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A detailed map of Higgs boson interactions 
by the ATLAS experiment ten years after the 
discovery

The ATLAS Collaboration1 ✉

The standard model of particle physics1–4 describes the known fundamental particles 

and forces that make up our Universe, with the exception of gravity. One of the central 

features of the standard model is a field that permeates all of space and interacts with 

fundamental particles5–9. The quantum excitation of this field, known as the Higgs 

field, manifests itself as the Higgs boson, the only fundamental particle with no spin. 

In 2012, a particle with properties consistent with the Higgs boson of the standard 

model was observed by the ATLAS and CMS experiments at the Large Hadron Collider 

at CERN10,11. Since then, more than 30 times as many Higgs bosons have been recorded 

by the ATLAS experiment, enabling much more precise measurements and new tests 

of the theory. Here, on the basis of this larger dataset, we combine an unprecedented 

number of production and decay processes of the Higgs boson to scrutinize its 

interactions with elementary particles. Interactions with gluons, photons, and W and 

Z bosons—the carriers of the strong, electromagnetic and weak forces—are studied in 

detail. Interactions with three third-generation matter particles (bottom (b) and top 

(t) quarks, and tau leptons (τ)) are well measured and indications of interactions with a 

second-generation particle (muons, μ) are emerging. These tests reveal that the Higgs 

boson discovered ten years ago is remarkably consistent with the predictions of the 

theory and provide stringent constraints on many models of new phenomena beyond 

the standard model.

The standard model of particle physics has been tested by many experi-

ments since its formulation1–4 and, after accounting for the neutrino 

masses, no discrepancies between experimental observations and 

its predictions have been established so far. A central feature of the 

standard model is the existence of a spinless quantum field that per-

meates the Universe and gives mass to massive elementary particles. 

Testing the existence and properties of this field and its associated 

particle, the Higgs boson, has been one of the main goals of particle 

physics for several decades. In the standard model, the strength of 

the interaction, or ‘coupling’, between the Higgs boson and a given 

particle is fully defined by the particle’s mass and type. There is no 

direct coupling to the massless standard model force mediators, the 

photons and gluons, whereas there are three types of couplings to mas-

sive particles in the theory. The first is the ‘gauge’ coupling of the Higgs 

boson to the mediators of the weak force, the W and Z vector bosons. 

Demonstrating the existence of gauge couplings is an essential test of 

the spontaneous electroweak symmetry-breaking mechanism5–9. The 

second type of coupling involves another fundamental interaction, the 

Yukawa interaction, between the Higgs boson and matter particles, or 

fermions. The third type of coupling is the ‘self-coupling’ of the Higgs 

boson to itself. A central prediction of the theory is that the couplings 

scale with the particle masses and they are all precisely predicted once 

all the particle masses are known. The experimental determination of 

the couplings of the Higgs boson to each individual particle therefore 

provides important and independent tests of the standard model. It 

also provides stringent constraints on theories beyond the standard 

model, which generally predict different patterns of coupling values.

In 2012, the ATLAS12 and CMS13 experiments at the Large Hadron 

Collider (LHC)14 at CERN announced the discovery of a new particle 

with properties consistent with those predicted for the Higgs boson 

of the standard model10,11. More precise measurements that used all 

of the proton–proton collision data taken during the first data-taking 

period from 2011 to 2012 at the LHC (Run 1) showed evidence that, in 

contrast to all other known fundamental particles, the properties of 

the discovered particle were consistent with the hypothesis that it has 

no spin15,16. Alternate spin-1 and spin-2 hypotheses were also tested and 

were excluded at a high level of confidence. Investigations of the charge 

conjugation and parity (CP) properties of the new particle were also 

performed, demonstrating consistency with the CP-even quantum 

state predicted by the standard model, while still allowing for small 

admixtures of non-standard model CP-even or CP-odd states15,16. Limits 

on the particle’s lifetime were obtained through indirect measurements 

of its natural width15–19. In addition, more precise measurements of 

the new particle’s interactions with other elementary particles were 

achieved20. The results of all these investigations demonstrated that 

its properties were compatible with those of the standard model Higgs 
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boson. However, the statistical uncertainties associated with these early 

measurements allowed considerable room for possible interpretations 

of the data in terms of new phenomena beyond the standard model and 

left many predictions of the standard model untested.

The characterization of the Higgs boson continued during the Run 2 

data-taking period between 2015 and 2018. About 9 million Higgs bos-

ons are predicted to have been produced in the ATLAS detector during 

this period, of which only about 0.3% are experimentally accessible. This 

is 30 times more events than at the time of its discovery, owing to the 

higher rate of collisions and the increase of the collision energy from 

8 teraelectronvolts (TeV) to 13 TeV, which raises the production rate. In 

this Article, the full Run 2 dataset, corresponding to an integrated lumi-

nosity of 139 inverse femtobarns (fb−1), is used for the measurements of 

Higgs boson production and decay rates, which are used to study the 

couplings between the Higgs boson and the particles involved. This 

improves on the previous measurements obtained with partial Run 2 

datasets21,22. The corresponding predictions depend on the value of 

the Higgs boson mass, which has now been measured by the ATLAS 

and CMS experiments23–25 with an uncertainty of approximately 0.1%. 

The predictions employed in this article use the combined central 

value of 125.09 GeV23.

The dominant production process at the LHC, which accounts for 

about 87% of Higgs boson production, is the heavy-quark loop-mediated 

gluon–gluon fusion process (ggF). The second most copious process 

is vector boson fusion (VBF), in which two weak bosons, either Z or W 

bosons, fuse to produce a Higgs boson (7%). Next in rate is production 

of a Higgs boson in association with a weak (V = W, Z) boson (4%). Pro-

duction of a Higgs boson in association with a pair of top quarks ttH( ) 

or bottom quarks bbH( ) each account for about 1% of the total rate. 

The contribution of other qqH processes is much smaller and experi-

mentally not accessible. Only about 0.05% of Higgs bosons are pro-

duced in association with a single top quark (tH). Representative 

Feynman diagrams of these processes are shown in Fig. 1a–e. After it 

is produced, the Higgs boson is predicted to decay almost instantly, 

with a lifetime of 1.6 × 10−22 seconds. More than 90% of these decays 

are via eight decay modes (Fig. 1f–i): decays into gauge boson pairs, 

that is, W bosons with a probability, or branching fraction, of 22%, Z 

bosons 3%, photons (γ) 0.2%, Z boson and photon 0.2%, as well as decays 

into fermion pairs, that is, b quarks 58%, c quarks 3%, τ leptons 6%, and 

muons (μ) 0.02%. There may also be decays of the Higgs boson into 

invisible particles, above the standard model prediction of 0.1%, which 

are also searched for. Such decays are possible in theories beyond the 

standard model, postulating, for example, the existence of dark matter 

particles that do not interact with the detector.

In this Article, the mutually exclusive measurements of Higgs boson 

production and decays probing all processes listed above are combined, 

taking into account the correlations among their uncertainties. In a 

single measurement, different couplings generally contribute in the 

production and decay. The combination of all measurements is there-

fore necessary to constrain these couplings individually. This enables 

key tests of the Higgs sector of the standard model to be performed, 

including the determination of the coupling strengths of the Higgs 

boson to various fundamental particles and a comprehensive study of 

the kinematic properties of Higgs boson production. The latter could 

reveal new phenomena beyond the standard model that are not observ-

able through measurements of the coupling strengths.

The ATLAS detector at the LHC

The ATLAS experiment12 at the LHC is a multipurpose particle detec-

tor with a forward–backward symmetric, cylindrical geometry and a 

near 4π coverage in solid angle. The detector records digitized signals 

produced by the products of LHC’s proton bunch collisions, 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, τ leptons and photons, as well as gluons 

and quarks, which produce collimated jets of particles in the detector.  

Because the jets from b quarks and c quarks contain hadrons with rela-

tively long lifetimes, they can be identified by observing a decay vertex, 

which typically occurs at a measurable distance from the collision 

point. The presence of particles that do not interact with the 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 calorimeters that are used in the identification of parti-

cles and in the measurement of their energies. The calorimeters are in 

turn surrounded by an outer spectrometer dedicated to measuring the 

trajectories and momenta of muons, the only charged particle to travel 

through the calorimeters. A two-level trigger system was optimized 

for Run 2 data-taking26 to select events of interest at a rate of about 

1 kHz from the proton bunch collisions occurring at a rate of 40 MHz. 

An extensive software suite27 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.

Input measurements and combination procedure

Physics analyses typically focus on particular production and decay pro-

cesses and measure the number of Higgs boson candidates observed 

after accounting for non-Higgs background processes. To determine 
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Fig. 1 | Examples of Feynman diagrams for Higgs boson production and 

decay. a–e, The Higgs boson is produced via gluon–gluon fusion (a), vector 

boson fusion (VBF; b) and associated production with vector bosons (c), top or 

b quark pairs (d), or a single top quark (e). f–i, The Higgs boson decays into a 

pair of vector bosons (f), a pair of photons or a Z boson and a photon (g), a pair 

of quarks (h), and a pair of charged leptons (i). Loop-induced Higgs boson 

interactions with gluons or photons are shown in blue, and processes involving 

couplings to W or Z bosons in green, to quarks in orange, and to leptons in red. 

Two different shades of green (orange) are used to separate the VBF and VH  

(ttH and tH) production processes.
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the strengths of the interactions of the Higgs boson, simultaneous fits 

with different physically motivated assumptions are performed on a 

combined set of complementary measurements. The relative weights 

of the input measurements in the combination depend on the analysis 

selection efficiencies, on the signal rates associated with the Higgs 

processes studied by the analysis, on the signal-to-background ratios, 

and on the associated systematic uncertainties.

For each decay mode entering the combination, the production pro-

cess is assessed via event classification based on the properties of par-

ticles produced in association with the Higgs boson, mostly via 

dedicated machine-learning approaches. Unless stated otherwise, 

studies of each decay mode consider all individual or combined con-

tributions from six production processes: ggF, VBF, WH, ZH, ttH and tH. 

Higgs boson interactions are further explored via additional event clas-

sification of each production process based on the kinematic properties 

of the produced Higgs boson and the associated particles.

The input to the combined measurement includes the latest results 

from the decay modes that initially led to the Higgs boson discovery: 

H → ZZ → ℓ+ℓ−ℓ+ℓ− decays28 with two Z bosons that subsequently  

decay into a pair of oppositely charged electrons or muons; H → 

W ±W∓ → ℓ±νℓℓ
∓νℓ decays targeting separately the ggF and VBF29, and 

WH and ZH30 production processes; and H → γγ decays31 with two 

high-energy photons. The latter is the only measurement used to 

discriminate between the ttH and tH processes. These diboson decay 

modes are for the first time complemented by a search for the rare 

H → Zγ → ℓ+ℓ−γ decay32. The decays of Higgs bosons to fermions are 

also extensively explored. The measurement of the dominant H bb→  

decay mode is particularly challenging owing to a very large multi-jet 

background, which can be suppressed by requiring the presence of 

additional particles characteristic of the WH or ZH33,34, VBF35 and ttH36  

production processes. As a new input, the fully hadronic H bb→   

signal events with large Higgs boson transverse momentum are also 

considered37, providing for the first time sensitivity to the ggF pro-

duction process in this decay mode. The sensitivity of the latest meas-

urement in the H → τ+τ− decay mode38 is now extended to the VH and 

combined ttH  and tH production processes. In addition to the ttH  

measurements obtained in the γγ, τ+τ− and ZZ decay modes, a com-

plementary analysis that is sensitive to τ+τ−, W W± ∓ and ZZ decays is 

performed using events with multiple leptons in the final state39. The 

considerably more challenging measurements of Higgs boson cou-

plings to second-generation fermions are explored via searches for 

the H → μ+μ− decay40 and, included in the combination for the first 

time, H cc→  decay41. Owing to the large multi-jet background, the 

latter decay mode is currently accessed only via WH and ZH produc-

tion. Finally, the inputs to the combination are complemented by the 

latest direct searches in the VBF and ZH production processes for 

Higgs boson decays into invisible particles that escape the detector42,43. 

A summary of these input measurements used in the combination is 

available in Extended Data Table 1.

All input measurements are performed with the full set of Run 2 data, 

except for the measurements of previous works30,39, which use a partial 

Run 2 dataset collected during 2015 and 2016. The direct searches for 

invisible Higgs boson decays and the H cc→  measurements are 

employed only for measurements of the relevant Higgs boson coupling 

strengths, and the H bb→  measurements at high Higgs boson transverse 

momenta37 are considered only when probing the kinematic properties 

of Higgs boson production. All other inputs are used for the measure-

ments of production cross-sections, branching fractions and coupling 

strengths. The measurement of kinematic properties of Higgs boson 

production excludes input measurements from previous works30,32,39–41, 

owing to their limited sensitivity.

Analyses performed with the Run 2 data introduce a number of 

improvements, often resulting in up to 50% better signal sensitivities 

compared to those expected from just the increase in the analysed 

amount of data. These improvements include better particle 

reconstruction (optimized to cope with an increased number of proton 

interactions per bunch crossing), dedicated reconstruction of highly 

Lorentz-boosted H bb→  decays, a greater number of simulated events, 

higher granularity of the kinematic regions that are probed in each 

production process, and improved signal and background theory pre-

dictions.

The standard model is tested by comparing the observed signal 

rates to theory predictions that require state-of-the-art calculations 

of Higgs boson production cross-sections and branching fractions44–50. 

All signal reconstruction efficiencies and most background rates are 

predicted from the simulation. The simulation is complemented by 

the use of dedicated signal-depleted control data for measurements 

of selected background processes and to constrain signal-selection 

efficiencies. A common set of event generators were used in all analyses 

to describe the gluon and quark interactions in the proton–proton 

collisions. The generated particles were passed through a detailed 

simulation of the ATLAS detector response prior to their reconstruc-

tion and identification.

The statistical analysis of the data is described in more detail in 

Methods. It relies on a likelihood formalism, where the product of the 

likelihood functions describing each of the input measurements is 

calculated in order to obtain a combined likelihood51. The effects of 

experimental and theoretical systematic uncertainties on the predicted 

signal and background yields are implemented by including nuisance 

parameters in the likelihood function. The values of those additional 

parameters are either fully determined by the included data, or con-

strained by Gaussian terms that multiply the likelihood. The effects 

of uncertainties that affect multiple measurements are propagated 

coherently through the fit by using common nuisance parameters.

The statistical test of a given signal hypothesis, used for the measure-

ment of the parameters of interest, is performed with a test statistic that 

is based on the profile likelihood ratio52. The confidence intervals of the 

measured parameters and the p value used to test the compatibility of 

the results and the standard model predictions are constructed from the 

test statistic distribution, which is obtained using asymptotic formulae52.

The total uncertainty in the measurement of a given parameter of 

interest can be decomposed into different components. The statisti-

cal uncertainty is obtained from a fit with all externally constrained 

nuisance parameters set to their best-fit values. The systematic uncer-

tainty, the squared value of which is evaluated as the difference between 

the squares of the total uncertainty and the statistical uncertainty, 

can be decomposed into categories by setting all relevant subsets of 

nuisance parameters to their best-fit values.

Combined measurement with ATLAS Run 2 data

The Higgs boson production rates are probed by the likelihood fit 

to observed signal yields described earlier. Because the production 

cross-section σi and the branching fraction Bf for a specific produc-

tion process i and decay mode f cannot be measured separately  

without further assumptions, the observed signal yield for a given 

process is expressed in terms of a single signal strength modifier 

μ σ σ B B= ( / )( / )
if i i f f

SM SM , where the superscript ‘SM’ denotes the corre-

sponding standard model prediction. Assuming that all production 

and decay processes scale with the same global signal strength μ = μif, 

the inclusive Higgs boson production rate relative to the standard model 

prediction is measured to be

μ= 1.05 ± 0.06

= 1.05 ± 0.03(stat.) ± 0.03(exp.) ± 0.04(sig. th.) ± 0.02(bkg. th.).

The total measurement uncertainty is decomposed into components 

for statistical uncertainties, experimental systematic uncertainties, 

and theory uncertainties in both signal and background modelling. 

Both the experimental and the theoretical uncertainties are almost 
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a factor of two lower than in the Run 1 result20. The presented meas-

urement supersedes the previous ATLAS combination with a partial 

Run 2 dataset22, decreasing the latest total measurement uncertainty 

by about 30%.

Higgs boson production is also studied per individual process.  

As opposed to the top quark decay products from ttH production, the 

identification efficiency of b jets from the bbH production is low, mak-

ing the bbH  process experimentally indistinguishable from ggF pro-

duction. The bbH and ggF processes are therefore grouped together, 

with bbH contributing a relatively small amount: of the order of 1% to 

the total bbHggF + ¯  production. In cases where several processes are 

combined, the combination assumes the relative fractions of the com-

ponents to be those from the standard model within corresponding 

theory uncertainties. Results are obtained from the fit to the data, 

where the cross-section of each production process is a free parameter 

of the fit. Higgs boson decay branching fractions are set to their stand-

ard model values, within the uncertainties specified previously44. The 

results are shown in Fig. 2a.

All measurement results are compatible with the standard model 

predictions. For the ggF and VBF production processes, which were 

previously observed in Run 1 data, the cross-sections are measured 

with a precision of 7% and 12%, respectively. The following production 

processes are now also observed: WH with an observed (expected) 

signal significance of 5.8 (5.1) standard deviations (σ), ZH with 5.0σ 

(5.5σ) and the combined ttH  and tH production processes with 6.4σ 

(6.6σ), where the expected signal significances are obtained under the 

standard model hypothesis. The separate ttH  and tH measurements 

lead to an observed (expected) upper limit on tH production of 15 (7) 

times the standard model prediction at the 95% confidence level (CL), 

with a relatively large negative correlation coefficient of 56% between 

the two measurements. This is due to cross-contamination between 

the ttH and tH processes in the set of reconstructed events that provide 

the highest sensitivity to these production processes.

Branching fractions of individual Higgs boson decay modes are 

measured by setting the cross-sections for Higgs boson production 

processes to their respective standard model values. The results are 

shown in Fig. 2b. The branching fractions of the γγ, ZZ, W W± ∓ and τ+τ− 

decays, which were already observed in the Run 1 data, are measured 

with a precision ranging from 10% to 12%. The bb  decay mode is 

observed with a signal significance of 7.0σ (expected 7.7σ), and the 

observed (expected) signal significances for the H → μ+μ− and H → Zγ 

decays are 2.0σ (1.7σ) and 2.3σ (1.1σ), respectively.

The assumptions about the relative contributions of different decay 

or production processes in the above measurements are relaxed by 

directly measuring the product of production cross-section and 

branching fraction for different combinations of production and 

decay processes. The corresponding results are shown in Fig. 3. The 

measurements are in agreement with the standard model prediction.

To determine the value of a particular Higgs boson coupling strength, 

a simultaneous fit of many individual production times branching 
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fraction measurements is required. The coupling fit presented here 

is performed within the κ framework53 with a set of parameters κ that 

affect the Higgs boson coupling strengths without altering any kin-

ematic distributions of a given process.

Within this framework, the cross-section times the branching frac-

tion for an individual measurement is parameterized in terms of the 

multiplicative coupling strength modifiers κ. A coupling strength 

modifier κp for a production or decay process via the coupling to a 

given particle p is defined as κ σ σ= /p p p
2 SM or κ Γ Γ= /p p p

2 SM, respectively, 

where Γp is the partial decay width into a pair of particles p. The param-

eterization takes into account that the total decay width depends on 

all decay modes included in the present measurements, as well as cur-

rently undetected or invisible, direct or indirect decays predicted by 

the standard model (such as those to gluons, light quarks or neutrinos) 

and the hypothetical decays into non-standard model particles. The 

decays to non-standard model particles are divided into decays to 

invisible particles and other decays that would be undetected owing 

to large backgrounds. The corresponding branching fractions for the 

two are denoted by Binv. and Bu., respectively.

In the following, three classes of models with progressively fewer 

assumptions about coupling strength modifiers are considered. Stand-

ard model values are assumed for the coupling strength modifiers of 

first-generation fermions, and the modifiers of the second-generation 

quarks are set to those of the third generation, except where κc is left 

free-floating in the fit. Owing to their small sizes, these couplings are 

not expected to noticeably affect any of the results. The ggF produc-

tion and the H → γγ and H → Zγ decays are loop-induced processes. 

They are either expressed in terms of the more fundamental coupling 

strength scale factors corresponding to the particles that contribute 

to the loop-induced processes in the standard model, or treated using 

effective coupling strength modifiers κg, κγ and κZγ, respectively. The 

latter scenario accounts for possible loop contributions from par-

ticles beyond the standard model. The small contribution from the 

loop-induced gg → ZH process is always parameterized in terms of the 

couplings to the corresponding standard model particles.

The first model tests one scale factor for the vector bosons, 

κV = κW = κZ, and a second, κF, which applies to all fermions. In general, 

the standard model prediction of κV = κF = 1 does not hold in extensions 

of the standard model. For example, the values of κV and κF would be 

less than 1 in models in which the Higgs boson is a composite particle. 

The effective couplings corresponding to the ggF, H → γγ and H → Zγ 

loop-induced processes are parameterized in terms of the fundamental 

standard model couplings. It is assumed that there are no invisible or 

undetected Higgs boson decays beyond the standard model, that is, 

Binv. = Bu. = 0. As only the relative sign between κV and κF is physical and 

a negative relative sign has been excluded with a high level of confi-

dence20, κV ≥ 0 and κF ≥ 0 are assumed. Figure 4 shows the results of a 

combined fit in the (κV, κF) plane. The best-fit values and their uncer-

tainties from the combined fit are κV = 1.035 ± 0.031 and κF = 0.95 ± 0.05, 

compatible with the standard model predictions. A relatively large 

positive correlation of 39% is observed between the two fit parameters, 

because some of the most sensitive input measurements involve the 

ggF production process (that is, via couplings to fermions) with sub-

sequent Higgs boson decays into vector bosons.

In the second class of models, the coupling strength modifiers for 

W, Z, t, b, c, τ and μ are treated independently. All modifiers are assumed 

to be positive. It is assumed that only standard model particles con-

tribute to the loop-induced processes, and modifications of the fermion 

and vector boson couplings are propagated through the loop calcula-

tions. Invisible or undetected non-standard model Higgs boson decays 

are not considered. These models enable testing of the predicted scal-

ing of the couplings of the Higgs boson to the standard model particles 

as a function of their mass using the reduced coupling strength mod-

ifiers κ g κ m/2vev = ( /vev)V V V V  for weak bosons with a mass mV and 

κFgF = κFmF/vev for fermions with a mass mF, where gV and gF are the 

corresponding absolute coupling strengths and ‘vev’ is the vacuum 
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κ m /vevV V  for vector bosons as a function of their masses mF and mV. Two fit 

scenarios with κc = κt (coloured circle markers), or κc left free-floating in the fit 

(grey cross markers) are shown. Loop-induced processes are assumed to have 

the standard model (SM) structure, and Higgs boson decays to non-SM particles 

are not allowed. The vertical bar on each point denotes the 68% confidence 

interval. The p values for compatibility of the combined measurement and the 

SM prediction are 56% and 65% for the respective scenarios. The lower panel 

shows the values of the coupling strength modifiers. The grey arrow points in 

the direction of the best-fit value and the corresponding grey uncertainty bar 

extends beyond the lower panel range. Data are from ATLAS Run 2.
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expectation value of the Higgs field. Figure 5 shows the results for two 

scenarios: one with the coupling to c quarks constrained by κc = κt in 

order to cope with the low sensitivity to this coupling; and the other 

with κc left as a free parameter in the fit. All measured coupling strength 

modifiers are found to be compatible with their standard model predic-

tion. When the coupling strength modifier κc is left unconstrained in 

the fit, an upper limit of κc < 5.7 (7.6) times the standard model predic-

tion is observed (expected) at 95% CL and the uncertainty in each of 

the other parameters increases because of the resulting weaker con-

straint on the total decay width. This improves the current observed 

(expected) limit of κc < 8.5 (12.4) at 95% CL from the individual measure-

ment of H cc→  decays41 despite the relaxed assumptions on other cou-

pling strength modifiers, through constraints coming from the 

parameterization of the total Higgs boson decay width that impacts 

all measurements.

The third class of models in the κ framework closely follows the previ-

ous one, but allows for the presence of non-standard model particles 

in the loop-induced processes. These processes are parameterized 

by the effective coupling strength modifiers κg, κγ and κZγ instead of 

propagating modifications of the standard model particle couplings 

through the loop calculations. It is also assumed that any potential 

effect beyond the standard model does not substantially affect the 

kinematic properties of the Higgs boson decay products. The fit results 

for the scenario in which invisible or undetected non-standard model 

Higgs boson decays are assumed not to contribute to the total Higgs 

decay width, that is, Binv. = Bu. = 0, are shown in Fig. 6 together with the 

results for the scenario allowing such decays. To avoid degenerate 

solutions, the latter constrains Bu. ≥ 0 and imposes the additional con-

straint κV ≤ 1 that naturally arises in various scenarios of physics beyond 

the standard model54,55. All measured coupling strength modifiers are 

compatible with their standard model predictions.

When allowing invisible or undetected non-standard model Higgs 

boson decays to contribute to the total Higgs boson decay width, the 

previously measured coupling strength modifiers do not change sig-

nificantly, and upper limits of Bu. < 0.12 (expected 0.21) and Binv. < 0.13 

(expected 0.08) are set at 95% CL on the corresponding branching 

fraction. The latter improves on the current best limit of Binv. < 0.145 

(expected 0.103) from direct ATLAS searches42.

In all tested scenarios, the statistical and the systematic uncer-

tainty contribute almost equally to the total uncertainty in most of 

the κ parameter measurements. The exceptions are the κμ, κZγ, κc and 

Bu. measurements, for which the statistical uncertainty still dominates.

Kinematic properties of Higgs boson production probing the inter-

nal structure of its couplings are studied in the framework of sim-

plified template cross-sections44,56–58. The framework partitions the 

phase space of standard model Higgs boson production processes 

into a set of regions defined by the specific kinematic properties of 

the Higgs boson and, where relevant, of the associated jets, W bosons, 

or Z bosons, as described in Methods. The regions are defined so as 

to provide experimental sensitivity to deviations from the standard 

model predictions, to avoid large theory uncertainties in these predic-

tions, and to minimize the model-dependence of their extrapolations 

to the experimentally accessible signal regions. Signal cross-sections 

measured in each of the introduced kinematic regions are compared 

with those predicted when assuming that the branching fractions 

and kinematic properties of the Higgs boson decay are described by 

the standard model.

The results of the simultaneous measurement in 36 kinematic regions 

are presented in Fig. 7. Compared to previous results with a smaller 

dataset22, a much larger number of regions are probed, particularly 

at high Higgs boson transverse momenta, where in many cases the 

sensitivity to new phenomena beyond the standard model is expected 

to be enhanced. All measurements are consistent with the standard 

model predictions.

Conclusion

In summary, the production and decay rates of the Higgs boson were 

measured using the dataset collected by the ATLAS experiment during 

Run 2 of the LHC from 2015 to 2018. The measurement results were 

found to be in excellent agreement with the predictions of the standard 

model. In different scenarios, the couplings to the three heaviest fer-

mions, the top quark, the b quark and the τ lepton, were measured with 

uncertainties ranging from about 7% to 12% and the couplings to the 

weak bosons (Z and W) were measured with uncertainties of about 5%.  

In addition, indications are emerging of the presence of very rare Higgs 

boson decays into second-generation fermions and into a Z boson 

and a photon. Finally, a comprehensive study of Higgs boson produc-

tion kinematics was performed and the results were also found to be 

compatible with standard model predictions. In the ten years since its 

discovery, the Higgs boson has undergone many experimental tests 

that have demonstrated that, so far, its nature is remarkably consistent 

with the predictions of the standard model. However, some of its key 

properties—such as the coupling of the Higgs boson to itself—remain 

to be measured. In addition, some of its rare decay modes have not yet 

been observed and there is ample room for new phenomena beyond the 

standard model to be discovered. Substantial progress on these fronts 

is expected in the future, given that detector upgrades are planned 

for the coming years, that systematic uncertainties are expected to 

be reduced considerably59, and that the size of the LHC’s dataset is 

projected to increase by a factor of 20.
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Fig. 6 | Reduced coupling strength modifiers and their uncertainties per 

particle type with effective photon, Zγ and gluon couplings. The horizontal 

bars on each point denote the 68% confidence interval. The scenario in which 

Binv. = Bu. = 0 is assumed is shown as solid lines with circle markers. The p value 
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Methods

Experimental set-up

The ATLAS detector12 consists of an inner tracking detector surrounded 

by a thin superconducting solenoid, electromagnetic and hadron calo-

rimeters, and a muon spectrometer incorporating three large super-

conducting air-core toroidal magnets.

ATLAS uses a right-handed coordinate system with its origin at the 

nominal interaction point in the centre of the detector and the z axis 

along the beam pipe. The x axis points from the interaction point to the 

centre of the LHC ring, and the y axis points upwards. Cylindrical coor-

dinates (r, ϕ) are used in the transverse plane, ϕ being the azimuthal 

angle around the z axis. The pseudorapidity is defined in terms of the 

polar angle θ as η = −ln(tan(θ/2)).

The inner-detector (ID) system is immersed in a 2-T axial magnetic 

field and provides charged-particle tracking in the range |η| < 2.5. The 

high-granularity silicon pixel detector covers the vertex region and typi-

cally provides four measurements per track, the first hit normally being 

in the insertable B-layer (IBL) installed before Run 260,61. It is followed 

by the silicon microstrip tracker (SCT), which usually provides eight 

measurements per track. These silicon detectors are complemented by 

the transition radiation tracker (TRT), which enables radially extended 

track reconstruction up to |η| < 2.0. The TRT also provides electron 

identification information based on the fraction of hits (typically 30 

in total) above a higher energy-deposit threshold corresponding to 

transition radiation.

The calorimeter system covers the pseudorapidity range |η| < 4.9. 

Within the region |η| < 3.2, electromagnetic calorimetry is provided 

by barrel and endcap high-granularity lead/liquid-argon (LAr) calorim-

eters, with an additional thin LAr presampler covering |η| < 1.8 to correct 

for energy loss in material upstream of the calorimeters. Hadron calo-

rimetry is provided by the steel/scintillator-tile calorimeter, segmented 

into three barrel structures within |η| < 1.7, and two copper/LAr hadron 

endcap calorimeters. The solid angle coverage is completed with for-

ward copper/LAr and tungsten/LAr calorimeter modules optimized 

for electromagnetic and hadronic energy measurements, respectively.

The muon spectrometer (MS) comprises separate trigger and 

high-precision tracking chambers measuring the deflection of muons 

in a magnetic field generated by the superconducting air-core toroi-

dal magnets. The field integral of the toroids ranges between 2.0 and 

6.0 Tm across most of the detector. Three layers of precision chambers, 

each consisting of layers of monitored drift tubes, covers the region 

|η| < 2.7, complemented by cathode-strip chambers in the forward 

region, where the background is highest. The muon trigger system 

covers the range |η| < 2.4 with resistive-plate chambers in the barrel, 

and thin-gap chambers in the endcap regions.

The performance of the vertex and track reconstruction in the inner 

detector, the calorimeter resolution in electromagnetic and hadronic 

calorimeters and the muon momentum resolution provided by the 

muon spectrometer are given previously12.

Interesting events are selected by the first-level trigger system 

implemented in custom hardware, followed by selections made by 

algorithms implemented in software in the high-level trigger62. The 

first-level trigger accepts events from the 40-MHz bunch crossings at 

a rate below 100 kHz, which the high-level trigger further reduces in 

order to record events to disk at about 1 kHz.

Statistical framework

The results of the combination presented in this paper are obtained 

from a likelihood function defined as the product of the likelihoods 

of each input measurement. The observed yield in each category of 

reconstructed events follows a Poisson distribution the parameter of 

which is the sum of the expected signal and background contributions. 

The number of signal events in any category k is split into the different 

production and decay modes:

∑ ∑n σB A= ( )( ϵ) ,k k
i f

i f if
ksignal

L

where the sum indexed by i runs either over the production processes 

(ggF, VBF, WH, ZH, ttH, tH) or over the set of the measured production 

kinematic regions, and the sum indexed by f runs over the decay final 

states (ZZ, WW, γγ, Zγ, bb , cc, τ+τ−, μ+μ−). The quantity kL  is the inte-

grated luminosity of the dataset used in category k, and A( ϵ)if
k

 is the 

acceptance times selection efficiency factor for production process i 

and decay mode f in category k. Acceptances and efficiencies are 

obtained from the simulation (corrected by calibration measurements 

in control data for the efficiencies). Their values are subject to vari-

ations due to experimental and theoretical systematic uncertainties. 

The cross-sections σi and branching fractions Bf are the parameters 

of interest of the model. Depending on the model being tested, they 

are either free parameters, set to their standard model prediction or 

parameterized as functions of other parameters. All cross-sections 

are defined in the Higgs boson rapidity range |yH| < 2.5, which is related 

to the polar angle of the Higgs boson’s momentum in the detector 

and corresponds approximately to the region of experimental  

sensitivity.

The impact of experimental and theoretical systematic uncertainties 

on the predicted signal and background yields is taken into account by 

nuisance parameters included in the likelihood function. The predicted 

signal yields from each production process, the branching fractions 

and the signal acceptance in each analysis category are affected by 

theory uncertainties. The combined likelihood function is therefore 

expressed as:

∏ ∏ ∏L P n n n G θαα θθ αα θθ θθ( , , data) = ( | ( , ) + ( )) ( ),
k b

k b k b k b
θ θθ∈cat ∈bins

, ,
signal

,
bkg

∈

where nk,b, nk b,
signal and nk b,

bkg stand for the number of observed events,  

the number of expected signal events and the number of expected 

background events in bin b of analysis category k, respectively. The 

parameters of interest are noted α, the nuisance parameters are θ,  

P represents the Poisson distribution, and G stands for Gaussian con-

straint terms assigned to the nuisance parameters. Some nuisance 

parameters are meant to be determined by data alone and do not have 

any associated constraint term. This is, for instance, the case for back-

ground normalization factors that are fitted in control categories. The 

effects of nuisance parameters affecting the normalizations of signal 

and backgrounds in a given category are generally implemented using 

the multiplicative expression:

n θ n σ( ) = (1 + ) ,θ0

where n0 is the nominal expected yield of either signal or background 

and σ the value of the uncertainty. This ensures that n(θ) > 0 even for 

negative values of θ. For the majority of nuisance parameters, including 

all those affecting the shapes of the distributions, a linear expression 

is used instead on each bin of the distributions:

n θ n σθ( ) = (1 + ).0

The systematic uncertainties are broken down into independent 

underlying sources, so that when a source affects multiple or all analy-

ses the associated nuisance parameter can be fully correlated across 

the terms in the likelihood corresponding to these analyses by using 

common nuisance parameters. This is the case of systematic uncer-

tainties in the luminosity measurement63, in the reconstruction and 

selection efficiencies64–70 and in the calibrations of the energy measure-

ments71–74. Their effects are propagated coherently by using common 

nuisance parameters whenever applicable. Only a few components 



of the systematic uncertainties are correlated between the analyses 

performed using the full Run 2 data and those using only the 2015 and 

2016 data, owing to differences in their assessment, in the reconstruc-

tion algorithms and in software releases. Systematic uncertainties 

associated with the modelling of background processes, as well as 

uncertainties due to the limited number of simulated events used to 

estimate the expected signal and background yields, are treated as 

being uncorrelated between analyses.

Uncertainties in the parton distribution functions are implemented 

coherently in all input measurements and all analysis categories75. 

Uncertainties in modelling the parton showering into jets of particles 

affect the signal acceptances and efficiencies, and are common to all 

input measurements within a given production process. Similarly, 

uncertainties due to missing higher-order quantum chromodynam-

ics (QCD) corrections are common to a given production process. 

Their implementation in the kinematic regions of the simplified tem-

plate cross-sections framework results in a total of 66 uncertainty 

sources, where overall acceptance effects are separated from migra-

tions between the various bins (for example, between jet multiplicity 

regions or between dijet invariant mass regions)76. Both the accept-

ance and signal yield uncertainties affect the signal strength modifier 

and coupling strength modifier results, which rely on comparisons of 

measured and expected yields. Only acceptance uncertainties affect 

the cross-section and branching fraction results. The uncertainties in 

the Higgs boson branching fractions due to dependencies on standard 

model parameter values (such as b and c quark masses) and missing 

higher-order effects are implemented using the correlation model 

described previously44.

In total, over 2,600 sources of systematic uncertainty are included 

in the combined likelihood. For most of the presented measurements, 

the systematic uncertainty is expected to be of similar size or some-

what smaller than the corresponding statistical uncertainty. The 

systematic uncertainties are dominant for the parameters that are 

measured the most precisely, that is, the global signal strength and 

the production cross-sections for the ggF and VBF processes. The 

expected systematic uncertainty of the global signal strength meas-

urement (about 5%) is larger than the statistical uncertainty (3%), 

with similar contributions from the theory uncertainties in signal 

(4%) and background modelling (1.7%), and from the experimental 

systematic uncertainty (3%). The latter is predominantly composed 

of the uncertainty in the luminosity measurement (1.7%), followed by 

the uncertainties in electron, jet and b-jet reconstruction, data-driven 

background modelling, as well as from the limited number of sim-

ulated events (about 1% each). All other sources of experimental 

uncertainty combined contribute an additional 1%. The systematic 

uncertainty in the production cross-section of the ggF process is 

dominated by experimental uncertainties (3.5%) followed by signal 

theory uncertainties (3%), compared to a statistical uncertainty of 

4%. For the VBF process, where the statistical uncertainty is 8%, the 

experimental uncertainties are estimated to be 5%, and the signal 

theory uncertainties add up to 7%. Systematic uncertainties are also 

dominant over the statistical uncertainties in the measurements of 

the branching fractions into W pairs and τ lepton pairs.

Measurements of the parameters of interest use a statistical test 

based on the profile likelihood ratio52:

Λ
L

L
αα

αα θθ̂̂̂̂ αα

αα̂̂ θθ̂̂
( ) =

( , ( ))

( , )
,

where α are the parameters of interest and θ are the nuisance param-

eters. The θθ̂̂̂̂ αα( ) notation indicates that the nuisance parameters values 

are those that maximize the likelihood for given values of the param-

eters of interest. In the denominator, both the parameters of interest 

and the nuisance parameters are set to the values (α̂, θ̂) that uncondi-

tionally maximize the likelihood. The estimates of the parameters α 

are these values αα̂̂  that maximize the likelihood ratio.

Owing to the usually large number of events selected in the measure-

ments, all results presented in this paper are obtained in the asymptotic 

regime where the likelihood approximately follows a Gaussian distribu-

tion. It was checked in previous iterations of the individual input meas-

urements, for instance ref. 77, that this assumption also holds in cases 

with low event counts by comparing the results of the asymptotic 

formulae with those of pseudo-experiments. This confirmed the results 

from a previous work52 that the Gaussian approximation becomes valid 

for as few as ≳5 background events. In the asymptotic regime twice the 

negative logarithm of the profile likelihood λ(α) = −2ln(Λ(α)) follows 

a χ2 distribution with a number of degrees of freedom equal to the 

number of parameters of interest. Confidence intervals for a given 

confidence level (CL), usually 68%, are then defined as the regions 

fulfilling λ Fαα( ) < (CL)n
−1  where Fn

−1 is the quantile function of the χ2 dis-

tribution with n degrees of freedom, so F = 1 (4)1
−1  for a 1σ (2σ) CL with 

one degree of freedom. The values of the parameters α corresponding 

to these confidence intervals are obtained by scanning the profile like-

lihood. Similarly, the p value pSM = 1 − Fn(λ(αSM)) is used to test the com-

patibility of the measurement and the standard model prediction. The 

correlations between the parameters are estimated by inverting the 

matrix of the second derivatives of the likelihood.

The expected significances and limits are determined using the ‘Asi-

mov’ datasets52, which are obtained by setting the observed yields to 

their expected values when the nuisance parameters are set to the 

values that maximize the likelihood �θ.

Parameterization within the κ framework

Within the κ framework, the cross-section for an individual measure-

ment is parameterized as

σ i H f σB
σ Γ

Γ B B

κκ κκ

κκ
( → → ) = =

( ) ( )

( , , )
,i f

i f

H inv. u.

where Γf is the partial width for a Higgs boson decay to the final state 

f and ΓH is the total decay width of the Higgs boson. The total width is 

given by the sum of the partial widths of all the decay modes included. 

Contributions to the total Higgs boson decay width owing to phe-

nomena beyond the standard model may manifest themselves as a 

value of coupling strength modifier κp differing from one, or a value 

of Binv. or Bu. differing from zero. The Higgs boson total width is then 

expressed as Γ B B κ B B Γκκ κκ( , , ) = ( , , )H H Hinv. u.
2

inv. u.
SM with

∑
κ B B

B κ

B B
κκ( , , ) =

(1 − − )
.H

p p p2
inv. u.

SM 2

inv. u.

Higgs boson production cross-sections and partial and total decay 

widths are parameterized in terms of the coupling strength modifiers 

as shown in table 9 of ref. 22. An improved parameterization including 

additional sub-leading contributions is used in this paper to match the 

increased precision of the measurements.

Kinematic regions probing Higgs boson production

The definitions of kinematic regions for the precision study of Higgs 

boson production in the framework of simplified template 

cross-sections44,56–58 are based on the predicted properties of particles 

generated in a given production process. The partitioning follows the 

so-called Stage-1.2 scheme, which features a slightly finer granularity 

than the Stage-1.1 scheme57 and introduces the Higgs boson transverse 

momentum categories for the ttH production process. Higgs bosons 

are required to be produced with rapidity |yH| < 2.5. Associated jets of 

particles are constructed from all stable particles with a lifetime greater 

than 10 ps, excluding the decay products of the Higgs boson and leptons 

from W and Z boson decays, using the anti-kt algorithm78 with a jet 
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radius parameter R = 0.4, and must have a transverse momentum 

pT,jet > 30 GeV. Standard model predictions are assumed for the kine-

matic properties of Higgs boson decays. Phenomena beyond the stand-

ard model can substantially modify these properties, and thus the 

acceptance of the signal, especially for the WW or ZZ decay modes, 

and this should be considered when using these measurements for the 

relevant interpretations.

Higgs boson production is first classified according to the nature of 

the initial state and the associated particles, the latter including the 

decay products of W and Z bosons if they are present. These classes 

are: ttH  and tH processes; qq′ → Hqq′ processes, with contributions 

from both VBF and quark-initiated VH (where V = W, Z) production with 

a hadronic decay of the vector boson; pp → VH production with a lep-

tonic decay of the vector boson (V(ℓℓ, ℓν)H), including gg → ZH → ℓℓH 

production; and finally the ggF process combined with gg ZH qqH→ →  

production to form a single gg → H process. The contribution of the 

bbH production process is taken into account as a 1%44 increase of the 

gg → H yield in each kinematic region, because the acceptances for 

both processes are similar for all input analyses44.

The input measurements in individual decay modes provide only 

limited sensitivity to the cross-section in some of the regions of the 

Stage-1.2 scheme, mainly because of the small number of events in 

some of these regions. In other cases, they only provide sensitivity to 

a combination of these regions, leading to strongly correlated meas-

urements. To mitigate these effects, some of the Stage-1.2 kinematic 

regions were merged for the combined measurement.

Compared to individual input measurements, systematic theory 

uncertainties associated with the signal predictions have been updated 

for the combination to closely follow the granularity of the Stage-1.2 

scheme. The QCD scale uncertainties in ggF production were updated 

for all input channels that are sensitive to this production process. 

Out of 18 uncertainty sources in total, two account for overall 

fixed-order and resummation effects, two cover the migrations 

between different jet multiplicity bins, seven are associated with the 

modelling of the Higgs boson transverse momentum (pH
T

) in different 

phase-space regions, four account for the uncertainty in the distribu-

tion of the dijet invariant mass (mjj) variable, one covers the modelling 

of the Higgs boson plus two leading jets transverse momentum (pHjj
T

) 

distribution in the ≥2-jet region, one pertains to modelling of the dis-

tribution of the Higgs boson plus one jet transverse momentum (pHj
T

) 

divided by pH
T

 in the high-pH
T

 region, and finally, the last takes into 

account the uncertainty from the choice of top quark mass scheme. 

Theory uncertainties for the qq′ → Hqq′ and ttH processes are defined 

previously28, and those of the V(ℓℓ, ℓν)H kinematic region follow the 

scheme described in an earlier work76. For the kinematic regions 

defined by the merging of several Stage-1.2 regions, the signal accept-

ance factors are determined assuming that the relative fractions in 

each Stage-1.2 region are given by their standard model values, and 

the uncertainties predicted by the standard model in these fractions 

are taken into account.
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Extended Data Table 1 | Summary of the input measurements used for the combined fit results

Listed are the measured decay modes, targeted production processes and integrated luminosity (L) used for each input analysis of the combination. The references for the input measurements 

and information about which combined measurements they enter are also provided. The → +qq gg ttH tHX/  measurement in the multilepton final state39 is complementary to other 

→ +qq gg ttH tHX/  measurements in the WW, ZZ and ττ decay modes, with no overlapping events selected by these measurements.
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