,,∗ measurement [75]. The results are in agreement with SM predictions,

with a ?-value ?SM = 47%.

In the second model, the cross-section f
5
A for Higgs boson production and decay into the final state 5 in
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STXS region A is expressed as

f
5
A = f//

A

(
� 5

�//

)
, (8)

in terms of the cross-sections f//
A in the � → //∗ final state and the ratios of branching ratios � 5 /�//

for 5 = WW,,,, 11 and g+g−. The � → //∗ decay process is chosen as the reference due to its high

experimental sensitivity and in particular small systematic uncertainties. Other branching ratios are set to

their SM expectations. The observed and expected measurement results are shown in Table 12. The results

are in agreement with SM predictions, with a ?-value ?SM = 56%.
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Table 11: Best-fit values and uncertainties for the production cross-section in each measured STXS region, assuming

SM values for the Higgs boson branching ratios. The values for the 66 → � process also include the contributions

from 11� production. The total uncertainties are decomposed into components for data statistics (Stat.) and

systematic uncertainties (Syst.). SM predictions are also shown for each quantity with their total uncertainties.

STXS region
Value Uncertainty [fb] SM prediction

[fb] Total Stat. Syst. [fb]

66 → �, 0-jet, ?�
T
< 10 GeV 5200 +1200

−1100
±1100

+500
−400

6600 ±900

66 → �, 0-jet, ?�
T
≥ 10 GeV 24 300 +2300

−2200
±1800

+1400
−1300

20 600 ±1500

66 → �, 1-jet, ?�
T
< 60 GeV 6800 +1700

−1600
±1300 ±1000 6500 ±900

66 → �, 1-jet, 60 ≤ ?�
T
< 120 GeV 6800 +1100

−1000
±900

+700
−600

4500 ±600

66 → �, 1-jet, 120 ≤ ?�
T
< 200 GeV 900 +300

−200
±200 ±100 750 ±130

66 → �, < 9 9 < 350 GeV, ?�
T
< 120 GeV 800 ±1300 ±1100 ±700 3000 ±600

66 → �, < 9 9 < 350 GeV, 120 ≤ ?�
T
< 200 GeV 900 ±400 ±300 ±200 900 ±200

66 → �, < 9 9 ≥ 350 GeV, ?�
T
< 200 GeV 1300 ±700 ±600

+400
−300

900 ±200

66 → �, 200 ≤ ?�
T
< 300 GeV 690 +150

−140
±110

+90
−80

500 ±100

66 → �, 300 ≤ ?�
T
< 450 GeV 80 ±50 ±40 ±20 110 ±30

66 → �, ?�
T
≥ 450 GeV 30 ±20 ±20

+10
+0

18 ±5

EW @@�, ≤ 1-jet −100 +1400
−1300

+1300
−1200

+500
−600

2160 ±60

EW @@�, VBF-enriched 1500 +1000
−900

+900
−800

+500
−400

740 ±20

EW @@�, +�-enriched 400 ±200 ±200 ±100 510 ±20

EW @@�, 350 ≤ < 9 9 < 700 GeV, ?�
T
< 200 GeV 400 ±200 ±200 ±100 540 ±10

EW @@�, 700 ≤ < 9 9 < 1000 GeV, ?�
T
< 200 GeV 160 ±90 ±80 ±40 260 ±10

EW @@�, 1000 ≤ < 9 9 < 1500 GeV, ?�
T
< 200 GeV 360 ±80 ±70 ±40 220 ±10

EW @@�, < 9 9 ≥ 1500 GeV, ?�
T
< 200 GeV 180 ±50 ±40

+30
−20

220 ±10

EW @@�, 350 ≤ < 9 9 < 700 GeV, ?�
T
≥ 200 GeV 1 +33

−29
+32
−27

±10 44 ±1

EW @@�, 700 ≤ < 9 9 < 1000 GeV, ?�
T
≥ 200 GeV 27 +16

−15
+15
−14

+6
−5

29 ±1

EW @@�, 1000 ≤ < 9 9 < 1500 GeV, ?�
T
≥ 200 GeV 49 +14

−13
+14
−13

+5
−4

33 ±1

EW @@�, < 9 9 ≥ 1500 GeV, ?�
T
≥ 200 GeV 45 +10

−9
±9

+4
−3

41 ±1

@@ → �ℓa, ?+
T
< 75 GeV 271 +150

−139
+142
−132

+48
−42

215 ±8

@@ → �ℓa, 75 ≤ ?+
T
< 150 GeV 43 +64

−56
+49
−46

+41
−33

134 ±5

@@ → �ℓa, 150 ≤ ?+
T
< 250 GeV 40 +15

−14
+11
−10

+11
−10

41 ±2

@@ → �ℓa, 250 ≤ ?+
T
< 400 GeV 13 ±3 ±3 ±2 10.0 ±0.4

@@ → �ℓa, 400 ≤ ?+
T
< 600 GeV −0.2 +1.0

−0.9
±0.8 ±0.5 1.8 ±0.1

@@ → �ℓa, ?+
T
≥ 600 GeV 0.5 +0.4

−0.3
+0.4
−0.3

±0.1 0.34 ±0.02

?? → �ℓℓ/aa, ?+
T
< 75 GeV 221 +99

−81
+94
−78

+33
−22

112 ±8

?? → �ℓℓ/aa, 75 ≤ ?+
T
< 150 GeV, 0-jet 70 +30

−28
±24

+17
−16

51 ±4

?? → �ℓℓ/aa, 75 ≤ ?+
T
< 150 GeV, ≥ 1-jet 9 +37

−36
+33
−32

+18
−17

36 ±5

?? → �ℓℓ/aa, 150 ≤ ?+
T
< 250 GeV, 0-jet 12 ±5

+5
−4

+3
−2

15 ±2

?? → �ℓℓ/aa, 150 ≤ ?+
T
< 250 GeV, ≥ 1-jet 16 +12

−11
±10

+6
−5

17 ±3

?? → �ℓℓ/aa, 250 ≤ ?+
T
< 400 GeV, 0-jet 2.3 +1.3

−1.2
+1.2
−1.1

±0.5 2.9 ±0.4

?? → �ℓℓ/aa, 250 ≤ ?+
T
< 400 GeV, ≥ 1-jet 4.5 +3.6

−3.4
+3.3
−3.2

+1.5
−1.3

4.2 ±0.8

?? → �ℓℓ/aa, 400 ≤ ?+
T
< 600 GeV 1.1 ±0.7

+0.7
−0.6

+0.3
−0.2

1.1 ±0.1

?? → �ℓℓ/aa, ?+
T
≥ 600 GeV −0.2 ±0.2 ±0.2 ±0.1 0.18 ±0.01

CC�, ?�
T
< 60 GeV 120 ±50

+50
−40

±30 120 ±20

CC�, 60 ≤ ?�
T
< 120 GeV 100 +60

−50
±50

+30
−20

180 ±20

CC�, 120 ≤ ?�
T
< 200 GeV 80 ±40 ±30 ±20 130 ±20

CC�, 200 ≤ ?�
T
< 300 GeV 26 +17

−16
+15
−14

+8
−7

53 ±7

CC�, 300 ≤ ?�
T
< 450 GeV 10 ±9

+8
−7

±5 19 ±3

CC�, ?�
T
≥ 450 GeV 4 ±5 ±4 ±2 5 ±1

C� 460 +220
−210

±160
+150
−130

80 ±10
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Table 12: Best-fit values and uncertainties for the production cross-section in each measured STXS region in the

� → //∗ decay process and ratios of branching ratios to �// . The values for the 66 → � process also include the

contributions from 11� production. The total uncertainties are decomposed into components for data statistics (Stat.)

and systematic uncertainties (Syst.). SM predictions are also shown for each quantity with their total uncertainties.

The relative uncertainty in �,,/�// is smaller than 10−3 and is not shown in the table.

Parameter
Value Uncertainty SM prediction

Total Stat. Syst.

�WW/�// 0.092 +0.011
−0.010

+0.010
−0.009

+0.005
−0.004

0.086 ±0.001

�,,/�// 9.2 +1.1
−1.0

+0.9
−0.8

±0.6 8.1 -

�11/�// 21.6 +5.1
−4.3

+4.1
−3.4

+3.1
−2.6

22.0 ±0.7

�g+g−/�// 2.23 +0.38
−0.33

+0.30
−0.26

+0.23
−0.20

2.37 ±0.02

Region
f × �// Uncertainty [fb] SM prediction

[fb] Total Stat. Syst. [fb]

66 → �, 0-jet, ?�
T
< 10 GeV 128 +33

−30
+30
−28

+12
−11

175 ±23

66 → �, 0-jet, ?�
T
≥ 10 GeV 607 +72

−67
+64
−60

+33
−29

545 ±41

66 → �, 1-jet, ?�
T
< 60 GeV 175 +43

−41
+36
−34

±23 172 +23
−24

66 → �, 1-jet, 60 ≤ ?�
T
< 120 GeV 168 +31

−28
+26
−25

+15
−14

119 ±16

66 → �, 1-jet, 120 ≤ ?�
T
< 200 GeV 22.4 +6.8

−6.3
+5.9
−5.5

+3.4
−3.0

19.7 ±3.4

66 → �, < 9 9 < 350 GeV, ?�
T
< 120 GeV 21 +34

−33
±28 ±18 78 ±16

66 → �, < 9 9 < 350 GeV, 120 ≤ ?�
T
< 200 GeV 24 +11

−10
±9

+5
−4

24.9 ±5.7

66 → �, < 9 9 ≥ 350 GeV, ?�
T
< 200 GeV 35 +18

−17
±15

+10
−8

23.2 ±5.5

66 → �, 200 ≤ ?�
T
< 300 GeV 17.4 +4.1

−3.7
+3.5
−3.2

+2.2
−1.9

12.1 ±2.7

66 → �, 300 ≤ ?�
T
< 450 GeV 1.9 ±1.2

+1.2
−1.1

±0.4 2.81 ±0.71

66 → �, ?�
T
≥ 450 GeV 0.86 +0.60

−0.49
+0.58
−0.48

+0.17
−0.12

0.47 ±0.14

EW @@�, ≤ 1-jet −2 +34
−33

+31
−30

+13
−14

57.1 ±1.7

EW @@�, VBF-enriched 41 +26
−24

+23
−22

+11
−10

19.4 ±0.6

EW @@�, +�-enriched 9.8 +6.4
−6.0

+5.7
−5.3

+3.0
−2.8

13.5 ±0.5

EW @@�, 350 ≤ < 9 9 < 700 GeV, ?�
T
< 200 GeV 9.1 +5.4

−5.1
+4.6
−4.3

+2.7
−2.8

14.1 ±0.4

EW @@�, 700 ≤ < 9 9 < 1000 GeV, ?�
T
< 200 GeV 4.0 +2.4

−2.2
+2.1
−1.9

+1.1
−1.0

6.77 ±0.20

EW @@�, 1000 ≤ < 9 9 < 1500 GeV, ?�
T
< 200 GeV 9.0 +2.4

−2.1
+2.1
−1.9

+1.2
−1.0

5.92 ±0.17

EW @@�, < 9 9 ≥ 1500 GeV, ?�
T
< 200 GeV 4.6 +1.5

−1.3
+1.2
−1.1

+0.8
−0.6

5.70 ±0.18

EW @@�, 350 ≤ < 9 9 < 700 GeV, ?�
T
≥ 200 GeV 0.13 +0.90

−0.77
+0.85
−0.73

+0.28
−0.26

1.169 ±0.032

EW @@�, 700 ≤ < 9 9 < 1000 GeV, ?�
T
≥ 200 GeV 0.72 +0.45

−0.39
+0.42
−0.37

+0.17
−0.13

0.778 ±0.022

EW @@�, 1000 ≤ < 9 9 < 1500 GeV, ?�
T
≥ 200 GeV 1.29 +0.43

−0.37
+0.40
−0.35

+0.16
−0.12

0.860 ±0.025

EW @@�, < 9 9 ≥ 1500 GeV, ?�
T
≥ 200 GeV 1.2 ±0.3 ±0.3 ±0.1 1.07 ±0.03

@@ → �ℓa, ?+
T
< 75 GeV 6.4 +3.8

−3.4
+3.5
−3.2

+1.3
−1.0

5.68 +0.21
−0.22

@@ → �ℓa, 75 ≤ ?+
T
< 150 GeV 1.0 +1.6

−1.4
+1.3
−1.2

+1.0
−0.8

3.55 ±0.15

@@ → �ℓa, 150 ≤ ?+
T
< 250 GeV 1.0 +0.5

−0.4
±0.3 ±0.3 1.087 +0.046

−0.047

@@ → �ℓa, 250 ≤ ?+
T
< 400 GeV 0.35 +0.13

−0.10
+0.11
−0.09

+0.07
−0.05

0.265 ±0.012

@@ → �ℓa, 400 ≤ ?+
T
< 600 GeV −0.004 +0.026

−0.025
+0.023
−0.021

+0.013
−0.014

0.047 ±0.002

@@ → �ℓa, ?+
T
≥ 600 GeV 0.012 +0.012

−0.009
+0.011
−0.008

+0.004
−0.002

0.0090 ±0.0006

?? → �ℓℓ/aa, ?+
T
< 75 GeV 5.3 +2.5

−2.0
+2.3
−1.9

+0.9
−0.5

2.95 ±0.21

?? → �ℓℓ/aa, 75 ≤ ?+
T
< 150 GeV, 0-jet 1.82 +0.90

−0.77
+0.74
−0.65

+0.50
−0.41

1.35 ±0.12

?? → �ℓℓ/aa, 75 ≤ ?+
T
< 150 GeV, ≥ 1-jet 0.2 ±1.0 ±0.9 ±0.5 0.94 ±0.12

?? → �ℓℓ/aa, 150 ≤ ?+
T
< 250 GeV, 0-jet 0.3 +0.2

−0.1
±0.1 ±0.1 0.408 ±0.061

?? → �ℓℓ/aa, 150 ≤ ?+
T
< 250 GeV, ≥ 1-jet 0.41 +0.33

−0.30
+0.29
−0.26

+0.16
−0.14

0.443 ±0.084

?? → �ℓℓ/aa, 250 ≤ ?+
T
< 400 GeV, 0-jet 0.060 +0.039

−0.032
+0.035
−0.029

+0.018
−0.012

0.077 ±0.010

?? → �ℓℓ/aa, 250 ≤ ?+
T
< 400 GeV, ≥ 1-jet 0.12 +0.10

−0.09
+0.09
−0.08

+0.04
−0.03

0.112 ±0.021

?? → �ℓℓ/aa, 400 ≤ ?+
T
< 600 GeV 0.028 +0.022

−0.018
+0.020
−0.016

+0.010
−0.007

0.0284 ±0.0023

?? → �ℓℓ/aa, ?+
T
≥ 600 GeV −0.0043 +0.0063

−0.0050
+0.0060
−0.0046

+0.0018
−0.0020

0.00481 ±0.00032

CC�, ?�
T
< 60 GeV 2.91 +1.50

−1.34
+1.30
−1.18

+0.76
−0.64

3.12 ±0.42

CC�, 60 ≤ ?�
T
< 120 GeV 2.62 +1.56

−1.43
+1.41
−1.28

+0.68
−0.62

4.70 ±0.52

CC�, 120 ≤ ?�
T
< 200 GeV 1.96 +1.08

−0.97
+0.93
−0.84

+0.55
−0.48

3.34 ±0.41

CC�, 200 ≤ ?�
T
< 300 GeV 0.698 +0.473

−0.420
+0.417
−0.373

+0.224
−0.192

1.39 ±0.20

CC�, 300 ≤ ?�
T
< 450 GeV 0.258 +0.262

−0.234
+0.222
−0.200

+0.140
−0.122

0.503 +0.082
−0.081

CC�, ?�
T
≥ 450 GeV 0.098 +0.140

−0.124
+0.121
−0.108

+0.071
−0.061

0.142 ±0.026

C� 12.17 +5.91
−5.38

+4.46
−4.13

+3.87
−3.44

2.24 +0.15
−0.29
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8 Constraints on effective field theory models

Effective-field theory (EFT) models provide a framework to describe the effects of BSM phenomena

occurring at energy scales much larger than the scales of the physics process considered. These effects

usually depend on the kinematics of the process, with typically larger effects at higher momentum transfers.

This section presents a reinterpretation of measurements of Higgs boson kinematic properties in the STXS

framework similar to that presented in Section 7, in the context of Standard Model Effective-field theory

(SMEFT) [57, 58].

These models supplement the SM Lagrangian with additional interactions of canonical mass dimension

larger than 4, built up from the usual SM fields and respecting SM symmetries. The SMEFT Lagrangian is

expressed as

L = LSM +
∑

3>4

∑

=

2
(3)
=

Λ3−4
$
(3)
= , (9)

where the $
(3)
= are operators of canonical dimension 3 describing the EFT interactions, the 2

(3)
= are real

coupling parameters specifying the interaction strengths, and Λ is the EFT mass scale. The SM corresponds

to the case where all 2
(3)
= vanish. In this paper, operators conserving baryon and lepton number are

considered, which leads to the leading-order corrections to the SM occurring at 3 = 6. EFT contributions

with 3 > 6 are omitted in the rest of this work, and the superscripts on the $
(6)
= and 2

(6)
= terms are dropped.

Operators are defined in the Warsaw basis [112], which defines a complete and independent basis for the

3 = 6 sector. Only CP-even operators are considered. The top flavour scheme is used, in which the quark

fields of the first and second generation, which cannot be distinguished by the measurements included

in the combination, are related through* (2) symmetries while the third generation quark fields remain

independent. Effective interactions involving first and second generation quarks are therefore described

using a common set of operators in terms of the fields @, D and 3 representing respectively left-handed

quarks, right-handed up-type quarks and right-handed down-type quarks of the first and second generation.

The corresponding third generation quarks are respectively denoted by &, C and 1. No flavour assumption

is applied in the lepton sector and independent fields are used to describe leptons in each generation.

Left-handed leptons and right-handed electrons are respectively designated as ;8 and 48, where 8 = 1, 2, 3

denotes the lepton generation.

SMEFT effects in Higgs boson processes are described using amplitudes containing at most one SMEFT

operator insertion. The event rate for a given process is then proportional to

∫
3Ω

�����MSM +
∑

=

2=

Λ2
M=

�����

2

=

∫
3Ω |MSM |2

(
1 +

∑

=

2=�= +
∑

<=

2=2<�<=

)
(10)

whereMSM is the SM amplitude for the process andM= the amplitude for one insertion of the operator$=.

The sums run over all SMEFT operators contributing to the process, and the integral runs over the phase

space considered. The expression is quadratic in the EFT parameters 2= and the event rate is expressed in

terms of the linear coefficients �= and the quadratic coefficients �<=; their values are computed separately

for each production and decay process as described below. The first term on the right-hand side is the

SM contribution to the event rate, while the following terms correspond to the interference between SM

and EFT amplitudes, which is linear in the EFT parameters, and to purely EFT contributions that scale as

products of two EFT parameters. They are respectively referred to as linear and quadratic terms in the

following.
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Measurements of the parameters 2= are obtained from the description of Higgs boson production rates

and kinematics provided by the STXS framework, described in Section 7. Signal strengths relative to SM

predictions are measured for 116 STXS regions defined separately in the � → 11, � → ,,∗, � → gg,

� → 22, � → //∗, � → WW, � → /W and � → `` decay channels. The STXS binning in each decay

mode is adapted to match the sensitivity provided by the corresponding analyses, and presented in Table 26

of Appendix J. Contributions from other STXS regions are assumed to match their SM expectations.

Reference SM predictions are taken to be the highest-order prediction available, and theory uncertainties

are included as described in Section 3.2. The measurement is described in detail in Appendix J.

The parameterisation of Eq. (10) is applied separately to the production cross-sections fA in STXS region A ,

the partial decay widths Γ 5 in decay mode 5 and the Higgs boson total width Γ� . Under the narrow-width

approximation, the signal strength `
5
A for Higgs boson production in STXS region A and decay in final state

5 is then expressed in terms of the set c of all 2= parameters as

`
5
A (c) =

(
fA (c)/fSM

A

) Γ 5 (c)/ΓSM
5

Γ� (c)/ΓSM
�

=

(
1 +∑

=
2=�

fA
= +

∑
<=
2=2<�

fA
<=

) (
1 +∑

=
2=�

Γ 5

= +
∑
<=
2=2<�

Γ 5

<=

)

(
1 +∑

=
2=�

Γ
= +

∑
<=
2=2<�

Γ
<=

) .

(11)

where quantities with an SM superscript refer to SM predictions. Higher-order QCD corrections are

assumed to be the same for EFT and SM processes. The coefficients �
fA
= , �

Γ 5

= and �Γ
= respectively define

the linear contributions to fA , Γ 5 and Γ� for the operator$=. The coefficients �
fA
<=, �

Γ 5

<= and �Γ
<= similarly

define the quadratic contributions corresponding to the operators $< and $=.

Two versions of the parameterisation are considered. In the linear parameterisation only the linear terms

are considered while the � terms are set to zero, which corresponds to a truncation of the EFT expansion at

order Λ−2 separately for each factor in Eq 11. The denominator expression
(
1 +∑

= 2=�
Γ
=

)−1
in Eq. (11) is

not linearized, since this leads to a significant change in the expression for the values of the EFT parameters

probed in this interpretation. As described below, the Jacobian used to obtain the basis of the measurement

parameters is however computed using the fully linearized approximation. Full details of this procedure

are described in Ref. [113]. In the linear+quadratic parameterisation, both linear and quadratic terms are

considered. The quadratic terms occur at order Λ−4, but this parameterisation does not correspond to a full

description of the SMEFT at this order since contributions originating from the interference between the

SM and 3 = 8 SMEFT operators that also enter at order Λ−4 are not considered. The comparison of the

results obtained in the two scenarios provides an estimate of the impact of terms beyond order Λ−2 in the

EFT expansion, and both sets are presented in this work.

The � and � coefficients of Eq. (11) are computed using a procedure similar to that of Ref. [113].

Samples of simulated Higgs boson production and decay processes are produced for various values of

the EFT coefficients 2=, and the reported cross-sections in each case are used to obtain the values of

the � and � parameters. The event generation is performed at particle level using SMEFT@NLO [114]

and SMEFTsim [115] in the (�� , <, , </ ) scheme, using the as universal FeynRules output (UFO)

functionality within MadGraph5_aMC@NLO [116], interfaced to PYTHIA8 [117] with the A14

tune [118] to handle parton showering and hadronisation. SMEFT@NLO is used to model the 66 → �,

66 → /� and � → 66 loop processes at NLO in QCD, while SMEFTsim is used for other processes.

Charm quark contributions are not included in the loop processes modelled using SMEFT@NLO, so that

the effect of operators involving charm quarks is not included in the parameterisation of these processes.

The parameterisations of the � → WW and � → /W decays are taken from theory predictions obtained at
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NLO in electroweak effects, respectively Ref. [119] and [120]. The parameterisation of Γ� is obtained

by considering all Higgs boson decays with up to four elementary particles in the final state. Compared

to Ref. [113], the parameterisation of the +� process is modified by the addition of a split in the STXS

binning at ?+
T
= 600 GeV; separate parameterisations for quark induced and gluon induced /� production

are used; and the renormalisation and factorisation scales used in the generation of the +� and 66 → �

processes are set to fixed values to conform with SMEFT@NLO recommendations [114]. In the � → //∗

and � → ,,∗ decays, non-negligible changes to the experimental acceptance are found for variations

in 2�, , 2��, 2�,� and 2
(3)
�;

. These changes are accounted for by applying the same corrections to the

��→//∗
= and ��→,,∗

= coefficients as described in Ref. [113].

The operators considered are those for which the absolute value of at least one � coefficient is larger than

0.1%. The resulting 46 operators, and their associated EFT parameters 2=, are listed in Table 13.

A qualitative estimate of the experimental sensitivity to individual EFT parameters is obtained in scenarios

where one parameter is allowed to vary while all others are fixed to their SM expectation of 0. The

symmetrised expected uncertainty to each parameter is shown in Figure 18. The sensitivity is reported as

the uncertainty f on the parameter, assuming an EFT scale Λ = 1 TeV, or conversely as the sensitivity

scale Λ/
√
f which corresponds to the EFT scale to which the combination would be sensitive in a scenario

where 2= = 1. Expected sensitivities are shown for both the linear and linear+quadratic models. The

results show widely different sensitivities for the different EFT parameters, with expected uncertainties

in the 2= ranging from about 10−3 to over 10 and sensitivity scales reaching about 20 TeV for the most

precisely measured parameters.

Measurements of individual EFT parameters cannot usually be matched to specific models of new

phenomena beyond the SM, since these typically lead to deviations from zero in multiple parameters. All

the EFT parameters presented in Table 13 cannot however be left to vary freely, since some combinations

of these parameters are not constrained by the analyses included in the measurement. The measurement is

therefore performed using a reduced set of measurement parameters, obtained using the same procedure as

described in Ref. [113], which excludes directions with no experimental sensitivity. First a measurement of

the `
5
A parameters is performed, using the forms given in Eq. (11) to express the parameters of the STXS

combination described in Appendix J. The Hessian matrix (�−1)` of this measurement is then used to

define

(�−1)2<= =

∑

(A , 5 )

∑

(A ′ , 5 ′ )

(
�2→`

) (A , 5 )
<

(�−1)`(A , 5 ) , (A ′ , 5 ′ )
(
�2→`

) (A ′ , 5 ′ )
=

(12)

where (
�2→`

) (A , 5 )
=

= �fA
= + �

Γ 5

= − �Γ

= (13)

and the sums run over all the combinations of production and decay processes (A, 5 ) included in the STXS

measurement. The matrix (�−1)2<= corresponds to the Hessian matrix of the measurement of the 2=,

using a linear approximation of the dependence of the `
5
A on the 2=. It cannot be reliably inverted, but its

principal component analysis (PCA) provides information about the sensitivity of the combination of EFT

parameters in the Warsaw basis: linear combinations of the 2= corresponding to large eigenvalues are well

measured, while small eigenvalues correspond to weakly constrained "flat" directions in the space of the

2=. As in Ref. [113], the PCA is not performed on the full Hessian but on blocks corresponding to groups

of 2= with similar impact on the measurements included in the combination. These groups correspond

to the set of parameters impacting mainly the 66F and CC� event rates, designated as 66�; parameters

primarily impacting the � → WW and � → /W decays (�WW, �/W); parameters mainly affecting ,�

and /� production (/�); parameters impacting mainly the � → //∗ → 4ℓ decay process (�ℓℓℓℓ);
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Table 13: Operators considered in the SMEFT analysis. The ;8 and 48 are respectively the left-handed and right-handed

lepton fields for generation 8. Third-generation quark fields are denoted as &, C and 1, while @, D and 3 refer to

first and second generation quarks. Higgs field derivatives are defined as q†8
←→
� `q = q† (8�`q) − (8�`q)†q and

q†8
←→
� 0

`q = q†f0 (8�`q) − (8�`q)†f0q.

Name Operator

2�� (q†q)�(q†q)
2���

(
q†�`q

)∗ (
q†�`q

)

2� 5 �����a
` �

�d
a �

�`
d

2�� (q†q)��
`a�

�`a

2�, (q†q),0
`a,

0`a

2�� (q†q)�`a�
`a

2�,� (q†f0q),0
`a�

`a

24�,22 (q†q) ( ;̄242q)
24�,33 (q†q) ( ;̄343q)
2D� (q†q) (@̄Dq̃)
2C� (q†q) (&̄Cq̃)
21� (q†q) (&̄1q)

2C� (&̄f`a) �C)q̃��
`a

2C, (&̄f`af0C)q̃,0
`a

2C� (&̄f`aC)q̃�`a

2
(1)
�;,11

(q†8←→� `q) ( ;̄1W`;1)
2
(3)
�;,11

(q†8←→� 0
`q) ( ;̄1f0W`;1)

2
(1)
�;,22

(q†8←→� `q) ( ;̄2W`;2)
2
(3)
�;,22

(q†8←→� 0
`q) ( ;̄2f0W`;2)

2
(1)
�;,33

(q†8←→� `q) ( ;̄3W`;3)
2
(3)
�;,33

(q†8←→� 0
`q) ( ;̄3f0W`;3)

2�4,11 (q†8←→� `q) (4̄1W
`41)

2�4,22 (q†8←→� `q) (4̄2W
`42)

2�4,33 (q†8←→� `q) (4̄3W
`43)

Name Operator

2
(1)
�@

(q†8←→� `q) (@̄W`@)
2
(3)
�@

(q†8←→� 0
`q) (@̄f0W`@)

2�D (q†8←→� `q) (D̄W`D)
2�3 (q†8←→� `q) (3̄W`3)
2
(1)
�&

(q†8←→� `q) (&̄W`&)
2
(3)
�&

(q†8←→� 0
`q) (&̄f0W`&)

2�C (q†8←→� `q) (C̄W`C)
2�1 (q†8←→� `q) (1̄W`1)

2;;,1221 ( ;̄1W`;2) ( ;̄2W`;1)

2
(1,1)
&@

(&̄W`&) (@̄W`@)
2
(3,1)
&@

(&̄W`g0&) (@̄W`g0@)
2
(1,8)
&@

(&̄W`) �&) (@̄W`) �@)
2
(3,8)
&@

(&̄W`g0) �&) (@̄W`g0) �@)
2
(1)
&D

(&̄W`&) (D̄W`D)
2
(8)
&D
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Figure 18: Symmetrised expected 68% CL uncertainty in EFT parameters in the Warsaw basis for the linear and

linear+quadratic parameterisations, shown in two panels for readability. Each EFT parameter is measured while

fixing all other parameters to their SM value of zero. The left axis shows the uncertainty f on the parameter assuming

Λ = 1 TeV for the EFT scale, while the right axis shows the probed EFT scale estimated as Λ/
√
f.

and finally a set of parameters with a global impact on all measured event rates (glob). The remaining

EFT parameters are considered individually. A separate PCA is performed in each of these sectors, and

linear combinations with an eigenvalue of at least 0.01 are retained in each case. The remaining linear

combinations are assumed to have a negligible impact on the results and their values are fixed to zero in the

measurement. The procedure is not intended to produce a fully diagonal covariance matrix in the space of

the measurement parameters, since correlations between blocks are not considered. Its main objective is to

remove flat directions from consideration so that the measurement is well-conditioned.

The resulting set of 20 measurement parameters consists of the linear combinations of Warsaw-basis EFT

parameters shown in Figure 19. Figure 20 illustrates the impacts of each measurement parameter on the

Higgs boson production cross-sections and branching ratios that enter the combination. The parameter 2D�
is defined with an additional charm-Yukawa coupling factor H2. In the top flavour scheme this parameter

encompasses operators involving both the D and 2 quarks, and is constrained mainly through the rate of

the � → 22 decay, which is impacted by its 2-quark component. With the extra factor H2, the parameter

corresponds to the definition that one would have obtained for a 2-quark operator that would be defined

separately from the D-quark component.

Results are obtained from a fit in which the measurement parameters are simultaneously left to vary. No
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Figure 20: Relative change in the rate of each production and decay process entering the combination compared to

the SM reference, for parameter variations equal to the symmetrised 68% CL expected uncertainty in each parameter.

Filled bars indicate the changes due to linear terms, while the empty bars also include the contributions of quadratic

terms. The symmetrised statistical uncertainty for each observable is shown in the top panel. The EFT scale is

assumed to be Λ = 1 TeV.
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bounds are applied on the parameters. The observed values in the linear model are shown in Figure 21. The

sensitivities for each parameter are expressed either as the symmetrised uncertainty f on each parameter,

assumingΛ = 1 TeV, or as the corresponding sensitivity scaleΛ/
√
f. The contribution to each measurement

from individual Higgs boson production and decay processes is evaluated by computing separate (�−1)2, (8)<=

matrices for each production or decay process 8 using the same method as shown in Eq. (12). The

contribution of process 8 to the measurement of 2= is then computed as (�−1)2, (8)== /
∑

8 (�−1)2, (8)== , with the

sum running over all production or decay processes. All results are in good agreement with the SM, with a

compatibility corresponding to a ?-value of 81%. The best-constrained coupling parameters are 44�,22,

which is driven by a measurement of the � → `` process that sets stringent limits on its event rate; 4
[1]
66�

,

driven by the measurement of the 66F production rate; and 4
[1]
�WW,�/W

that is mainly constrained by the

rate of the � → WW decay. Each of these has a symmetrised uncertainty in the coupling between 10−2 and

10−3, corresponding to a sensitivity to EFT scales ranging from 10 to 30 TeV. In general better constraints

are seen when the SM processes are suppressed relative to the corresponding EFT processes: in the case of

� → ``, this suppression occurs due to the small value of the Yukawa coupling of the muon, while the

66 → � and � → WW processes are loop-suppressed in the SM. The observed and expected correlation

coefficients between the parameters are shown in Figure 47 in Appendix K. Compared to Ref. [113], the

combination benefits from the improved analysis of the +�, � → 11, 22 process [78]. The improved

sensitivity to � → 22 allows to include 2D� among the measured parameters for the first time in EFT

interpretations of LHC data. The combination of large measurement uncertainties and a relatively large

branching ratio for � → 22 leads to its rate having a sizeable impact on the total width of the Higgs boson

which also impacts other branching ratios. This leads to weaker constraints on the 4
[1]
glob

parameter, which

has a similar impact on the observables, and a correlation of −80% between the two parameters. This

effect is however mitigated by the precision of the measurement of the � → 22 rate in Ref. [78] and future

improvements in the measurement of the � → 22 process are expected to further reduce the impact of

2D� on the other measurement parameters. The analysis of Ref. [78] also provides improved sensitivity

to the � → 11 process, in particular by providing the first measurement in the ?+
T
> 600 GeV region.

This benefits the sensitivity to EFT operators that have a larger impact for high transverse momenta of

the, or / boson. This leads in particular to significantly stronger sensitivity to 2
(3)
�&

, 2�1 and the 4
[8 ]
/�

parameters, in comparison to Ref. [113]. Improvements to the CC� measurements in the � → 11 [80] and

� → multileptons [79] processes provide increased sensitivity to operators modifying top-quark couplings.

Overall, the measurement basis contains 20 parameters compared to 19 in Ref. [113], with H2 × 2D� as the

additional parameter as described above.

A comparison of observed results obtained for the linear and linear+quadratic parameterisations is shown

in Figure 22. In most cases similar results are observed for the two models, indicating that contributions

from higher-order terms in the EFT expansion are generally small. However some differences are observed

in particular for parameters with weak constraints in the linear case, for which the linear+quadratic

parameterisation can in some cases lift degeneracies present in the linear case. Measurements of Higgs

boson production at high transverse momentum play an important role in the quadratic parameterisation,

significantly reducing the uncertainties in ?T-dependent operators. A comparison of observed and expected

results in the linear+quadratic parameterisation is shown in Figure 48. A simplified likelihood for the

measurement, described in Appendix L, is found to closely reproduce the results obtained with the full

likelihood.
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Figure 22: Fitted values of the EFT measurement parameters for the linear and linear+quadratic models. The top

panel shows the symmetrised uncertainty in each parameter, and the bottom panel the best-fit value and uncertainty of

each parameter divided by its symmetrised uncertainty. Confidence intervals are shown at 68% CL (solid lines) and

95% CL (dashed lines). In the top panel, the left axis shows the uncertainty f on the parameter assuming Λ = 1 TeV

for the EFT scale, while the right axis shows the probed EFT scale estimated as Λ/
√
f.

9 Conclusion

Higgs boson production and decay rates are measured using up to 140 fb−1 of ?? collision data collected

at
√
B = 13 TeV by the ATLAS detector during Run 2 of the LHC, combining the final analyses of each

process using Run 2 data. The inclusive Higgs boson signal strength relative to its SM expectation is

determined to be 0.990+0.053
−0.051

= 0.990± 0.027 (stat.) ± 0.024 (exp.) +0.037
−0.035

(sig. theo.) +0.016
−0.015

(bkg. theo.),

in agreement with SM predictions. The theory uncertainty in the SM prediction of the Higgs boson signal

rates is dominant compared to the components originating from statistical uncertainties, experimental

systematic uncertainties, and theory uncertainties in background processes. Its leading contributions

originate from missing higher-order QCD terms in the SM prediction and the modelling of parton shower

effects.

Cross-sections of Higgs boson production processes are measured to be compatible with the SM, with

relative uncertainties ranging from 6% to 21% for the observed processes, while the C� process still eludes

observation. Observed uncertainties in the rates for the,�, /�, and CC� processes are reduced by about

30%, 20% and 40%, respectively, compared to Ref. [3], while expected uncertainties are reduced by up

to 35%. Branching ratios into the main Higgs boson decay modes (� → WW, � → //∗, � → ,,∗,
� → 11, � → gg) are measured with relative uncertainties in the 8% – 13% range, and in agreement

with SM expectations. The uncertainties in the � → 11 and � → ,,∗ branching ratios are reduced by

about 20% compared to Ref. [3], and the uncertainty in the � → gg branching ratio by 10%. Products
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of cross-sections and branching ratios for 32 combinations of production and decay channels are also

reported.

Interpretations of these results in terms of Higgs boson coupling modifiers are presented. Higgs boson

couplings to , and / bosons, C and 1-quarks and g-leptons are measured with uncertainties between

4% and 10%, with improvements ranging from 15% to 25% compared to Ref. [3], assuming only SM

contributions to loop processes and to Higgs boson processes not probed by the analyses considered here,

and that modifications to the 2-quark coupling match those of the C-quark. The absolute value of the

coupling to the muon is measured with an uncertainty of about 25%. When an independent modifier for the

2-quark coupling is also included, it is constrained to |^2 | < 4.1 at 95% CL, improving by about a factor of

two compared to Ref. [3]. The total width of the Higgs boson is constrained to be Γ� = 3.6+2.1
−1.6

MeV based

on the comparison of its on-shell and off-shell production rates. The self-coupling of the Higgs boson

is measured in the combination of analyses targeting both single and pair production of Higgs bosons,

leading to ^_ = 1.3 +3.1
−1.6

, with a 95% CL interval of [−1.5, 6.5]. The measurement of the partial width

of the Higgs boson in the � → 11 decay channel is used to obtain the first ATLAS direct determination

of <1 (<�), the running mass of the 1-quark at the scale <� in the MS scheme, which is found to be

<1 (<�) = 2.73+0.27
−0.25

GeV.

The kinematics of Higgs boson production at the LHC are probed within the STXS framework, and

production cross-sections in 44 kinematic regions of Higgs boson production phase space are measured.

An interpretation of STXS measurements in the framework of SM effective field theory models is presented.

Constraints are set on 20 combinations of EFT parameters, including for the first time the parameter

H2 × 2D� relative to the coupling of the Higgs boson and charm quark. All results are found to be in

agreement with SM predictions.
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Appendix

A Expected signal strength results

The expected value of the global signal strength under SM assumptions is

` = 1.000+0.054
−0.052 = 1.000 ± 0.027 (stat.) ± 0.024 (exp.) +0.038

−0.035 (sig. theo.) +0.012
−0.011 (bkg. theo.) .

The corresponding profile log-likelihood scan is shown in Figure 23.
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Figure 23: Expected values of−2Δ ln ! as a function of the signal strength `, in the model with a single signal-strength

scaling all processes. The intersections with the horizontal dotted lines define the 68% and 95% CL intervals on the

measurement. The different curves correspond to the full statistical model and to fits in which the background theory

uncertainties, the signal theory uncertainties, or all systematic uncertainties are removed.
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B Additional production cross-section and branching ratio results

Expected results under the SM hypothesis for the Higgs boson production cross-sections described

in Section 5.1, assuming branching ratios to correspond to SM expectations, are shown in Figure 24.

Expected values of the branching ratios described in Section 5.2 are shown in Figure 25, assuming SM

values for production cross-sections. Finally, observed and expected results for the 32 combinations

(f8 × � 5 ) of production cross-sections f8 and branching ratios � 5 described in Section 5.3 are shown in

Figure 26. Observed and expected correlation matrices for the production cross-section results are shown

in Figure 27, for branching ratio results in Figure 28 and for products of cross-sections and branching ratios

in Figure 29.

0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

Total Stat. Syst. SM ATLAS
-1

 = 13 TeV, 126 - 140 fbs

| < 2.5
H

y = 125.09 GeV, |Hm

Expected

5− 0 5 10 15 20 25

              Total      Stat.     Syst.          SM unc.

bbH+ggF  ) 0.05±  ,    0.04±     (  0.06±   1.00     0.06  ±

VBF  ) 0.08±  ,    0.07−

 0.08+
     (  0.11±   1.00     0.02  ±

WH  ) 0.10−

 0.11+
  ,    0.11−

 0.12+
     (  0.15−

 0.16+
   1.00     0.02  ±

ZH  ) 0.10−

 0.12+
  ,    0.13±     (  0.17−

 0.18+
   1.00     0.04  ±

ttH  ) 0.10±  ,    0.10±     (  0.14±   1.00     0.10  ±

tH  ) 1.01−
 1.24+  ,    1.50−

 1.62+
     (  1.81−

 2.04+
   1.00     0.10  ±

Cross-section normalized to SM value

Figure 24: Expected values of the cross-sections for the main Higgs boson production modes, relative to their SM

predictions. The 11� mode is considered together with 66F. Higgs boson decay branching ratios are assumed to be

equal to their SM predictions.
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0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7

Total Stat.

Syst. SM

 ATLAS
-1

 = 13 TeV, 126 - 140 fbs

| < 2.5
H

y = 125.09 GeV, |Hm

Expected

0 1 2 3 4 5

5− 0 5 10 15 20

Branching ratio normalized to SM value

             Total        Stat.       Syst.       SM unc.

γγ   1.00  0.08−
 0.09+  , 0.06± (  ) 0.06±  0.03± 

ZZ*   1.00  0.09−
 0.10+  , 0.08± (  )

 0.05−
 0.06+  0.02± 

WW*   1.00  0.09±  , 0.05± (  )
 0.07−
 0.08+  0.02± 

ττ   1.00  0.10±  ,
 0.06−
 0.07+ (  )

 0.07−
 0.08+  0.02± 

bb   1.00  0.12±  , 0.07± (  )
 0.09−
 0.10+  0.02± 

µµ   1.00  0.60−
 0.62+  , 0.60± (  )

 0.11−
 0.12+  0.02± 

γZ   1.00  0.87−
 0.90+  ,

 0.82−
 0.84+ (  )

 0.29−
 0.31+ 

 0.07−
 0.06+ 

cc   1.00  5.03−
 5.19+  ,

 3.82−
 3.88+ (  )

 3.27−
 3.45+ 

 0.03−
 0.07+ 

Figure 25: Expected values of the branching ratios in the � → WW, � → //∗, � → ,,∗, � → gg, � → 11,

� → ``, � → /W and � → 22 decay modes, relative to their SM predictions. Higgs boson production

cross-sections are assumed to be equal to their SM predictions.
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2− 0 2 4 6 8

Total

Stat.
Syst.

SM

 ATLAS
-1 = 13 TeV, 126 - 140 fbs

 = 125.09 GeVHm
 = 53%

SM
p

10− 0 10 20 30

15− 10− 5− 0 5 10 15 20 25 30

2− 1− 0 1 2 3 4 5 6 7

 B normalized to SM× σ

             Total       Stat.     Syst.

γγggF+bbH   ) 0.05−
 0.06+

   ,   0.08−
 0.08+

      (  0.10−
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  1.03     
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 0.03+
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      (  0.10−
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  0.93     
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 0.09+
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 0.06+

      (  0.11−
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  1.19     
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      (  0.25−
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 0.91+
  0.56     

γγVBF   ) 0.16−
 0.20+

   ,   0.18−
 0.19+

      (  0.25−
 0.28+

  1.27     

ZZ*VBF   ) 0.08−
 0.11+

   ,   0.41−
 0.49+

      (  0.42−

 0.50+
  1.28     

WW*VBF   ) 0.13−
 0.16+

   ,   0.13−
 0.14+

      (  0.19−

 0.21+
  0.96     

ττVBF   ) 0.10−
 0.13+

   ,   0.13−
 0.13+

      (  0.16−

 0.18+
  1.04     

bbVBF+ggF+bbH   ) 0.16−
 0.19+

   ,   0.31−
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 0.32+
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µµggF+bbH+ttH   ) 0.16−
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 0.19+

      (  0.22−
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Figure 26: (a) Observed and (b) expected values of the measurements of products of production cross-sections and

branching ratios, relative to their SM predictions. The total uncertainties (solid bars) are shown along with their

statistical (light shaded regions) and systematic (dark shaded regions) components. Numerical values are shown

rounded to two digits after the decimal point.
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Figure 27: (a) Observed and (b) expected correlation matrices for the measurement of production cross-sections.
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Figure 28: (a) Observed and (b) expected correlation matrices for the measurement of branching ratios.
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Figure 29: (a) Observed and (b) expected correlation matrices for the measurement of products of production

cross-sections and branching ratios.
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C Coupling modifier parameterisation

The parameterisation used to express Higgs boson production cross-sections and branching ratios in terms

of the coupling modifiers introduced in Section 6 is shown in Table 14.
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Table 14: Parameterisations of Higgs boson production cross-sections f8 at 13 TeV, partial decay widths Γ 5 , and

the total width Γ� , normalised to their SM values, as functions of the coupling-strength modifiers ^. The effect of

invisible and undetected decays is not considered in the expression for Γ� . For effective ^ parameters associated with

loop processes, the resolved scaling in terms of the modifications of the Higgs boson couplings to the fundamental

SM particles is given. The coefficients are derived following the methodology in Ref. [56].

Production Loops
Main Effective

Resolved modifier
interference modifier

f(66F) ✓ C–1 ^2
6 1.040 ^2

C + 0.002 ^2
1
− 0.038 ^C ^1 − 0.005 ^C ^2

f(VBF) - - - 0.733 ^2
,
+ 0.267 ^2

/

f(@@/@6 → /�) - - - ^2
/

f(66 → /�) ✓ C–/ -
2.456 ^2

/
+ 0.456 ^2

C − 1.903 ^/ ^C

− 0.011 ^/ ^1 + 0.003 ^C ^1

f(,�) - - - ^2
,

f(CC�) - - - ^2
C

f(C�,) - C–, - 2.909 ^2
C + 2.310 ^2

,
− 4.220 ^C ^,

f(C�@) - C–, - 2.633 ^2
C + 3.578 ^2

,
− 5.211 ^C ^,

f(11�) - - - ^2
1

Partial decay width

Γ
11 - - - ^2

1

Γ
,, - - - ^2

,

Γ
66

✓ C–1 ^2
6 1.111 ^2

C + 0.012 ^2
1
− 0.1229 ^C ^1

Γ
gg - - - ^2

g

Γ
// - - - ^2

/

Γ
22 - - - ^2

2

Γ
WW

✓ C–, ^2
W

1.589 ^2
,
+ 0.072 ^2

C − 0.674 ^, ^C

+0.009 ^, ^g + 0.008 ^, ^1

−0.002 ^C ^1 − 0.002 ^C ^g

Γ
/W

✓ C–, ^2
/W

1.118 ^2
,
− 0.125 ^, ^C + 0.004 ^2

C + 0.003 ^, ^1

Γ
BB - - - ^2

B (= ^2
1
)

Γ
`` - - - ^2

`

Total width

Γ� ✓ - ^2
�

0.581 ^2
1
+ 0.215 ^2

,
+ 0.082 ^2

6 + 0.063 ^2
g

+0.026 ^2
/
+ 0.029 ^2

2 + 0.0023 ^2
W

+0.0015 ^2
(/W) + 0.0004 ^2

B + 0.00022 ^2
`
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D Additional Higgs boson coupling modifier results

Table 15 shows the observed values of the model-independent coupling-ratio parameters for the model

with ^2 = ^C (?SM = 70%), complementing the results for the model with free _21 presented in Table 9.

For the general coupling modifier models described in Section 6, results in the effective and resolved

parameterisations assuming ^2 = ^C are shown in Figure 30. The compatibility of the effective and

resolved measurements with the SM prediction corresponds to ?-values of ?SM = 70% and ?SM = 69%,

respectively.

Expected results under the SM hypothesis are shown in Table 16. Tables 17 and 18 show the decomposition

of the total uncertainties in the ^ parameters into contributions from data statistics (stat.), experimental

systematic uncertainties (exp.), signal theory uncertainties (sig. theo.) and background theory uncertainties

(bkg. theo.) for the two models with free ^2 or with ^2 = ^C , for the resolved and effective parameterisations

respectively. Observed and expected correlation matrices for the resolved model with ^2 included as a

measurement parameter, the resolved model with ^2 = ^C , and the effective model (both with ^2 included

as a free parameter and with ^2 = ^C ) are shown respectively in Figures 31, 32, 33 and 34.

Expected uncertainties in the coupling modifiers in the resolved parameterisation are shown in Figure 35

and in the effective parameterisation in Figure 36, in both cases together with the corresponding values in

Ref. [3].

Expected results of the scenarios in which the couplings to vector bosons are unified (^+ = ^, = ^/ ) are

shown in Table 19. In the two scenarios with BSM contributions to Higgs boson decays, the branching

ratios to invisible (�inv) and undetected (�u) final states are left free.

Table 15: Definitions and observed values of the model-independent coupling-ratio parameters for the model with

^2 = ^C , together with the expected total uncertainty (the SM central value is 1 for all parameters by construction).

Observed uncertainties are decomposed into contributions from data statistics (stat.), experimental systematic

uncertainties (exp.), signal theory uncertainties (sig. theo.) and background theory uncertainties (bkg. theo.). All

results are consistent with the SM (?SM = 70%).

Parameter Definition Observed Stat. Exp. Sig. theo. Bkg. theo. Expected unc.

^6/ ^6^//^� 1.003+0.052
−0.051

±0.038
+0.015
−0.013

+0.031
−0.029

+0.008
−0.009

±0.05

_C6 ^C/^6 0.866+0.091
−0.086

±0.060
+0.028
−0.030

+0.053
−0.044

+0.033
−0.031

±0.09

_/6 ^//^6 0.975+0.083
−0.077

+0.054
−0.052

+0.031
−0.029

+0.047
−0.042

+0.028
−0.026

+0.09
−0.08

_,/ ^,/^/ 1.041+0.056
−0.053

+0.044
−0.042

+0.020
−0.022

+0.019
−0.016

+0.019
−0.018

±0.05

_W/ ^W/^/ 1.025+0.058
−0.055

+0.050
−0.048

+0.023
−0.022

+0.014
−0.013

±0.010
+0.06
−0.05

_g/ ^g/^/ 0.979+0.072
−0.067

+0.054
−0.051

+0.029
−0.032

+0.033
−0.025

+0.018
−0.016

±0.07

_1/ ^1/^/ 0.966+0.094
−0.087

+0.069
−0.065

±0.032
+0.040
−0.033

+0.038
−0.035

±0.09

_`g ^`/^g 1.131+0.270
−0.332

+0.257
−0.323

+0.059
−0.062

+0.050
−0.039

+0.027
−0.026

+0.28
−0.38

_/W/ ^/W/^/ 1.426+0.314
−0.374

+0.289
−0.347

+0.098
−0.127

+0.071
−0.053

+0.011
−0.009

+0.4
−0.6
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Figure 30: Observed values of the Higgs boson coupling modifiers in the generic ^ framework. Results are shown for

the effective parameterisation of the loop-induced couplings ^6, ^W and ^/W (round markers and solid error bars),

and for the resolved parameterisation in which these effective couplings are expressed in terms of the coupling
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Figure 31: (a) Observed and (b) expected correlation matrices for the measurement of Higgs boson coupling modifiers

in the resolved parameterisation with ^2 included as a free parameter. Expected results are obtained from an Asimov

dataset generated with ^1 = 1 but the observed value of ^1 is negative, related to the fact that the combination has

almost no sensitivity to its sign. The observed and expected correlation coefficients of ^1 with other parameters

therefore have opposite signs.
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Figure 32: (a) Observed and (b) expected correlation matrices for the measurement of Higgs boson coupling modifiers

in the resolved parameterisation, assuming ^2 = ^C . Expected results are obtained from an Asimov dataset generated

with ^1 = 1 but the observed value of ^1 is negative, related to the fact that the combination has almost no sensitivity

to its sign. The observed and expected correlation coefficients of ^1 with other parameters therefore have opposite

signs.
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Figure 33: (a) Observed and (b) expected correlation matrices for the measurement of Higgs boson coupling modifiers

in the effective parameterisation with ^2 included as a free parameter.
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Figure 34: (a) Observed and (b) expected correlation matrices for the measurement of Higgs boson coupling modifiers

in the effective parameterisation, assuming ^2 = ^C .
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Table 16: Expected values of Higgs boson coupling modifiers. The second and third columns correspond to the

resolved parameterisation, in which the modifiers ^6, ^W and ^/W are expressed as functions of the other modifiers.

The fourth and fifth columns correspond to the effective parameterisation in which they are treated as independent

parameters. In the second and fourth columns, ^2 is included as a free parameter; in the third and fifth columns it is

set equal to ^C .

Parameter
Resolved ^6, ^W , ^/W Effective ^6, ^W , ^/W

Free ^2 ^2 = ^C Free ^2 ^2 = ^C

^/ 1.00+0.09
−0.06

1.00 ±0.05 1.00+0.09
−0.06

1.00 ±0.05

^, 1.00+0.09
−0.06

1.00 ±0.04 1.00+0.09
−0.06

1.00 ±0.05

^C 1.00+0.10
−0.07

1.00 ±0.06 1.00+0.11
−0.09

1.00 ±0.08

|^1 | 1.00+0.13
−0.11

1.00+0.10
−0.09

1.00+0.14
−0.11

1.00+0.11
−0.10

|^g | 1.00+0.10
−0.08

1.00+0.07
−0.06

1.00+0.10
−0.08

1.00 ±0.07

|^` | 1.00+0.28
−0.38

1.00+0.28
−0.38

1.00+0.30
−0.38

1.00+0.28
−0.37

|^6 | — — 1.00+0.11
−0.08

1.00 ±0.07

|^W | — — 1.00+0.10
−0.07

1.00 ±0.06

|^/W | — — 1.00+0.40
−0.65

1.00+0.39
−0.65

|^2 | (95% CL) < 4.2 — < 4.2 —

The total branching ratio �BSM to BSM final states can also be considered as a free parameter. In this

scenario, the vector boson couplings are unified (^+ = ^, = ^/ ) and ^2 is left free in the fit, and

measurements of off-shell Higgs boson production are combined with on-shell measurements to provide

a constraint on the total width of the Higgs boson, so that the ^+ ≤ 1 assumption is not required. The

observed and expected results for this scenario are shown in Table 20.
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Table 17: Decomposition of the expected uncertainties in the coupling modifiers into contributions from data statistics

(stat.), experimental systematic uncertainties (exp.), signal theory uncertainties (sig. theo.) and background theory

uncertainties (bkg. theo.), for the resolved parameterisation with ^2 as a free parameter or ^2 = ^C . The decomposition

for |^2 | shows one-sided uncertainties at 95% CL; for all other rows, the uncertainties are shown at 68% CL. Central

values are given in Table 16.

Resolved ^6, ^W , ^/W — Free ^2 Resolved ^6, ^W , ^/W — ^2 = ^C

Parameter Stat. Exp. Sig. theo. Bkg. theo. Stat. Exp. Sig. theo. Bkg. theo.

^/
+0.066
−0.051

+0.039
−0.022

+0.026
−0.023

+0.040
−0.023

+0.037
−0.038

+0.019
−0.018

+0.023
−0.020

+0.019
−0.019

^,
+0.063
−0.042

+0.038
−0.022

±0.023
+0.039
−0.021

+0.029
−0.028

+0.018
−0.017

+0.021
−0.020

+0.018
−0.017

^C
+0.065
−0.044

+0.042
−0.028

+0.039
−0.036

+0.044
−0.026

±0.031
+0.022
−0.024

+0.038
−0.032

+0.022
−0.022

|^1 | +0.079
−0.068

+0.054
−0.043

+0.059
−0.049

+0.060
−0.047

+0.058
−0.057

±0.039
+0.056
−0.046

+0.046
−0.044

|^g | +0.070
−0.055

+0.046
−0.035

+0.036
−0.033

+0.041
−0.023

+0.043
−0.042

±0.031
+0.033
−0.030

+0.021
−0.019

|^` | +0.278
−0.370

+0.077
−0.043

+0.035
−0.019

+0.050
−0.037

+0.252
−0.367

+0.113
−0.084

+0.030
−0.012

+0.023
−0.009

|^2 | (95% CL) +2.3 +0.8 +1.1 +1.6 —

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Expected uncertainty

µκ

τκ

bκ

tκ

Wκ

Zκ

-19%

-17%

-25%

-15%

-16%

 ATLAS
-1 = 13 TeV, 126 - 140 fbs

tκ = cκ

This analysis

Nature 607 52 (2022)

(a)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

µκ

τκ

bκ

tκ

Wκ

Zκ

-8%

-41%

-33%

-45%

-45%

-40%

 ATLAS
-1 = 13 TeV, 126 - 140 fbs

 free floatingcκ

This analysis

Nature 607 52 (2022)

0 1 2 3 4 5 6

Expected uncertainty

cκ -42%

(b)

Figure 35: Expected uncertainties in the coupling modifiers in the resolved parameterisation (a) assuming ^2 = ^C and

(b) with ^2 included as a free parameter, for the results presented in this work (blue bars) and those of Ref. [3] (orange

bars). The numbers on the right side show the percentage reduction in the uncertainties achieved relative to Ref. [3].

68



Table 18: Decomposition of the expected uncertainties in the coupling modifiers for the effective parameterisation

with ^2 as a free parameter or ^2 = ^C , using the same breakdown as Table 17. The decomposition for |^2 | shows

one-sided uncertainties at 95% CL; for all other rows, the uncertainties are shown at 68% CL. Central values are

given in Table 16.

Effective ^6, ^W , ^/W — Free ^2 Effective ^6, ^W , ^/W — ^2 = ^C

Parameter Stat. Exp. Sig. theo. Bkg. theo. Stat. Exp. Sig. theo. Bkg. theo.

^/
+0.065
−0.048

+0.038
−0.027

+0.026
−0.023

+0.039
−0.023

+0.037
−0.038

+0.019
−0.018

+0.023
−0.020

+0.019
−0.019

^,
+0.064
−0.042

+0.041
−0.032

+0.026
−0.024

+0.041
−0.025

±0.032
+0.021
−0.020

+0.023
−0.022

+0.021
−0.021

^C
+0.071
−0.047

±0.042
+0.053
−0.047

+0.046
−0.033

+0.043
−0.044

+0.024
−0.027

+0.053
−0.045

+0.030
−0.030

|^1 | +0.090
−0.075

+0.056
−0.051

+0.055
−0.046

+0.064
−0.049

+0.070
−0.067

+0.043
−0.040

+0.051
−0.043

+0.048
−0.045

|^g | +0.073
−0.058

+0.048
−0.036

+0.036
−0.032

+0.043
−0.024

+0.046
−0.045

+0.033
−0.032

+0.033
−0.029

+0.022
−0.020

|^` | +0.283
−0.369

+0.063
−0.057

+0.028
+0.000

+0.050
−0.037

+0.270
−0.368

+0.054
−0.069

+0.019
+0.000

+0.024
−0.010

|^6 | +0.071
−0.048

+0.045
−0.040

+0.044
−0.041

+0.044
−0.026

+0.042
−0.040

+0.029
−0.028

+0.042
−0.037

+0.024
−0.022

|^W | +0.070
−0.050

+0.046
−0.039

+0.028
−0.027

+0.041
−0.022

+0.043
−0.042

+0.029
−0.026

+0.026
−0.024

+0.019
−0.018

|^/W | +0.383
−0.624

+0.097
−0.185

+0.056
+0.000

+0.051
+0.000

+0.364
−0.590

+0.114
−0.271

+0.050
+0.000

+0.039
+0.000

|^2 | (95% CL) +2.3 +0.9 +1.1 +1.6 —
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Figure 36: Expected uncertainties in the coupling modifiers in the effective parameterisation, for the results presented

in this work (blue bars) and those of Ref. [3] (orange bars). The numbers on the right side show the percentage

reduction in the uncertainties achieved relative to Ref. [3].
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Table 19: Expected values of Higgs boson coupling modifiers in the effective parameterisation with unified vector

boson couplings (^+ = ^, = ^/ ) and ^2 left floating, for the three scenarios shown in Figure 9. Scenario 1: no

BSM contributions to Higgs boson decays, except for those encoded in the coupling modifiers. Scenario 2: invisible

(�inv) and undetected (�u) branching ratios free, ^+ ≤ 1 assumed. Scenario 3: �inv and �u branching ratios free,

measurements of � → invisible and off-shell Higgs boson production included, no ^+ ≤ 1 constraint. Uncertainties

are reported at 68% CL and upper limits at 95% CL.

Parameter Scenario 1 (�inv = �u = 0) Scenario 2 (^+ ≤ 1, Hinv) Scenario 3 (Hinv+off-shell)

^+ 1.00+0.09
−0.06

1.00+0.00
−0.06

1.00+0.19
−0.06

^C 1.00+0.11
−0.09

1.00+0.08
−0.09

1.00+0.21
−0.09

|^1 | 1.00+0.14
−0.11

1.00+0.08
−0.11

1.00+0.21
−0.11

|^g | 1.00+0.10
−0.08

1.00+0.06
−0.03

1.00+0.20
−0.08

|^` | 1.00+0.30
−0.38

1.00+0.27
−0.38

1.00+0.38
−0.37

|^6 | 1.00+0.10
−0.08

1.00 ±0.07 1.00+0.20
−0.08

|^W | 1.00+0.10
−0.07

1.00+0.05
−0.06

1.00+0.20
−0.07

|^/W | 1.00+0.40
−0.65

1.00+0.38
−0.65

1.00+0.48
−0.59

|^2 | < 3.99 < 2.59 < 3.85

�inv 0 (fixed) < 8% < 7%

�u 0 (fixed) < 20% < 45%
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Table 20: Observed and expected values of Higgs boson coupling modifiers in the effective parameterisation

with unified vector boson couplings (^+ = ^, = ^/ ), ^2 and the total BSM branching ratio �BSM free to

vary, measurements of � → invisible and off-shell Higgs boson production included, and no ^+ ≤ 1 constraint.

Uncertainties are reported at 68% CL and upper limits at 95% CL.

Observed Expected

Parameter Total Stat. Syst. Total Stat. Syst.

^+ 0.99+0.11
−0.06

+0.10
−0.04

+0.05
−0.04

1.00+0.15
−0.06

+0.13
−0.04

+0.08
−0.04

^C 0.86+0.13
−0.09

+0.10
−0.06

+0.08
−0.06

1.00+0.18
−0.09

+0.14
−0.06

+0.11
−0.07

|^1 | 0.92+0.12
−0.10

+0.08
−0.07

+0.09
−0.07

1.00+0.17
−0.11

+0.14
−0.08

+0.09
−0.08

|^g | 0.95+0.12
−0.08

+0.10
−0.06

+0.07
−0.05

1.00+0.16
−0.08

+0.14
−0.06

+0.09
−0.05

|^` | 1.07+0.28
−0.30

+0.27
−0.29

+0.07
−0.08

1.00+0.35
−0.37

+0.33
−0.36

+0.11
−0.07

|^6 | 0.98+0.12
−0.07

+0.10
−0.05

+0.06
−0.05

1.00+0.15
−0.08

+0.13
−0.05

+0.08
−0.05

|^W | 0.99+0.12
−0.07

+0.11
−0.05

+0.06
−0.05

1.00+0.16
−0.07

+0.14
−0.05

+0.09
−0.04

|^/W | 1.34+0.33
−0.35

+0.30
−0.33

±0.12 1.00+0.44
−0.59

+0.41
−0.55

+0.15
−0.21

|^2 | (95% CL) < 3.49 — < 3.75 —

�BSM (95% CL) < 35% — < 38% —
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E Measurement of inclusive production cross-sections and ratios of

branching ratios

This section describes a measurement of inclusive Higgs boson production and decay rates parameterised

using the cross-sections f//
8 in the � → //∗ final state and ratios of branching ratios Γ 5 /Γ// . The model

corresponds to the one described in Section 6.5, except that Γ11/Γ// is considered as a free parameter and

not expressed as a function of the 1-quark mass. The observed values and uncertainties in the parameters

are shown in Figure 37, and the corresponding expected results in Figure 38. The observed and expected

correlations between the measured parameters are shown in Figures 39 and 40, respectively.
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Figure 37: Observed values and uncertainties in the cross-sections and ratios of branching ratios in the model

described in the text, relative to their SM predictions. Total uncertainties, statistical uncertainties (Stat.) and

systematic uncertainties (Syst.) are shown. The vertical line indicates the SM expectation.
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Figure 38: Expected values and uncertainties in the cross-sections and ratios of branching ratios in the model

described in the text, relative to their SM predictions. The results are obtained from an Asimov dataset generated

under the SM hypothesis. Total uncertainties, statistical uncertainties (Stat.) and systematic uncertainties (Syst.) are

shown. The vertical line indicates the SM expectation.
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Figure 39: Observed correlation coefficients for the measured cross-sections and ratios of branching ratios in the

model described in the text.
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Figure 40: Expected correlation coefficients for the measured cross-sections and ratios of branching ratios in the model

described in the text. The correlations are obtained from an Asimov dataset generated under the SM hypothesis.
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F Polynomial coefficients for the �bb/�`` parameterisation

The numerical values of the polynomial coefficients used in Eq. (3) in Section 6.5, parametrising the

expression of Γ11/Γ// as a function of <1 (<�), are provided in Table 21.

Table 21: Polynomial coefficient values for the parameterisation of Γ11/Γ// as a function of <1 (<� ).

(
Γ11

Γ//

)
SM

01 02 03 04 05

22.00 −0.07086 1.144 −0.1361 0.06038 −0.01167
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G Systematic uncertainty decomposition in the measurement of the Higgs

boson width

The effect of the main sources of systematic uncertainties in the measurement of the Higgs boson width

under the first scenario described in Section 6.6 is found in Table 22.

Table 22: Absolute systematic uncertainties in the measurement of the Higgs boson width in the combination of

analyses targeting off-shell and on-shell Higgs boson production in the � (∗) → // (∗) and � (∗) → ,, (∗) final

states. Uncertainties are estimated using the shifted auxiliary observable method, allowing variations to be summed

in quadrature. Uncertainties are quoted at 68% CL.

Uncertainty source Absolute impact on �N/�SM
N

Electron uncertainties +0.02
−0.02

Muon uncertainties +0.01
−0.01

Jet uncertainties +0.03
−0.04

Fakes uncertainties +0.01
−0.01

Luminosity +0.01
−0.01

Total experimental +0.04
−0.05

Signal modelling +0.10
−0.12

Background modelling +0.02
−0.03

Total modelling +0.10
−0.12

Systematic uncertainty +0.11
−0.13

Statistical uncertainty +0.41
−0.40

Total uncertainty +0.50
−0.42
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H Additional Higgs boson self-coupling results

The expected 68% CL and 95% CL intervals on ^_ obtained in the various configurations described in

Section 6.7 are listed in Table 23.

Table 23: Expected best-fit values of ^_and 68% and 95% CL intervals in various measurement configurations. In

the first three rows (Single-Higgs, Di-Higgs, H+HH others fixed), the remaining coupling modifiers (^+ , ^C , ^1, ^g)

are fixed to their SM values. In the fourth row (H+HH generic) these modifiers are free in the fit alongside ^_; the

shift in the best-fit value between these two scenarios is due to the correlations between the ^_ and the other coupling

modifiers through their impact on single-� event rates.

Fit 68% CL interval 95% CL interval

Single-Higgs [−2.17, 6.41] [−4.35, 10.56]
Di-Higgs [−0.55, 5.69] [−1.71, 7.18]
H+HH (others fixed) [−0.44, 4.64] [−1.55, 6.80]
H+HH (generic) [−0.49, 4.96] [−1.62, 6.88]
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I Expected results and correlation matrices of STXS measurements

The expected results for the STXS measurements presented in Section 7 are shown in Table 24 for the

model with branching ratios fixed to their SM expectations are shown, and in Figure 25 for the model with

production cross-sections in the � → //∗ channel and ratios of branching ratios. The corresponding

observed and expected correlation matrices are shown respectively in Figure 41 and Figure 42.
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Figure 42: (a) Observed and (b) expected correlation matrices for the measurement of STXS production cross-sections

in the � → //∗ channel and ratios of branching ratios.
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Table 24: Expected results for the production cross-section in each measured STXS region, assuming SM values

for the Higgs boson branching ratios. The values for the 66 → � process also include the contributions from

11� production. The total uncertainties are decomposed into components for data statistics (Stat.) and systematic

uncertainties (Syst.). SM predictions are also shown for each quantity with their total uncertainties.

STXS region
Value Uncertainty [fb] SM prediction

[fb] Total Stat. Syst. [fb]

66 → �, 0-jet, ?�
T
< 10 GeV 6600 ±1200 ±1100 ±500 6600 ±900

66 → �, 0-jet, ?�
T
≥ 10 GeV 20 600 +2200

−2100
±1800

+1300
−1200

20 600 ±1500

66 → �, 1-jet, ?�
T
< 60 GeV 6500 ±1600 ±1300 ±900 6500 ±900

66 → �, 1-jet, 60 ≤ ?�
T
< 120 GeV 4500 +1100

−1000
±900

+600
−500

4500 ±600

66 → �, 1-jet, 120 ≤ ?�
T
< 200 GeV 700 +300

−200
±200 ±100 750 ±130

66 → �, < 9 9 < 350 GeV, ?�
T
< 120 GeV 3000 ±1300 ±1100 ±700 3000 ±600

66 → �, < 9 9 < 350 GeV, 120 ≤ ?�
T
< 200 GeV 900 ±400 ±300 ±200 900 ±200

66 → �, < 9 9 ≥ 350 GeV, ?�
T
< 200 GeV 900 +700

−600
±600 ±300 900 ±200

66 → �, 200 ≤ ?�
T
< 300 GeV 460 ±130 ±110

+70
−60

500 ±100

66 → �, 300 ≤ ?�
T
< 450 GeV 110 +50

−40
±40

+20
−10

110 ±30

66 → �, ?�
T
≥ 450 GeV 20 ±20 ±20

+10
+0

18 ±5

EW @@�, ≤ 1-jet 2200 +1500
−1400

+1400
−1300

+600
−500

2160 ±60

EW @@�, VBF-enriched 700 ±900 ±800
+400
−300

740 ±20

EW @@�, +�-enriched 500 ±200 ±200 ±100 510 ±20

EW @@�, 350 ≤ < 9 9 < 700 GeV, ?�
T
< 200 GeV 500 ±200 ±200 ±100 540 ±10

EW @@�, 700 ≤ < 9 9 < 1000 GeV, ?�
T
< 200 GeV 260 ±90 ±80 ±40 260 ±10

EW @@�, 1000 ≤ < 9 9 < 1500 GeV, ?�
T
< 200 GeV 220 ±70

+70
−60

±30 220 ±10

EW @@�, < 9 9 ≥ 1500 GeV, ?�
T
< 200 GeV 220 ±50 ±40

+30
−20

220 ±10

EW @@�, 350 ≤ < 9 9 < 700 GeV, ?�
T
≥ 200 GeV 44 +38

−34
+36
−33

+11
−10

44 ±1

EW @@�, 700 ≤ < 9 9 < 1000 GeV, ?�
T
≥ 200 GeV 29 +16

−14
+15
−14

+5
−4

29 ±1

EW @@�, 1000 ≤ < 9 9 < 1500 GeV, ?�
T
≥ 200 GeV 33 +13

−12
+12
−11

+4
−3

33 ±1

EW @@�, < 9 9 ≥ 1500 GeV, ?�
T
≥ 200 GeV 41 +10

−9
±9

+4
−3

41 ±1

@@ → �ℓa, ?+
T
< 75 GeV 215 +153

−142
+145
−135

+51
−46

215 ±8

@@ → �ℓa, 75 ≤ ?+
T
< 150 GeV 134 +71

−66
+52
−50

+49
−43

134 ±5

@@ → �ℓa, 150 ≤ ?+
T
< 250 GeV 41 +16

−15
+11
−10

±11 41 ±2

@@ → �ℓa, 250 ≤ ?+
T
< 400 GeV 10 ±3 ±3

+2
−1

10.0 ±0.4

@@ → �ℓa, 400 ≤ ?+
T
< 600 GeV 1.8 +1.2

−1.1
+1.1
−1.0

+0.6
−0.5

1.8 ±0.1

@@ → �ℓa, ?+
T
≥ 600 GeV 0.3 +0.4

−0.3
+0.4
−0.3

±0.1 0.34 ±0.02

?? → �ℓℓ/aa, ?+
T
< 75 GeV 112 +86

−67
+82
−65

+26
−16

112 ±8

?? → �ℓℓ/aa, 75 ≤ ?+
T
< 150 GeV, 0-jet 51 +30

−29
+25
−24

+18
−16

51 ±4

?? → �ℓℓ/aa, 75 ≤ ?+
T
< 150 GeV, ≥ 1-jet 36 +38

−36
±33

+18
−16

36 ±5

?? → �ℓℓ/aa, 150 ≤ ?+
T
< 250 GeV, 0-jet 15 +6

−5
±5 ±3 15 ±2

?? → �ℓℓ/aa, 150 ≤ ?+
T
< 250 GeV, ≥ 1-jet 17 +12

−11
±10

+6
−5

17 ±3

?? → �ℓℓ/aa, 250 ≤ ?+
T
< 400 GeV, 0-jet 2.9 +1.3

−1.2
+1.2
−1.1

+0.5
−0.4

2.9 ±0.4

?? → �ℓℓ/aa, 250 ≤ ?+
T
< 400 GeV, ≥ 1-jet 4.2 +3.5

−3.2
+3.2
−3.0

+1.3
−1.1

4.2 ±0.8

?? → �ℓℓ/aa, 400 ≤ ?+
T
< 600 GeV 1.1 +0.8

−0.7
+0.7
−0.6

+0.3
−0.2

1.1 ±0.1

?? → �ℓℓ/aa, ?+
T
≥ 600 GeV 0.2 +0.3

−0.2
+0.3
−0.2

±0.1 0.18 ±0.01

CC�, ?�
T
< 60 GeV 120 ±50 ±50

+30
−20

120 ±20

CC�, 60 ≤ ?�
T
< 120 GeV 180 ±60 ±50 ±30 180 ±20

CC�, 120 ≤ ?�
T
< 200 GeV 130 ±40 ±30 ±20 130 ±20

CC�, 200 ≤ ?�
T
< 300 GeV 53 +18

−17
+16
−15

+9
−8

53 ±7

CC�, 300 ≤ ?�
T
< 450 GeV 19 ±9 ±8 ±5 19 ±3

CC�, ?�
T
≥ 450 GeV 5 +5

−4
±4 ±2 5 ±1

C� 80 +180
−160

+140
−130

+110
−90

80 ±10
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Table 25: Expected results for the production cross-section in each measured STXS region in the � → //∗ decay

process and ratios of branching ratios to �// . The values for the 66 → � process also include the contributions from

11� production. The total uncertainties are decomposed into components for data statistics (Stat.) and systematic

uncertainties (Syst.). SM predictions are also shown for each quantity with their total uncertainties. The relative

uncertainty in �,,/�// is smaller than 10−3 and is not shown in the table.

Parameter
Value Uncertainty SM prediction

Total Stat. Syst.

�WW/�// 0.086 +0.011
−0.009

+0.010
−0.009

+0.005
−0.004

0.086 ±0.001

�,,/�// 8.1 +1.0
−0.9

+0.9
−0.8

+0.6
−0.5

8.1 -

�11/�// 22.0 +5.0
−4.1

+3.9
−3.3

+3.2
−2.5

22.0 ±0.7

�g+g−/�// 2.37 +0.40
−0.34

+0.32
−0.27

+0.23
−0.20

2.37 ±0.02

66 → �, 0-jet, ?�
T
< 10 GeV 175 +37

−34
+34
−32

+13
−12

175 ±23

66 → �, 0-jet, ?�
T
≥ 10 GeV 545 +71

−65
+63
−59

+32
−28

545 ±41

66 → �, 1-jet, ?�
T
< 60 GeV 172 +44

−42
+38
−36

+23
−22

172 +23
−24

66 → �, 1-jet, 60 ≤ ?�
T
< 120 GeV 119 +30

−28
+26
−24

+15
−13

119 ±16

66 → �, 1-jet, 120 ≤ ?�
T
< 200 GeV 19.7 +7.1

−6.6
+6.2
−5.8

+3.5
−3.1

19.7 ±3.4

66 → �, < 9 9 < 350 GeV, ?�
T
< 120 GeV 78 +36

−35
+31
−30

+19
−17

78 ±16

66 → �, < 9 9 < 350 GeV, 120 ≤ ?�
T
< 200 GeV 25 +11

−10
+10
−9

+5
−4

24.9 ±5.7

66 → �, < 9 9 ≥ 350 GeV, ?�
T
< 200 GeV 23 +18

−17
+16
−15

+9
−7

23.2 ±5.5

66 → �, 200 ≤ ?�
T
< 300 GeV 12.1 +3.8

−3.4
+3.3
−3.0

+1.9
−1.5

12.1 ±2.7

66 → �, 300 ≤ ?�
T
< 450 GeV 2.8 +1.3

−1.2
+1.2
−1.1

+0.5
−0.4

2.81 ±0.71

66 → �, ?�
T
≥ 450 GeV 0.47 +0.57

−0.45
+0.55
−0.44

+0.15
−0.08

0.47 ±0.14

EW @@�, ≤ 1-jet 57 +40
−37

+37
−34

+16
−15

57.1 ±1.7

EW @@�, VBF-enriched 19 +25
−23

+23
−21

+10
−9

19.4 ±0.6

EW @@�, +�-enriched 13.5 +6.7
−6.1

+5.9
−5.5

+3.0
−2.6

13.5 ±0.5

EW @@�, 350 ≤ < 9 9 < 700 GeV, ?�
T
< 200 GeV 14.1 +6.1

−5.6
+5.3
−4.9

+3.0
−2.8

14.1 ±0.4

EW @@�, 700 ≤ < 9 9 < 1000 GeV, ?�
T
< 200 GeV 6.8 +2.7

−2.4
+2.4
−2.1

+1.2
−1.0

6.77 ±0.20

EW @@�, 1000 ≤ < 9 9 < 1500 GeV, ?�
T
< 200 GeV 5.9 +2.1

−1.9
+1.9
−1.7

+1.0
−0.8

5.92 ±0.17

EW @@�, < 9 9 ≥ 1500 GeV, ?�
T
< 200 GeV 5.7 +1.6

−1.4
+1.4
−1.2

+0.8
−0.6

5.70 ±0.18

EW @@�, 350 ≤ < 9 9 < 700 GeV, ?�
T
≥ 200 GeV 1.17 +1.04

−0.91
+0.99
−0.87

+0.32
−0.27

1.169 ±0.032

EW @@�, 700 ≤ < 9 9 < 1000 GeV, ?�
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T
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@@ → �ℓa, ?+
T
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−1.2
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@@ → �ℓa, 75 ≤ ?+
T
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T
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T
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−0.09
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T
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@@ → �ℓa, ?+
T
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+0.004
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T
< 75 GeV 3.0 +2.3
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T
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J Measurements of STXS cross-sections per decay channel

This section presents a measurement of separate sets of STXS cross-sections in each of the � → 11,

� → ,,∗, � → gg, � → 22, � → WW, � → /W and � → `` decay modes. The granularity of

the STXS binning used in each decay process is based on the one presented in Section 7, adapted to the

sensitivity of the measurements in each decay process. In cases where the analysis of the decay process

does not provide sensitivity to an STXS region, this region is either merged together with a neighboring

region or its event rate is fixed to its SM prediction. Conversely, finer bins are introduced in some processes

with particular sensitivity in some regions. The scheme used in each decay mode is presented in Table 26.

In the � → 11 decay process, the 66 → �, ?+
T
≥ 450 GeV region is further split into separate regions for

?+
T
< 650 GeV and ?+

T
≥ 650 GeV. In the � → /W process, all STXS bins are merged in a single region.

The observed best-fit values and uncertainties for the signal strength relative to the SM prediction in each

measurement region are presented in Figures 43 and 44. The correlation matrix is shown in Figure 45.

Table 26: Definitions of the STXS regions for each decay process when measuring event rates in individual production

and decay channels. When STXS regions are merged in the measurement, the entry indicates the name of the

merged region. The cross-sections of regions marked Fixed to SM are fixed to their SM predictions, within SM

uncertainties. In the � → 11 decay process, the 66 → �, ?+
T
≥ 450 GeV region is further split into separate regions

for ?+
T
< 650 GeV and ?+

T
≥ 650 GeV. Unlabelled regions use the same binning as listed in the first column. In the

� → /W process, all STXS bins are merged in a single region.

STXS region � → 11 � → ,,∗ � → gg � → 22 � → //∗ � → WW � → ``

66 → �, 0-jet, ?�
T
< 10 GeV

Fixed to SM

66 → �, 0-jet
Fixed to SM

Fixed to SM 66F + CC�

66 → �, 0-jet, ?�
T
≥ 10 GeV

66 → �, 1-jet, ?�
T
< 60 GeV

66 → �, 1-jet, 60 ≤ ?�
T
< 120 GeV

66 → �, 1-jet, 120 ≤ ?�
T
< 200 GeV

66 → �, < 9 9 < 350 GeV, ?�
T
< 120 GeV

66 → �, < 9 9 < 350 GeV, ?�
T
< 200 GeV

Fixed to SM

66 → �, ≥ 2-jets
66 → �, < 9 9 < 350 GeV, 120 ≤ ?�

T
< 200 GeV

66 → �, < 9 9 ≥ 350 GeV, ?�
T
< 200 GeV

66 → �, 200 ≤ ?�
T
< 300 GeV

66 → �, ?�
T
≥ 200 GeV66 → �, 300 ≤ ?�

T
< 450 GeV

66 → �, ?�
T
≥ 300 GeV 66 → �, ?�

T
≥ 300 GeV

66 → �, ?�
T
≥ 450 GeV

66 → �, 450 ≤ ?�
T
< 650 GeV

66 → �, ?�
T
≥ 650 GeV

EW @@�, ≤ 1-jet

EW @@�

Fixed to SM

Fixed to SM

Fixed to SM
Fixed to SM

VBF ++�

EW @@�, VBF-enriched Fixed to SM

EW @@�, +�-enriched

EW @@�, 350 ≤ < 9 9 < 700 GeV, ?�
T
< 200 GeV

EW @@�, < 9 9 ≥ 350 GeV, ?�
T
< 200 GeV

EW @@�, 700 ≤ < 9 9 < 1000 GeV, ?�
T
< 200 GeV

EW @@�, 1000 ≤ < 9 9 < 1500 GeV, ?�
T
< 200 GeV

EW @@�, < 9 9 ≥ 1000 GeV, ?�
T
< 200 GeV

EW @@�, < 9 9 ≥ 1500 GeV, ?�
T
< 200 GeV

EW @@�, 350 ≤ < 9 9 < 700 GeV, ?�
T
≥ 200 GeV

EW @@�, 350 ≤ < 9 9 < 1000 GeV, ?�
T
≥ 200 GeV

EW @@�, < 9 9 ≥ 350 GeV, ?�
T
≥ 200 GeV

EW @@�, 350 ≤ < 9 9 < 1000 GeV, ?�
T
≥ 200 GeV

EW @@�, 700 ≤ < 9 9 < 1000 GeV, ?�
T
≥ 200 GeV

EW @@�, 1000 ≤ < 9 9 < 1500 GeV, ?�
T
≥ 200 GeV

EW @@�, < 9 9 ≥ 1000 GeV, ?�
T
≥ 200 GeV

EW @@�, < 9 9 ≥ 1500 GeV, ?�
T
≥ 200 GeV

@@ → �ℓa, ?+
T
< 75 GeV Fixed to SM

@@ → �ℓa @@ → �ℓa +�

@@ → �ℓa, ?+
T
< 150 GeV

VBF ++�

@@ → �ℓa, 75 ≤ ?+
T
< 150 GeV

@@ → �ℓa, 150 ≤ ?+
T
< 250 GeV

@@ → �ℓa, ?+
T
≥ 150 GeV @@ → �ℓa, ?+

T
≥ 150 GeV

@@ → �ℓa, 250 ≤ ?+
T
< 400 GeV

@@ → �ℓa, 400 ≤ ?+
T
< 600 GeV

@@ → �ℓa, ?+
T
≥ 600 GeV

?? → �ℓℓ/aa, ?+
T
< 75 GeV Fixed to SM

?? → �ℓℓ/aa ?? → �ℓℓ/aa +�

?? → �ℓℓ/aa, ?+
T
< 150 GeV,

?? → �ℓℓ/aa, 75 ≤ ?+
T
< 150 GeV, 0-jet

?? → �ℓℓ/aa, 75 ≤ ?+
T
< 150 GeV,

?? → �ℓℓ/aa, 75 ≤ ?+
T
< 150 GeV, ≥ 1-jet

?? → �ℓℓ/aa, 150 ≤ ?+
T
< 250 GeV, 0-jet

?? → �ℓℓ/aa, ?+
T
≥ 150 GeV, ?? → �ℓℓ/aa, ?+

T
≥ 150 GeV,

?? → �ℓℓ/aa, 150 ≤ ?+
T
< 250 GeV, ≥ 1-jet

?? → �ℓℓ/aa, 250 ≤ ?+
T
< 400 GeV, 0-jet

?? → �ℓℓ/aa, 250 ≤ ?+
T
< 400 GeV, ≥ 1-jet

?? → �ℓℓ/aa, 400 ≤ ?+
T
< 600 GeV

?? → �ℓℓ/aa, ?+
T
≥ 600 GeV

CC�, ?�
T
< 60 GeV

CC�, 0 ≤ ?�
T
< 120 GeV CC�, 0 ≤ ?�

T
< 120 GeV

Fixed to SM
CC� + C� 66F + CC�

CC�, 60 ≤ ?�
T
< 120 GeV

CC�, 120 ≤ ?�
T
< 200 GeV

CC�, 200 ≤ ?�
T
< 300 GeV

CC�, ?�
T
≥ 200 GeV

CC�, 300 ≤ ?�
T
< 450 GeV

CC�, ?�
T
≥ 300 GeV CC�, ?�

T
≥ 300 GeV

CC�, ?�
T
≥ 450 GeV

C�

85



8− 6− 4− 2− 0 2 4 6 8

Total

Stat.

Syst.

SM

ATLAS
-1 = 13 TeV, 126 - 140 fbs

| < 2.5
H

y = 125.09 GeV, |Hm
 = 76%

SM
p

40− 30− 20− 10− 0 10 20 30 40 50

)SM
f x BSM

rσ)/(f x Brσ = (f
r

µSignal strength 

           Total    Stat.   Syst.

  ) 0.17−

 0.19+
   , 0.32−

 0.32+
   (

 0.36−

 0.37+
  0.94  

 < 150 GeVV

T
p ≤75   ) 1.22−

 1.14+   , 0.52−

 0.52+
   (

 1.33−

 1.26+
  0.19  

 < 250 GeVV

T
p ≤150   ) 0.31−

 0.34+
   , 0.28−

 0.28+
   (

 0.42−

 0.44+
  0.94  

 < 400 GeVV

T
p ≤250   ) 0.17−

 0.20+
   , 0.30−

 0.31+
   (

 0.34−

 0.37+
  1.40  

 < 600 GeVV

T
p ≤400   ) 0.28−

 0.27+
   , 0.43−

 0.48+
   (

 0.51−

 0.55+
 -0.09  

 600 GeV≥ V

T
p   ) 0.23−

 0.36+
   , 0.93−

 1.12+   (
 0.96−

 1.18+
  1.34  

 < 150 GeVV

T
p ≤0-jet, 75   ) 0.47−

 0.50+
   , 0.53−

 0.54+
   (

 0.71−

 0.74+
  1.01  

 < 250 GeVV

T
p ≤0-jet, 150   ) 0.19−

 0.27+
   , 0.29−

 0.30+
   (

 0.35−

 0.40+
  0.92  

 < 400 GeVV

T
p ≤0-jet, 250   ) 0.16−

 0.21+
   , 0.37−

 0.40+
   (

 0.40−

 0.45+
  0.77  

 < 150 GeVV

T
p ≤1-jet, 75 ≥   ) 0.67−

 0.63+
   , 1.00−

 1.02+
   (

 1.20−

 1.20+
 -0.21  

 < 250 GeVV

T
p ≤1-jet, 150 ≥   ) 0.37−

 0.54+
   , 0.62−

 0.65+
   ( 0.73−

 0.84+
  1.11  

 < 400 GeVV

T
p ≤1-jet, 250 ≥   ) 0.32−

 0.44+
   , 0.77−

 0.82+
   (

 0.84−

 0.93+
  1.13  

 < 600 GeVV

T
p ≤400   ) 0.23−

 0.28+
   , 0.57−

 0.64+
   (

 0.62−

 0.70+
  1.00  

 600 GeV≥ V

T
p   ) 0.35−

 0.37+
   , 0.89−

 1.24+   (
 0.96−

 1.29+
 -0.88  

 < 60 GeVH

T
p   ) 0.40−

 0.53+
   , 0.52−

 0.52+
   (

 0.65−

 0.74+
  1.34  

 < 120 GeVH

T
p ≤60   ) 0.32−

 0.35+
   , 0.41−

 0.42+
   (

 0.52−

 0.55+
  0.58  

 < 200 GeVH

T
p ≤120   ) 0.29−

 0.37+
   , 0.35−

 0.35+
   (

 0.45−

 0.51+
  0.90  

 < 300 GeVH

T
p ≤200   ) 0.30−

 0.37+
   , 0.37−

 0.38+
   (

 0.48−

 0.53+
  0.65  

 < 450 GeVH

T
p ≤300   ) 0.47−

 0.49+
   , 0.47−

 0.48+
   (

 0.66−

 0.69+
  0.17  

 450 GeV≥ H

T
p   ) 0.56−

 0.63+
   , 0.75−

 0.80+
   (

 0.94−

 1.02+
  0.57  

  ) 0.17−

 0.20+
   , 0.79−

 0.79+
   (

 0.81−

 0.81+
  0.54  

  ) 0.44−

 0.50+
   , 1.20−

 1.26+
   (

 1.27−

 1.35+
  2.40  

)bb (Hqq→qq

)bb (νlH→qq

)bb (νν/llH→gg/qq

)bb (Htt

)µµ (Htt/H→gg

)µµ (VH/Hqq→qq

 < 650 GeVH

T
p ≤450   ) 7.88−

 3.96+
   ,  5.10−

 5.09+
     (

 9.38−

 6.45+
 -4.58    

 650 GeV≥ H

T
p   ) 6.67−

 10.42+
   ,  10.28−

 10.36+
     (

 12.25−

 14.69+
  7.99    

  ) 6.02−

 5.93+
   ,  3.43−

 3.46+
     ( 6.93−

 6.86+
  1.12    

  ) 6.22−

 6.96+
   ,  6.37−

 6.49+
     (

 8.90−

 9.52+
  5.64    

  ) 3.91−
 4.11+   ,  5.51−

 5.67+
     (

 6.76−

 7.00+
 -0.50    

)bb (H→gg

)bb (tH

)cc (WH

)cc (ZH

(a)

20− 15− 10− 5− 0 5 10 15

Total

Stat.

Syst.

SM

ATLAS

-1 = 13 TeV, 126 - 140 fbs

| < 2.5
H

y = 125.09 GeV, |Hm

 = 76%
SM

p

0 5 10 15 20

)SM
f x BSM

rσ)/(f x Brσ = (f
r

µSignal strength 

           Total   Stat.   Syst.

 < 120 GeVH

T
p ≤1-jet, 60   ) 0.95−

 0.92+
   , 0.70−

 0.71+
   (

 1.18−

 1.16+
  0.50  

 < 200 GeVH

T
p ≤1-jet, 120   ) 0.48−

 0.52+
   , 0.40−

 0.40+
   (

 0.62−

 0.66+
  0.56  

 < 200 GeVH

T
p ≤ < 350 GeV, 120 

jj
m2-jet, ≥   ) 0.59−

 0.71+
   , 0.54−

 0.54+
   (

 0.80−

 0.90+
  0.63  

 < 200 GeVH

T
p 350 GeV, ≥ 

jj
m2-jet, ≥   ) 1.83−

 3.07+
   , 1.74−

 1.76+
   (

 2.53−

 3.54+
  4.93  

 < 300 GeVH

T
p ≤200   ) 0.24−

 0.39+
   , 0.30−

 0.31+
   (

 0.38−

 0.50+
  0.79  

 300 GeV≥ H

T
p   ) 0.37−

 0.72+
   , 0.46−

 0.47+
   (

 0.59−

 0.86+
  1.51  

2-jet, VH-enriched≥   ) 0.34−

 0.36+
   , 0.55−

 0.57+
   (

 0.64−

 0.67+
  1.08  

 < 200 GeVH

T
p < 700 GeV, 

jj
m ≤2-jet, 350 ≥   ) 0.93−

 0.69+
   , 0.79−

 0.81+
   (

 1.22−

 1.06+
 -0.66  

 200 GeV≥ H

T
p < 700 GeV, 

jj
m ≤2-jet, 350 ≥   ) 0.58−

 0.43+
   , 0.56−

 0.77+
   (

 0.80−

 0.88+
 -1.09  

 < 200 GeVH

T
p < 1000 GeV, 

jj
m ≤2-jet, 700 ≥   ) 0.54−

 0.41+
   , 0.58−

 0.62+
   (

 0.80−

 0.74+
 -0.12  

 200 GeV≥ H

T
p < 1000 GeV, 

jj
m ≤2-jet, 700 ≥   ) 0.23−

 0.29+
   , 0.60−

 0.68+
   (

 0.64−

 0.74+
  1.08  

 < 200 GeVH

T
p < 1500 GeV, 

jj
m ≤2-jet, 1000 ≥   ) 0.26−

 0.33+
   , 0.47−

 0.50+
   (

 0.54−

 0.60+
  1.76  

 200 GeV≥ H

T
p < 1500 GeV, 

jj
m ≤2-jet, 1000 ≥   ) 0.17−

 0.19+
   , 0.47−

 0.52+
   (

 0.50−

 0.56+
  1.43  

 < 200 GeVH

T
p 1500 GeV, ≥ 

jj
m2-jet, ≥   ) 0.16−

 0.14+
   , 0.27−

 0.29+
   (

 0.31−

 0.33+
  0.14  

 200 GeV≥ H

T
p 1500 GeV, ≥ 

jj
m2-jet, ≥   ) 0.13−

 0.17+
   , 0.32−

 0.35+
   (

 0.34−

 0.39+
  1.30  

 < 120 GeVH

T
p   ) 0.32−

 0.38+
   , 0.60−

 0.65+
   (

 0.68−

 0.76+
  0.93  

 < 200 GeVH

T
p ≤120   ) 0.37−

 0.37+
   , 0.68−

 0.77+
   (

 0.77−

 0.86+
  0.11  

 < 300 GeVH

T
p ≤200   ) 0.40−

 0.29+
   , 0.62−

 0.73+
   (

 0.74−

 0.78+
 -1.01  

 300 GeV≥ H

T
p   ) 0.58−

 1.07+
   , 1.49−

 1.65+
   ( 1.60−

 1.97+
  2.71  

  ) 0.30−

 0.35+
   , 0.39−

 0.41+
   (

 0.50−

 0.54+
  1.52  

  ) 0.16−

 0.23+
   , 0.40−

 0.44+
   ( 0.43−

 0.50+
  1.14  

)ττ (H→gg

)ττ (Hqq→qq

)ττ (Htt

)ττ (WH

)ττ (ZH

)ττ (tH   ) 3.12−

 3.74+
   , 5.35−

 5.70+
    (

 6.19−

 6.82+
  6.61   

(b)

Figure 43: Observed best-fit values and uncertainties of the signal strengths for STXS production in the (a) � → 11,

� → 22 and � → `` and (b) � → gg decay processes, relative to their SM predictions.
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Figure 44: Observed best-fit values and uncertainties of the signal strengths for STXS production in the (a) � → ,,∗

and � → //∗ and (b) � → WW and � → /W decay processes, relative to their SM predictions.
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 300 GeV≥ H

T
p Htt

 < 300 GeVH

T

p ≤, 200 ttH

 < 200 GeVH

T

p ≤, 120 ttH

 < 120 GeVH

T
p Htt

 topoVH2-jet, ≥ Hqq→qq

 200 GeV≥ H

T

p 1500 GeV, ≥ 
jj

m 2-jet, ≥, Hqq→qq

 < 200 GeVH

T

p 1500 GeV, ≥ 
jj

m 2-jet, ≥, Hqq→qq

 200 GeV≥ H

T

p < 1000 GeV, 
jj

m ≤ 2-jet, 700 ≥, Hqq→qq

 < 200 GeVH

T

p < 1000 GeV, 
jj

m ≤ 2-jet, 700 ≥, Hqq→qq

 200 GeV≥ H

T

p < 700 GeV, 
jj

m ≤ 2-jet, 350 ≥, Hqq→qq

 < 200 GeVH

T

p < 700 GeV, 
jj

m ≤ 2-jet, 350 ≥, Hqq→qq

 200 GeV≥ H

T

p < 1500 GeV, 
jj

m ≤ 2-jet, 1000 ≥, Hqq→qq

 < 200 GeVH

T

p < 1500 GeV, 
jj

m ≤ 2-jet, 1000 ≥, Hqq→qq

 300 GeV≥ H

T
p H→gg

 < 300 GeVH

T

p ≤, 200 H→gg

 350 GeV≥ 
jj

m 2-jet, ≥, H→gg

 < 200 GeVH

T

p ≤ < 350 GeV, 120 
jj

m 2-jet, ≥, H→gg

 < 120 GeVH

T

p ≤, 1-jet, 60 H→gg

 < 200 GeVH

T

p ≤, 1-jet, 120 H→gg

tH

 450 GeV≥ H

T

p, ttH

 < 120 GeVH

T

p ≤, 60 ttH

 < 450 GeVH

T

p ≤, 300 ttH

 < 300 GeVH

T

p ≤, 200 ttH

 < 200 GeVH

T

p ≤, 120 ttH

 < 60 GeVH

T

p, ttH

 600 GeV≥ V

T

p νν/llH→gg/qq

 < 150 GeVV

T

p ≤1-jet, 75 ≥ νν/llH→gg/qq

 < 150 GeVV

T

p ≤ 0-jet, 75 νν/llH→gg/qq
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T
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 < 400 GeVV

T

p ≤1-jet, 250 ≥ νν/llH→gg/qq

 < 400 GeVV

T

p ≤ 0-jet, 250 νν/llH→gg/qq

 < 250 GeVV
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T
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p ≤ 150 νlH→qq
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T
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T
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T
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T
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T
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T
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T

p, 0-jet, H→gg
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T
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Figure 46: Relative change in the rate of each production and decay process entering the combination compared

to the SM reference, for representative values of the EFT parameters in the Warsaw basis. Filled bars indicate the

changes due to linear terms, while the empty bars also include the contributions of quadratic terms. The symmetrised

statistical uncertainty for each observable are shown in the top panel.

K Additional material on EFT measurements

Figure 46 shows the relative change in STXS cross-sections and branching ratios induced by representative

values of EFT parameters in the Warsaw basis. In each case, the other parameters are set to zero. The content

is similar to that of Figure 20, except that for the latter the parameters are defined in the measurement basis.

Figure 47 shows the observed and expected correlation matrices in the fit to the linear parameterisation.

Figure 48 shows the observed and expected results obtained in the linear+quadratic parameterisation.
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Figure 47: (a) Observed and (b) expected correlation matrices in the measurement of EFT parameters in the linear

parameterisation.
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of each parameter divided by its symmetrised uncertainty. Observed and expected results are shown. Confidence
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Figure 49: Fitted values of the EFT measurement parameters obtained using a simplified description of the likelihood

function and using the full likelihood models. In both cases the linear+quadratic parameterisation is used. The top

panel shows the symmetrised uncertainty in each parameter, and the bottom panel the best-fit value and uncertainty of

each parameter divided by its symmetrised uncertainty. Confidence intervals are shown for 68% CL (solid lines) and

95% CL (dashed lines). In the top panel, the left axis shows the uncertainty f on the parameter assuming Λ = 1 TeV

for the EFT scale, while the right axis shows the probed EFT scale estimated as Λ/
√
f.

L Simplified likelihood for the EFT measurement

A simplified description of the measurement of EFT parameters of Section 8 is obtained using a Gaussian

approximation for the underlying measurement of the signal strengths `
5
A in STXS bins. The `

5
A

measurement is described by a multivariate Gaussian distribution with central values given by the best-fit

values shown in Figures 43 and 44 and a covariance matrix built from the symmetrised uncertainties shown

in these figures and the correlation matrix shown in Figure 45 in Appendix J. The simplified likelihood

is then obtained by expressing `
5
A in terms of the EFT parameters 2= using Eq. (11) and rotating to the

measurement basis shown in Figure 19, in the same way as for the full likelihood used in Section 8.

The Gaussian approximation is applied at the level of the measurement of the `
5
A and not the EFT parameters

themselves, so that non-Gaussian effects due to the linear nature of the parameterisation, in particular for

the linear+quadratic model, are accounted for. Deviations from Gaussianity include the effect of small

expected event yields in some of the measurement bins and that of systematic uncertainties. Observed

results obtained in the linear+quadratic model using the simplified likelihood are shown in Figure 49

alongside the results from the full likelihood. Good agreement is observed in the best-fit values and

uncertainties reported by the two models. The simplified likelihood provides much quicker evaluation times,

on the order of a few seconds compared to several hours for the full likelihood, which should facilitate its

use for the reinterpretation of these results in the context of other models of BSM phenomena.

91



References

[1] ATLAS Collaboration, 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 (2012) 1,

arXiv: 1207.7214 [hep-ex].

[2] CMS Collaboration,

Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC,

Phys. Lett. B 716 (2012) 30, arXiv: 1207.7235 [hep-ex].

[3] ATLAS Collaboration,

A detailed map of Higgs boson interactions by the ATLAS experiment ten years after the discovery,

Nature 607 (2022) 52, arXiv: 2207.00092 [hep-ex], Erratum: Nature 612 (2022) E24.

[4] CMS Collaboration, Combined measurements and interpretations of Higgs boson production and

decay in proton–proton collisions at
√
B = 13 TeV, (2026), arXiv: 2602.18611 [hep-ex].

[5] ATLAS Collaboration, Measurements of Higgs bosons decaying to bottom quarks from vector

boson fusion production with the ATLAS experiment at
√
B = 13 TeV, Eur. Phys. J. C 81 (2021) 537,

arXiv: 2011.08280 [hep-ex].

[6] ATLAS Collaboration, Search for nonresonant pair production of Higgs bosons in the 11̄11̄ final

state in ?? collisions at
√
B = 13 TeV with the ATLAS detector, Phys. Rev. D 108 (2023) 052003,

arXiv: 2301.03212 [hep-ex].

[7] ATLAS and CMS Collaborations, Combined Measurement of the Higgs Boson Mass in ??

Collisions at
√
B = 7 and 8 TeV with the ATLAS and CMS Experiments,

Phys. Rev. Lett. 114 (2015) 191803, arXiv: 1503.07589 [hep-ex].

[8] ATLAS Collaboration,

Combined Measurement of the Higgs Boson Mass from the � → WW and � → //∗ → 4ℓ Decay

Channels with the ATLAS Detector Using
√
B = 7, 8, and 13 TeV ?? Collision Data,

Phys. Rev. Lett. 131 (2023) 251802, arXiv: 2308.04775 [hep-ex].

[9] ATLAS Collaboration, Measurement of the Higgs boson mass in the � → //∗ → 4ℓ decay

channel using 139 fb−1 of
√
B = 13 TeV ?? collisions recorded by the ATLAS detector at the LHC,

Phys. Lett. B 843 (2023) 137880, arXiv: 2207.00320 [hep-ex].

[10] CMS Collaboration, A measurement of the Higgs boson mass in the diphoton decay channel,

Phys. Lett. B 805 (2020) 135425, arXiv: 2002.06398 [hep-ex].

[11] CMS Collaboration, Measurement of the Higgs boson mass and width using the four-lepton final

state in proton–proton collisions at
√
B = 13 TeV, Phys. Rev. D 111 (2025) 092014,

arXiv: 2409.13663 [hep-ex].

[12] LHC Higgs Cross Section Working Group,

Handbook of LHC Higgs Cross Sections: 4. Deciphering the Nature of the Higgs Sector, (2017),

arXiv: 1610.07922 [hep-ph].

[13] J. R. Andersen et al.,

‘Les Houches 2015: Physics at TeV Colliders Standard Model Working Group Report’,

9th Les Houches Workshop on Physics at TeV Colliders, 2016, arXiv: 1605.04692 [hep-ph].

[14] N. Berger et al., Simplified template cross sections – Stage 1.1 and 1.2,

SciPost Phys. Comm. Rep. (2026), arXiv: 1906.02754 [hep-ph].

92



[15] S. Amoroso et al.,

‘Les Houches 2019: Physics at TeV Colliders: Standard Model Working Group Report’,

11th Les Houches Workshop on Physics at TeV Colliders: PhysTeV Les Houches, 2020,

arXiv: 2003.01700 [hep-ph].

[16] P. Nason, A new method for combining NLO QCD with shower Monte Carlo algorithms,

JHEP 11 (2004) 040, arXiv: hep-ph/0409146.

[17] S. Frixione, P. Nason and C. Oleari,

Matching NLO QCD computations with parton shower simulations: the POWHEG method,

JHEP 11 (2007) 070, arXiv: 0709.2092 [hep-ph].

[18] S. Alioli, P. Nason, C. Oleari and E. Re, A general framework for implementing NLO calculations

in shower Monte Carlo programs: the POWHEG BOX, JHEP 06 (2010) 043,

arXiv: 1002.2581 [hep-ph].

[19] S. Alioli, P. Nason, C. Oleari and E. Re,

NLO Higgs boson production via gluon fusion matched with shower in POWHEG,

JHEP 04 (2009) 002, arXiv: 0812.0578 [hep-ph].

[20] K. Hamilton, P. Nason, E. Re and G. Zanderighi, NNLOPS simulation of Higgs boson production,

JHEP 10 (2013) 222, arXiv: 1309.0017 [hep-ph].

[21] K. Hamilton, P. Nason and G. Zanderighi,

Finite quark-mass effects in the NNLOPS POWHEG+MiNLO Higgs generator,

JHEP 05 (2015) 140, arXiv: 1501.04637 [hep-ph].

[22] S. Catani and M. Grazzini, Next-to-Next-to-Leading-Order Subtraction Formalism in Hadron

Collisions and its Application to Higgs-Boson Production at the Large Hadron Collider,

Phys. Rev. Lett. 98 (2007) 222002, arXiv: hep-ph/0703012.

[23] K. Hamilton, P. Nason, C. Oleari and G. Zanderighi, Merging H/W/Z + 0 and 1 jet at NLO with no

merging scale: a path to parton shower + NNLO matching, JHEP 05 (2013) 082,

arXiv: 1212.4504 [hep-ph].

[24] C. Anastasiou, C. Duhr, F. Dulat, F. Herzog and B. Mistlberger,

Higgs Boson Gluon-Fusion Production in QCD at Three Loops,

Phys. Rev. Lett. 114 (2015) 212001, arXiv: 1503.06056 [hep-ph].

[25] C. Anastasiou et al.,

High precision determination of the gluon fusion Higgs boson cross-section at the LHC,

JHEP 05 (2016) 058, arXiv: 1602.00695 [hep-ph].

[26] S. Actis, G. Passarino, C. Sturm and S. Uccirati,

NLO electroweak corrections to Higgs boson production at hadron colliders,

Phys. Lett. B 670 (2008) 12, arXiv: 0809.1301 [hep-ph].

[27] C. Anastasiou, R. Boughezal and F. Petriello,

Mixed QCD-electroweak corrections to Higgs boson production in gluon fusion,

JHEP 04 (2009) 003, arXiv: 0811.3458 [hep-ph].

[28] M. Grazzini and H. Sargsyan, Heavy-quark mass effects in Higgs boson production at the LHC,

JHEP 09 (2013) 129, arXiv: 1306.4581 [hep-ph].

[29] P. Nason and C. Oleari,

NLO Higgs boson production via vector-boson fusion matched with shower in POWHEG,

JHEP 02 (2010) 037, arXiv: 0911.5299 [hep-ph].

93



[30] K. Hamilton, P. Nason and G. Zanderighi, MINLO: multi-scale improved NLO,

JHEP 10 (2012) 155, arXiv: 1206.3572 [hep-ph].

[31] M. Ciccolini, A. Denner and S. Dittmaier, Strong and Electroweak Corrections to the Production

of a Higgs Boson + 2 Jets via Weak Interactions at the Large Hadron Collider,

Phys. Rev. Lett. 99 (2007) 161803, arXiv: 0707.0381 [hep-ph].

[32] M. Ciccolini, A. Denner and S. Dittmaier,

Electroweak and QCD corrections to Higgs production via vector-boson fusion at the CERN LHC,

Phys. Rev. D 77 (2008) 013002, arXiv: 0710.4749 [hep-ph].

[33] P. Bolzoni, F. Maltoni, S.-O. Moch and M. Zaro,

Higgs Boson Production via Vector-Boson Fusion at Next-to-Next-to-Leading Order in QCD,

Phys. Rev. Lett. 105 (2010) 011801, arXiv: 1003.4451 [hep-ph].

[34] O. Brein, A. Djouadi and R. Harlander,

NNLO QCD corrections to the Higgs-strahlung processes at hadron colliders,

Phys. Lett. B 579 (2004) 149, arXiv: hep-ph/0307206.

[35] A. Denner, S. Dittmaier, S. Kallweit and A. Mück, Electroweak corrections to Higgs-strahlung off

W/Z bosons at the Tevatron and the LHC with HAWK, JHEP 03 (2012) 075,

arXiv: 1112.5142 [hep-ph].

[36] L. Altenkamp, S. Dittmaier, R. V. Harlander, H. Rzehak and T. J. E. Zirke,

Gluon-induced Higgs-strahlung at next-to-leading order QCD, JHEP 02 (2013) 078,

arXiv: 1211.5015 [hep-ph].

[37] J. Alwall et al., The automated computation of tree-level and next-to-leading order differential

cross sections, and their matching to parton shower simulations, JHEP 07 (2014) 079,

arXiv: 1405.0301 [hep-ph].

[38] W. Beenakker, S. Dittmaier, M. Krämer, B. Plumper, M. Spira et al.,

NLO QCD corrections to CC̄� production in hadron collisions, Nucl. Phys. B 653 (2003) 151,

arXiv: hep-ph/0211352 [hep-ph].

[39] S. Dawson, C. Jackson, L. Orr, L. Reina and D. Wackeroth, Associated Higgs boson production

with top quarks at the CERN Large Hadron Collider: NLO QCD corrections,

Phys. Rev. D 68 (2003) 034022, arXiv: hep-ph/0305087 [hep-ph].

[40] Y. Zhang, W.-G. Ma, R.-Y. Zhang, C. Chen and L. Guo,

QCD NLO and EW NLO corrections to CC̄� production with top quark decays at hadron collider,

Phys. Lett. B 738 (2014) 1, arXiv: 1407.1110 [hep-ph].

[41] S. Frixione, V. Hirschi, D. Pagani, H.-S. Shao and M. Zaro,

Weak corrections to Higgs hadroproduction in association with a top-quark pair,

JHEP 09 (2014) 065, arXiv: 1407.0823 [hep-ph].

[42] S. Frixione, V. Hirschi, D. Pagani, H.-S. Shao and M. Zaro,

Electroweak and QCD corrections to top-pair hadroproduction in association with heavy bosons,

JHEP 06 (2015) 184, arXiv: 1504.03446 [hep-ph].

[43] F. Demartin, F. Maltoni, K. Mawatari and M. Zaro,

Higgs production in association with a single top quark at the LHC, Eur. Phys. J. C 75 (2015) 267,

arXiv: 1504.00611 [hep-ph].

94



[44] S. Dawson, S. Dittmaier and M. Spira,

Neutral Higgs-boson pair production at hadron colliders: QCD corrections,

Phys. Rev. D 58 (1998) 115012, arXiv: hep-ph/9805244.

[45] S. Borowka et al., Higgs Boson Pair Production in Gluon Fusion at Next-to-Leading Order with

Full Top-Quark Mass Dependence, Phys. Rev. Lett. 117 (2016) 079901,

arXiv: 1604.06447 [hep-ph].

[46] J. Baglio et al., Gluon fusion into Higgs pairs at NLO QCD and the top mass scheme,

Eur. Phys. J. C 79 (2019) 459, arXiv: 1811.05692 [hep-ph].

[47] D. de Florian and J. Mazzitelli,

Higgs Boson Pair Production at Next-to-Next-to-Leading Order in QCD,

Phys. Rev. Lett. 111 (2013) 201801, arXiv: 1309.6594 [hep-ph].

[48] D. Y. Shao, C. S. Li, H. T. Li and J. Wang,

Threshold resummation effects in Higgs boson pair production at the LHC, JHEP 07 (2013) 169,

arXiv: 1301.1245 [hep-ph].

[49] D. de Florian and J. Mazzitelli,

Higgs pair production at next-to-next-to-leading logarithmic accuracy at the LHC,

JHEP 09 (2015) 053, arXiv: 1505.07122 [hep-ph].

[50] M. Grazzini et al., Higgs boson pair production at NNLO with top quark mass effects,

JHEP 05 (2018) 059, arXiv: 1803.02463 [hep-ph].

[51] J. Baglio et al., 66 → ��: Combined uncertainties, Phys. Rev. D 103 (2021) 056002,

arXiv: 2008.11626 [hep-ph].

[52] R. Frederix et al., Higgs pair production at the LHC with NLO and parton-shower effects,

Phys. Lett. B 732 (2014) 142, arXiv: 1401.7340 [hep-ph].

[53] L.-S. Ling et al.,

NNLO QCD corrections to Higgs pair production via vector boson fusion at hadron colliders,

Phys. Rev. D 89 (2014) 073001, arXiv: 1401.7754 [hep-ph].

[54] F. A. Dreyer and A. Karlberg, Vector-Boson Fusion Higgs Pair Production at N3LO,

Phys. Rev. D 98 (2018) 114016, arXiv: 1811.07906 [hep-ph].

[55] F. A. Dreyer and A. Karlberg,

Fully differential Vector-Boson Fusion Higgs Pair Production at Next-to-Next-to-Leading Order,

Phys. Rev. D 99 (2019) 074028, arXiv: 1811.07918 [hep-ph].

[56] LHC Higgs Cross Section Working Group,

Handbook of LHC Higgs Cross Sections: 3. Higgs Properties, (2013),

arXiv: 1307.1347 [hep-ph].

[57] I. Brivio and M. Trott, The Standard Model as an Effective Field Theory, Phys. Rept. 793 (2019) 1,

arXiv: 1706.08945 [hep-ph].

[58] ATLAS Collaboration, Methodology for EFT interpretation of Higgs boson simplified template

cross-section results in ATLAS, ATL-PHYS-PUB-2019-042, 2019,

url: https://cds.cern.ch/record/2694284.

[59] ATLAS Collaboration, The ATLAS Experiment at the CERN Large Hadron Collider,

JINST 3 (2008) S08003.

95



[60] ATLAS Collaboration, Operation of the ATLAS trigger system in Run 2, JINST 15 (2020) P10004,

arXiv: 2007.12539 [physics.ins-det].

[61] ATLAS Collaboration, The ATLAS Collaboration Software and Firmware,

ATL-SOFT-PUB-2021-001, 2021, url: https://cds.cern.ch/record/2767187.

[62] ATLAS Collaboration,

Luminosity determination in ?? collisions at
√
B = 13 TeV using the ATLAS detector at the LHC,

Eur. Phys. J. C 83 (2023) 982, arXiv: 2212.09379 [hep-ex].

[63] ATLAS Collaboration,

Measurement of off-shell Higgs boson production in the �∗ → // → 4ℓ decay channel using a

neural simulation-based inference technique in 13 TeV ?? collisions with the ATLAS detector,

Rept. Prog. Phys. 88 (2025) 057803, arXiv: 2412.01548 [hep-ex].

[64] ATLAS Collaboration, Constraining off-shell Higgs boson production and the Higgs boson total

width using,, → ℓaℓa final states with the ATLAS detector, Phys. Lett. B 870 (2025) 139898,

arXiv: 2504.07710 [hep-ex].

[65] ATLAS Collaboration, Search for invisible Higgs-boson decays in events with vector-boson fusion

signatures using 139 fb−1 of proton–proton data recorded by the ATLAS experiment,

JHEP 08 (2022) 104, arXiv: 2202.07953 [hep-ex].

[66] ATLAS Collaboration, Search for associated production of a / boson with an invisibly decaying

Higgs boson or dark matter candidates at
√
B = 13 TeV with the ATLAS detector,

Phys. Lett. B 829 (2022) 137066, arXiv: 2111.08372 [hep-ex].

[67] ATLAS Collaboration,

Constraints on spin-0 dark matter mediators and invisible Higgs decays using ATLAS 13 TeV ??

collision data with two top quarks and missing transverse momentum in the final state,

Eur. Phys. J. C 83 (2023) 503, arXiv: 2211.05426 [hep-ex].

[68] ATLAS Collaboration, Observation of electroweak production of two jets in association with an

isolated photon and missing transverse momentum, and search for a Higgs boson decaying into

invisible particles at 13 TeV with the ATLAS detector, Eur. Phys. J. C 82 (2022) 105,

arXiv: 2109.00925 [hep-ex].

[69] ATLAS Collaboration, Constraints on Higgs boson production with large transverse momentum

using � → 11̄ decays in the ATLAS detector, Phys. Rev. D 105 (2022) 092003,

arXiv: 2111.08340 [hep-ex].

[70] ATLAS Collaboration, A search for the /W decay mode of the Higgs boson in ?? collisions at√
B = 13 TeV with the ATLAS detector, Phys. Lett. B 809 (2020) 135754,

arXiv: 2005.05382 [hep-ex].

[71] ATLAS Collaboration,

A search for the dimuon decay of the Standard Model Higgs boson with the ATLAS detector,

Phys. Lett. B 812 (2021) 135980, arXiv: 2007.07830 [hep-ex].

[72] ATLAS Collaboration,

Measurement of the +�, � → gg process with the ATLAS detector at 13 TeV,

Phys. Lett. B 855 (2024) 138817, arXiv: 2312.02394 [hep-ex].

96



[73] ATLAS Collaboration, Higgs boson production cross-section measurements and their EFT

interpretation in the 4ℓ decay channel at
√
B = 13 TeV with the ATLAS detector,

Eur. Phys. J. C 80 (2020) 957, arXiv: 2004.03447 [hep-ex],

Erratum: Eur. Phys. J. C 81 (2021) 29, Erratum: Eur. Phys. J. C 81 (2021) 398.

[74] ATLAS Collaboration, Measurements of Higgs boson production via gluon–gluon fusion and

vector-boson fusion using � → ,,∗ → ℓaℓa decays in ?? collisions with the ATLAS detector

and their effective field theory interpretations, Eur. Phys. J. C 85 (2025) 1403,

arXiv: 2504.07686 [hep-ex].

[75] ATLAS Collaboration, Measurements of the production cross-sections of a Higgs boson in

association with a vector boson and decaying into,,∗ with the ATLAS detector at
√
B = 13 TeV,

JHEP 08 (2025) 034, arXiv: 2503.19420 [hep-ex].

[76] ATLAS Collaboration, Measurement of the properties of Higgs boson production at
√
B = 13 TeV

in the � → WW channel using 139 fb−1 of ?? collision data with the ATLAS experiment,

JHEP 07 (2023) 088, arXiv: 2207.00348 [hep-ex].

[77] ATLAS Collaboration, Differential cross-section measurements of Higgs boson production in the

� → g+g− decay channel in ?? collisions at
√
B = 13 TeV with the ATLAS detector,

JHEP 03 (2025) 010, arXiv: 2407.16320 [hep-ex].

[78] ATLAS Collaboration,

Measurements of,� and /� production with Higgs boson decays into bottom quarks and direct

constraints on the charm Yukawa coupling in 13 TeV ?? collisions with the ATLAS detector,

JHEP 04 (2025) 075, arXiv: 2410.19611 [hep-ex].

[79] ATLAS Collaboration, Measurement of the Higgs boson production in association with top quarks

in multilepton final states in ?? collisions at
√
B = 13 TeV with the ATLAS detector,

JHEP 05 (2026) 183, arXiv: 2510.23755 [hep-ex].

[80] ATLAS Collaboration,

Measurement of the associated production of a top-antitop-quark pair and a Higgs boson decaying

into a 11̄ pair in ?? collisions at
√
B = 13 TeV using the ATLAS detector at the LHC,

Eur. Phys. J. C 85 (2025) 210, arXiv: 2407.10904 [hep-ex].

[81] ATLAS Collaboration, Search for the production of a Higgs boson in association with a single top

quark in ?? collisions at
√
B = 13 TeV with the ATLAS detector, JHEP 10 (2025) 093,

arXiv: 2508.14695 [hep-ex].

[82] ATLAS Collaboration, Search for pair production of boosted Higgs bosons via vector-boson

fusion in the 11̄11̄ final state using ?? collisions at
√
B = 13 TeV with the ATLAS detector,

Phys. Lett. B 858 (2024) 139007, arXiv: 2404.17193 [hep-ex].

[83] ATLAS Collaboration, Search for the non-resonant production of Higgs boson pairs via gluon

fusion and vector-boson fusion in the 11̄g+g− final state in proton–proton collisions at√
B = 13 TeV with the ATLAS detector, Phys. Rev. D 110 (2024) 032012,

arXiv: 2404.12660 [hep-ex].

[84] ATLAS Collaboration, Studies of new Higgs boson interactions through nonresonant ��

production in the 11̄WW final state in ?? collisions at
√
B = 13 TeV with the ATLAS detector,

JHEP 01 (2024) 066, arXiv: 2310.12301 [hep-ex].

97



[85] ATLAS Collaboration, Search for non-resonant Higgs boson pair production in the

21 + 2ℓ + �miss
T

final state in ?? collisions at
√
B = 13TeV with the ATLAS detector,

JHEP 02 (2024) 037, arXiv: 2310.11286 [hep-ex].

[86] ATLAS Collaboration, Search for non-resonant Higgs boson pair production in final states with

leptons, taus, and photons in ?? collisions at
√
B = 13 TeV with the ATLAS detector,

JHEP 08 (2024) 164, arXiv: 2405.20040 [hep-ex].

[87] ATLAS Collaboration, CMS Collaboration and LHC Higgs Combination Group,

Procedure for the LHC Higgs boson search combination in Summer 2011,

ATL-PHYS-PUB-2011-011, 2011, url: https://cds.cern.ch/record/1375842.

[88] W. Verkerke and D. Kirkby, The RooFit toolkit for data modeling, (2003) MOLT007,

arXiv: physics/0306116.

[89] G. Cowan, K. Cranmer, E. Gross and O. Vitells,

Asymptotic formulae for likelihood-based tests of new physics, Eur. Phys. J. C 71 (2011) 1554,

arXiv: 1007.1727 [physics.data-an], Erratum: Eur. Phys. J. C73 (2013) 2501.

[90] A. Pinto et al., Uncertainty components in profile likelihood fits, Eur. Phys. J. C 84 (2024) 593,

arXiv: 2307.04007 [physics.data-an].

[91] ATLAS and CMS Collaborations,

Measurements of the Higgs boson production and decay rates and constraints on its couplings

from a combined ATLAS and CMS analysis of the LHC ?? collision data at
√
B = 7 and 8 TeV,

JHEP 08 (2016) 045, arXiv: 1606.02266 [hep-ex].

[92] ATLAS Collaboration, Determination of the Relative Sign of the Higgs Boson Couplings to, and

/ Bosons Using,� Production via Vector-Boson Fusion with the ATLAS Detector,

Phys. Rev. Lett. 133 (2024) 141801, arXiv: 2402.00426 [hep-ex].

[93] CMS Collaboration,

Study of,� production through vector boson scattering and extraction of the relative sign of the

, and / couplings to the Higgs boson in proton–proton collisions at
√
B = 13 TeV,

Phys. Lett. B 860 (2025) 139202, arXiv: 2405.16566 [hep-ex].

[94] A. Djouadi, J. Kalinowski and M. Spira, HDECAY: a program for Higgs boson decays in the

Standard Model and its supersymmetric extension, Comput. Phys. Commun. 108 (1998) 56,

arXiv: hep-ph/9704448.

[95] M. Spira, QCD Effects in Higgs Physics, Fortsch. Phys. 46 (1998) 203, arXiv: hep-ph/9705337.

[96] A. Djouadi, M. M. Mühlleitner and M. Spira,

Decays of Supersymmetric Particles: the Program SUSY-HIT (SUspect-SdecaY-Hdecay-InTerface),

Acta Phys. Polon. B 38 (2007) 635, arXiv: hep-ph/0609292.

[97] J. Aparisi et al., mb at mH: The Running Bottom Quark Mass and the Higgs Boson,

Phys. Rev. Lett. 128 (2022) 122001, arXiv: 2110.10202 [hep-ph].

[98] CMS Collaboration, Running of the top quark mass from proton–proton collisions at
√
B = 13 TeV,

Phys. Lett. B 803 (2020) 135263, arXiv: 1909.09193 [hep-ex].

[99] A. H. Hoang, C. Lepenik and V. Mateu,

REvolver: Automated running and matching of couplings and masses in QCD,

Comput. Phys. Commun. 270 (2021) 108145, arXiv: 2102.01085 [hep-ph].

98



[100] ALEPH Collaboration, A measurement of the b-quark mass from hadronic Z decays,

Eur. Phys. J. C 18 (2000) 1, arXiv: hep-ex/0008013 [hep-ex].

[101] DELPHI Collaboration,

Study of b-quark mass effects in multijet topologies with the DELPHI detector at LEP,

Eur. Phys. J. C 55 (2008) 525, arXiv: 0804.3883 [hep-ex].

[102] OPAL Collaboration, Determination of the b quark mass at the Z mass scale,

Eur. Phys. J. C 21 (2001) 411, arXiv: hep-ex/0105046 [hep-ex].

[103] A. Brandenburg, P. N. Burrows, D. Muller, N. Oishi and P. Uwer,

Measurement of the running b quark mass using e+ e-→ b anti-b g events,

Phys. Lett. B 468 (1999) 168, arXiv: hep-ph/9905495 [hep-ph].

[104] Particle Data Group, P. Zyla et al., Review of Particle Physics,

Prog. Theor. Exp. Phys. 2020 (2020) 083C01.

[105] F. Caola and K. Melnikov, Constraining the Higgs boson width with ZZ production at the LHC,

Phys. Rev. D 88 (2013) 054024, arXiv: 1307.4935 [hep-ph].

[106] J. M. Campbell, R. K. Ellis and C. Williams,

Bounding the Higgs Width at the LHC Using Full Analytic Results for 66 → 4−4+`−`+,
JHEP 04 (2014) 060, arXiv: 1311.3589 [hep-ph].

[107] G. Degrassi, P. P. Giardino, F. Maltoni and D. Pagani,

Probing the Higgs self coupling via single Higgs production at the LHC, JHEP 12 (2016) 080,

arXiv: 1607.04251 [hep-ph].

[108] F. Maltoni, D. Pagani, A. Shivaji and X. Zhao,

Trilinear Higgs coupling determination via single-Higgs differential measurements at the LHC,

Eur. Phys. J. C 77 (2017) 887, arXiv: 1709.08649 [hep-ph].

[109] C. Pandini et al.,

LHC Higgs Working Group, Public Note: Modelling of the single-Higgs simplified template

cross-sections (STXS 1.2) for the determination of the Higgs boson trilinear self-coupling, (2022),

url: http://cds.cern.ch/record/2803606.

[110] ATLAS Collaboration, Combination of Searches for Higgs Boson Pair Production in pp Collisions

at
√
B = 13 TeV with the ATLAS Detector, Phys. Rev. Lett. 133 (2024) 101801,

arXiv: 2406.09971 [hep-ex].

[111] ATLAS Collaboration, Evaluation of theoretical uncertainties for simplified template cross section

measurements of +-associated production of the Higgs boson, ATL-PHYS-PUB-2018-035, 2018,

url: https://cds.cern.ch/record/2649241.

[112] B. Grzadkowski, M. Iskrzyński, M. Misiak and J. Rosiek,

Dimension-Six Terms in the Standard Model Lagrangian, JHEP 10 (2010) 085,

arXiv: 1008.4884 [hep-ph].

[113] ATLAS Collaboration, Interpretations of the ATLAS measurements of Higgs boson production and

decay rates and differential cross-sections in ?? collisions at
√
B = 13 TeV, JHEP 11 (2024) 097,

arXiv: 2402.05742 [hep-ex].

[114] C. Degrande et al., Standard Model Effective Theory at Next-to-Leading-Order in QCD,

url: http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO.

99



[115] I. Brivio, Y. Jiang and M. Trott, The SMEFTsim package, theory and tools, JHEP 12 (2017) 070,

arXiv: 1709.06492 [hep-ph].

[116] J. Alwall et al., The automated computation of tree-level and next-to-leading order differential

cross sections, and their matching to parton shower simulations, JHEP 07 (2014) 079,

arXiv: 1405.0301 [hep-ph].

[117] T. Sjöstrand, S. Mrenna and P. Skands, A brief introduction to PYTHIA 8.1,

Comput. Phys. Commun. 178 (2008) 852, arXiv: 0710.3820 [hep-ph].

[118] ATLAS Collaboration, ATLAS Pythia 8 tunes to 7 TeV data, ATL-PHYS-PUB-2014-021, 2014,

url: https://cds.cern.ch/record/1966419.

[119] A. Dedes, M. Paraskevas, J. Rosiek, K. Suxho and L. Trifyllis,

The decay ℎ→ WW in the Standard-Model Effective Field Theory, JHEP 08 (2018) 103,

arXiv: 1805.00302 [hep-ph].

[120] A. Dedes, K. Suxho and L. Trifyllis,

The decay ℎ→ /W in the Standard-Model Effective Field Theory, JHEP 06 (2019) 115,

arXiv: 1903.12046 [hep-ph].

[121] ATLAS Collaboration, ATLAS Computing Acknowledgements, ATL-SOFT-PUB-2026-001, 2026,

url: https://cds.cern.ch/record/2952666.

100



























23 (0)Facultad de Ciencias y Centro de Investigaciónes, Universidad Antonio Nariño,

Bogotá;(1)Departamento de Física, Universidad Nacional de Colombia, Bogotá; Colombia.
24 (0)Dipartimento di Fisica e Astronomia A. Righi, Università di Bologna, Bologna;(1) INFN Sezione di

Bologna; Italy.
25Physikalisches Institut, Universität Bonn, Bonn; Germany.
26Department of Physics, Boston University, Boston MA; United States of America.
27Department of Physics, Brandeis University, Waltham MA; United States of America.
28 (0)Transilvania University of Brasov, Brasov;(1)Horia Hulubei National Institute of Physics and Nuclear

Engineering, Bucharest;(2)Department of Physics, Alexandru Ioan Cuza University of Iasi, Iasi;(3)National

Institute for Research and Development of Isotopic and Molecular Technologies, Physics Department,

Cluj-Napoca;(4)National University of Science and Technology Politechnica, Bucharest;( 5 )West

University in Timisoara, Timisoara;(6)Faculty of Physics, University of Bucharest, Bucharest; Romania.
29 (0)Faculty of Mathematics, Physics and Informatics, Comenius University, Bratislava;(1)Department of

Subnuclear Physics, Institute of Experimental Physics of the Slovak Academy of Sciences, Kosice; Slovak

Republic.
30Physics Department, Brookhaven National Laboratory, Upton NY; United States of America.
31Universidad de Buenos Aires, Facultad de Ciencias Exactas y Naturales, Departamento de Física, y

CONICET, Instituto de Física de Buenos Aires (IFIBA), Buenos Aires; Argentina.
32California State University, CA; United States of America.
33Cavendish Laboratory, University of Cambridge, Cambridge; United Kingdom.
34 (0)Department of Physics, University of Cape Town, Cape Town;(1) iThemba Labs, Western

Cape;(2)Department of Mechanical Engineering Science, University of Johannesburg,

Johannesburg;(3)National Institute of Physics, University of the Philippines Diliman

(Philippines);(4)Department of Physics, Stellenbosch University, Matieland;( 5 )University of

KwaZulu-Natal, School of Agriculture and Science, Mathematics, Westville;(6)University of South Africa,

Department of Physics, Pretoria;(ℎ)University of Pretoria, Department of Mechanical and Aeronautical

Engineering, Pretoria;(8)University of Zululand, KwaDlangezwa;( 9 )School of Physics, University of the

Witwatersrand, Johannesburg; South Africa.
35Department of Physics, Carleton University, Ottawa ON; Canada.
36 (0)Faculté des Sciences Ain Chock, Université Hassan II de Casablanca;(1)Faculté des Sciences,

Université Ibn-Tofail, Kénitra;(2)Faculté des Sciences Semlalia, Université Cadi Ayyad,

LPHEA-Marrakech;(3)LPMR, Faculté des Sciences, Université Mohamed Premier, Oujda;(4)Faculté des

sciences, Université Mohammed V, Rabat;( 5 ) Institute of Applied Physics, Mohammed VI Polytechnic

University, Ben Guerir; Morocco.
37CERN, Geneva; Switzerland.
38Affiliated with an international laboratory covered by a cooperation agreement with CERN.
39Enrico Fermi Institute, University of Chicago, Chicago IL; United States of America.
40LPC, Université Clermont Auvergne, CNRS/IN2P3, Clermont-Ferrand; France.
41Nevis Laboratory, Columbia University, Irvington NY; United States of America.
42Niels Bohr Institute, University of Copenhagen, Copenhagen; Denmark.
43 (0)Dipartimento di Fisica, Università della Calabria, Rende;(1) INFN Gruppo Collegato di Cosenza,

Laboratori Nazionali di Frascati; Italy.
44Physics Department, Southern Methodist University, Dallas TX; United States of America.
45National Centre for Scientific Research "Demokritos", Agia Paraskevi; Greece.
46 (0)Department of Physics, Stockholm University;(1)Oskar Klein Centre, Stockholm; Sweden.
47Deutsches Elektronen-Synchrotron DESY, Hamburg and Zeuthen; Germany.
48Fakultät Physik, Technische Universität Dortmund, Dortmund; Germany.

113



49Institut für Kern- und Teilchenphysik, Technische Universität Dresden, Dresden; Germany.
50Department of Physics, Duke University, Durham NC; United States of America.
51SUPA - School of Physics and Astronomy, University of Edinburgh, Edinburgh; United Kingdom.
52INFN e Laboratori Nazionali di Frascati, Frascati; Italy.
53Physikalisches Institut, Albert-Ludwigs-Universität Freiburg, Freiburg; Germany.
54II. Physikalisches Institut, Georg-August-Universität Göttingen, Göttingen; Germany.
55Département de Physique Nucléaire et Corpusculaire, Université de Genève, Genève; Switzerland.
56 (0)Dipartimento di Fisica, Università di Genova, Genova;(1) INFN Sezione di Genova; Italy.
57II. Physikalisches Institut, Justus-Liebig-Universität Giessen, Giessen; Germany.
58SUPA - School of Physics and Astronomy, University of Glasgow, Glasgow; United Kingdom.
59LPSC, Université Grenoble Alpes, CNRS/IN2P3, Grenoble INP, Grenoble; France.
60Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge MA; United States of

America.
61Department of Modern Physics and State Key Laboratory of Particle Detection and Electronics,

University of Science and Technology of China, Hefei; China.
62 (0)Kirchhoff-Institut für Physik, Ruprecht-Karls-Universität Heidelberg, Heidelberg;(1)Physikalisches

Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg; Germany.
63 (0)Department of Physics, Chinese University of Hong Kong, Shatin, N.T., Hong Kong;(1)Department

of Physics, University of Hong Kong, Hong Kong;(2)Department of Physics and Institute for Advanced

Study, Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong; China.
64Department of Physics, National Tsing Hua University, Hsinchu; Taiwan.
65IJCLab, Université Paris-Saclay, CNRS/IN2P3, 91405, Orsay; France.
66Centro Nacional de Microelectrónica (IMB-CNM-CSIC), Barcelona; Spain.
67Department of Physics, Indiana University, Bloomington IN; United States of America.
68 (0) INFN Gruppo Collegato di Udine, Sezione di Trieste, Udine;(1) ICTP, Trieste;(2)Dipartimento

Politecnico di Ingegneria e Architettura, Università di Udine, Udine; Italy.
69 (0) INFN Sezione di Lecce;(1)Dipartimento di Matematica e Fisica, Università del Salento, Lecce; Italy.
70 (0) INFN Sezione di Milano;(1)Dipartimento di Fisica, Università di Milano, Milano; Italy.
71 (0) INFN Sezione di Napoli;(1)Dipartimento di Fisica, Università di Napoli, Napoli; Italy.
72 (0) INFN Sezione di Pavia;(1)Dipartimento di Fisica, Università di Pavia, Pavia; Italy.
73 (0) INFN Sezione di Pisa;(1)Dipartimento di Fisica E. Fermi, Università di Pisa, Pisa; Italy.
74 (0) INFN Sezione di Roma;(1)Dipartimento di Fisica, Sapienza Università di Roma, Roma; Italy.
75 (0) INFN Sezione di Roma Tor Vergata;(1)Dipartimento di Fisica, Università di Roma Tor Vergata,

Roma; Italy.
76 (0) INFN Sezione di Roma Tre;(1)Dipartimento di Matematica e Fisica, Università Roma Tre, Roma;

Italy.
77 (0) INFN-TIFPA;(1)Università degli Studi di Trento, Trento; Italy.
78Universität Innsbruck, Department of Astro and Particle Physics, Innsbruck; Austria.
79Department of Physics and Astronomy, Iowa State University, Ames IA; United States of America.
80Istinye University, Sariyer, Istanbul; Türkiye.
81 (0)Departamento de Engenharia Elétrica, Universidade Federal de Juiz de Fora (UFJF), Juiz de

Fora;(1)Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro;(2) Instituto de Física,

Universidade de São Paulo, São Paulo;(3)Rio de Janeiro State University, Rio de Janeiro;(4)Federal

University of Bahia, Bahia; Brazil.
82KEK, High Energy Accelerator Research Organization, Tsukuba; Japan.
83 (0)Khalifa University of Science and Technology, Abu Dhabi;(1)New York University Abu Dhabi, Abu

Dhabi;(2)United Arab Emirates University, Al Ain;(3)University of Sharjah, Sharjah; United Arab

114



Emirates.
84Graduate School of Science, Kobe University, Kobe; Japan.
85 (0)AGH University of Krakow, Faculty of Physics and Applied Computer Science, Krakow;(1)Marian

Smoluchowski Institute of Physics, Jagiellonian University, Krakow; Poland.
86Institute of Nuclear Physics Polish Academy of Sciences, Krakow; Poland.
87Faculty of Science, Kyoto University, Kyoto; Japan.
88Research Center for Advanced Particle Physics and Department of Physics, Kyushu University, Fukuoka ;

Japan.
89L2IT, Université de Toulouse, CNRS/IN2P3, UPS, Toulouse; France.
90Instituto de Física La Plata, Universidad Nacional de La Plata and CONICET, La Plata; Argentina.
91Physics Department, Lancaster University, Lancaster; United Kingdom.
92Oliver Lodge Laboratory, University of Liverpool, Liverpool; United Kingdom.
93Department of Experimental Particle Physics, Jožef Stefan Institute and Department of Physics,

University of Ljubljana, Ljubljana; Slovenia.
94Department of Physics and Astronomy, Queen Mary University of London, London; United Kingdom.
95Department of Physics, Royal Holloway University of London, Egham; United Kingdom.
96Department of Physics and Astronomy, University College London, London; United Kingdom.
97Louisiana Tech University, Ruston LA; United States of America.
98Fysiska institutionen, Lunds universitet, Lund; Sweden.
99Departamento de Física Teorica C-15 and CIAFF, Universidad Autónoma de Madrid, Madrid; Spain.
100Institut für Physik, Universität Mainz, Mainz; Germany.
101School of Physics and Astronomy, University of Manchester, Manchester; United Kingdom.
102CPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille; France.
103Department of Physics, University of Massachusetts, Amherst MA; United States of America.
104Department of Physics, McGill University, Montreal QC; Canada.
105School of Physics, University of Melbourne, Victoria; Australia.
106Department of Physics, University of Michigan, Ann Arbor MI; United States of America.
107Department of Physics and Astronomy, Michigan State University, East Lansing MI; United States of

America.
108Group of Particle Physics, University of Montreal, Montreal QC; Canada.
109Fakultät für Physik, Ludwig-Maximilians-Universität München, München; Germany.
110Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), München; Germany.
111Graduate School of Science and Kobayashi-Maskawa Institute, Nagoya University, Nagoya; Japan.
112 (0)Department of Physics, Nanjing University, Nanjing;(1)School of Science, Shenzhen Campus of Sun

Yat-sen University;(2)University of Chinese Academy of Science (UCAS), Beijing; China.
113 (0)School of Physics, Nankai University, Tianjin;(1) Institute of Frontier and Interdisciplinary Science

and Key Laboratory of Particle Physics and Particle Irradiation (MOE), Shandong University,

Qingdao;(2)School of Physics, Zhengzhou University; China.
114Department of Physics and Astronomy, University of New Mexico, Albuquerque NM; United States of

America.
115Institute for Mathematics, Astrophysics and Particle Physics, Radboud University/Nikhef, Nijmegen;

Netherlands.
116Nikhef National Institute for Subatomic Physics and University of Amsterdam, Amsterdam;

Netherlands.
117Department of Physics, Northern Illinois University, DeKalb IL; United States of America.
118Department of Physics, New York University, New York NY; United States of America.
119Ochanomizu University, Otsuka, Bunkyo-ku, Tokyo; Japan.

115



120Ohio State University, Columbus OH; United States of America.
121Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman OK; United

States of America.
122Department of Physics, Oklahoma State University, Stillwater OK; United States of America.
123Palacký University, Joint Laboratory of Optics, Olomouc; Czech Republic.
124Institute for Fundamental Science, University of Oregon, Eugene, OR; United States of America.
125Graduate School of Science, University of Osaka, Osaka; Japan.
126Department of Physics, University of Oslo, Oslo; Norway.
127Department of Physics, Oxford University, Oxford; United Kingdom.
128LPNHE, Sorbonne Université, Université Paris Cité, CNRS/IN2P3, Paris; France.
129Department of Physics, University of Pennsylvania, Philadelphia PA; United States of America.
130Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh PA; United States of

America.
131 (0)Laboratório de Instrumentação e Física Experimental de Partículas - LIP, Lisboa;(1)Departamento

de Física, Faculdade de Ciências, Universidade de Lisboa, Lisboa;(2)Departamento de Física,

Universidade de Coimbra, Coimbra;(3)Centro de Física Nuclear da Universidade de Lisboa,

Lisboa;(4)Departamento de Física, Escola de Ciências, Universidade do Minho, Braga;( 5 )Departamento

de Física Teórica y del Cosmos, Universidad de Granada, Granada (Spain);(6)Departamento de Física,

Instituto Superior Técnico, Universidade de Lisboa, Lisboa; Portugal.
132Institute of Physics of the Czech Academy of Sciences, Prague; Czech Republic.
133Czech Technical University in Prague, Prague; Czech Republic.
134Charles University, Faculty of Mathematics and Physics, Prague; Czech Republic.
135Particle Physics Department, Rutherford Appleton Laboratory, Didcot; United Kingdom.
136IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette; France.
137Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz CA; United

States of America.
138 (0)Departamento de Física, Pontificia Universidad Católica de Chile, Santiago;(1)Millennium Institute

for Subatomic physics at high energy frontier (SAPHIR), Santiago;(2) Instituto de Investigación

Multidisciplinario en Ciencia y Tecnología, y Departamento de Física, Universidad de La

Serena;(3)Universidad Andres Bello, Department of Physics, Santiago;(4)Universidad San Sebastian,

Recoleta;( 5 ) Instituto de Alta Investigación, Universidad de Tarapacá, Arica;(6)Departamento de Física,

Universidad Técnica Federico Santa María, Valparaíso; Chile.
139Department of Physics, Institute of Science, Tokyo; Japan.
140Department of Physics, University of Washington, Seattle WA; United States of America.
141 (0)State Key Laboratory of Dark Matter Physics, School of Physics and Astronomy, Shanghai Jiao Tong

University, Key Laboratory for Particle Astrophysics and Cosmology (MOE), SKLPPC, Shanghai;(1)State

Key Laboratory of Dark Matter Physics, Tsung-Dao Lee Institute, Shanghai Jiao Tong University,

Shanghai; China.
142Department of Physics and Astronomy, University of Sheffield, Sheffield; United Kingdom.
143Department of Physics, Shinshu University, Nagano; Japan.
144Department Physik, Universität Siegen, Siegen; Germany.
145Department of Physics, Simon Fraser University, Burnaby BC; Canada.
146SLAC National Accelerator Laboratory, Stanford CA; United States of America.
147Department of Physics, Royal Institute of Technology, Stockholm; Sweden.
148Departments of Physics and Astronomy, Stony Brook University, Stony Brook NY; United States of

America.
149Department of Physics and Astronomy, University of Sussex, Brighton; United Kingdom.

116



150School of Physics, University of Sydney, Sydney; Australia.
151Institute of Physics, Academia Sinica, Taipei; Taiwan.
152 (0)E. Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi State University, Tbilisi;(1)High

Energy Physics Institute, Tbilisi State University, Tbilisi;(2)University of Georgia, Tbilisi; Georgia.
153Department of Physics, Technion, Israel Institute of Technology, Haifa; Israel.
154Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv; Israel.
155Department of Physics, Aristotle University of Thessaloniki, Thessaloniki; Greece.
156International Center for Elementary Particle Physics and Department of Physics, University of Tokyo,

Tokyo; Japan.
157Graduate School of Science and Technology, Tokyo Metropolitan University, Tokyo; Japan.
158Department of Physics, University of Toronto, Toronto ON; Canada.
159 (0)TRIUMF, Vancouver BC;(1)Department of Physics and Astronomy, York University, Toronto ON;

Canada.
160Division of Physics and Tomonaga Center for the History of the Universe, Faculty of Pure and Applied

Sciences, University of Tsukuba, Tsukuba; Japan.
161Department of Physics and Astronomy, Tufts University, Medford MA; United States of America.
162Department of Physics and Astronomy, University of California Irvine, Irvine CA; United States of

America.
163Department of Physics and Astronomy, University of Uppsala, Uppsala; Sweden.
164Department of Physics, University of Illinois, Urbana IL; United States of America.
165Instituto de Física Corpuscular (IFIC), Centro Mixto Universidad de Valencia - CSIC, Valencia; Spain.
166Department of Physics, University of British Columbia, Vancouver BC; Canada.
167Department of Physics and Astronomy, University of Victoria, Victoria BC; Canada.
168Fakultät für Physik und Astronomie, Julius-Maximilians-Universität Würzburg, Würzburg; Germany.
169Department of Physics, University of Warwick, Coventry; United Kingdom.
170Waseda University, Tokyo; Japan.
171Department of Particle Physics and Astrophysics, Weizmann Institute of Science, Rehovot; Israel.
172Department of Physics, University of Wisconsin, Madison WI; United States of America.
173Fakultät für Mathematik und Naturwissenschaften, Fachgruppe Physik, Bergische Universität

Wuppertal, Wuppertal; Germany.
174Department of Physics, Yale University, New Haven CT; United States of America.
175Yerevan Physics Institute, Yerevan; Armenia.
0 Also at Affiliated with an institute formerly covered by a cooperation agreement with CERN.
1 Also at An-Najah National University, Nablus; Palestine.
2 Also at Borough of Manhattan Community College, City University of New York, New York NY; United

States of America.
3 Also at Center for Interdisciplinary Research and Innovation (CIRI-AUTH), Thessaloniki; Greece.
4 Also at Centre of Physics of the Universities of Minho and Porto (CF-UM-UP); Portugal.
5 Also at CERN, Geneva; Switzerland.
6 Also at Département de Physique Nucléaire et Corpusculaire, Université de Genève, Genève;

Switzerland.
ℎ Also at Departament de Fisica de la Universitat Autonoma de Barcelona, Barcelona; Spain.
8 Also at Department of Financial and Management Engineering, University of the Aegean, Chios; Greece.
9 Also at Department of Modern Physics and State Key Laboratory of Particle Detection and Electronics,

University of Science and Technology of China, Hefei; China.
: Also at Department of Physics, Ben Gurion University of the Negev, Beer Sheva; Israel.
; Also at Department of Physics, Bolu Abant Izzet Baysal University, Bolu; Türkiye.

117



< Also at Department of Physics, King’s College London, London; United Kingdom.
= Also at Department of Physics, Stellenbosch University; South Africa.
> Also at Department of Physics, University of Fribourg, Fribourg; Switzerland.
? Also at Department of Physics, University of Thessaly; Greece.
@ Also at Department of Physics, Westmont College, Santa Barbara; United States of America.
A Also at Faculty of Physics, Sofia University, ’St. Kliment Ohridski’, Sofia; Bulgaria.
B Also at Faculty of Physics, University of Bucharest; Romania.
C Also at Hellenic Open University, Patras; Greece.
D Also at Henan University; China.
E Also at Imam Mohammad Ibn Saud Islamic University; Saudi Arabia.
F Also at Indian Institute of Technology (IIT), Jodhpur; India.
G Also at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona; Spain.
H Also at Institut für Experimentalphysik, Universität Hamburg, Hamburg; Germany.
I Also at Institute for Nuclear Research and Nuclear Energy (INRNE) of the Bulgarian Academy of

Sciences, Sofia; Bulgaria.
00 Also at Institute of Applied Physics, Mohammed VI Polytechnic University, Ben Guerir; Morocco.
01 Also at Institute of Particle Physics (IPP); Canada.
02 Also at Institute of Physics and Technology, Mongolian Academy of Sciences, Ulaanbaatar; Mongolia.
03 Also at Institute of Physics, Azerbaijan Academy of Sciences, Baku; Azerbaijan.
04 Also at Institute of Theoretical Physics, Ilia State University, Tbilisi; Georgia.
0 5 Also at Millennium Institute for Subatomic physics at high energy frontier (SAPHIR), Santiago; Chile.
06 Also at National Institute of Physics, University of the Philippines Diliman (Philippines); Philippines.
0ℎ Also at School of Physics, University of the Witwatersrand, Johannesburg; South Africa.
08 Also at The Collaborative Innovation Center of Quantum Matter (CICQM), Beijing; China.
0 9 Also at TRIUMF, Vancouver BC; Canada.
0: Also at Università di Napoli Parthenope, Napoli; Italy.
0; Also at Universita degli Studi Link; Italy.
0< Also at University and INFN Torino, Torino; Italy.
0= Also at University of Chinese Academy of Sciences (UCAS), Beijing; China.
0> Also at University of Colorado Boulder, Department of Physics, Colorado; United States of America.
0? Also at University of Siena; Italy.
0@ Also at Washington College, Chestertown, MD; United States of America.
0A Also at Yeditepe University, Physics Department, Istanbul; Türkiye.
∗ Deceased

118


