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

• Higgs boson couples to all massive particles 
• Only particle that distinguishes between fermion 

generations 

• At the time of the discovery, we knew very little  

about the Higgs boson

Introduction
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A detailed map of Higgs boson interactions ten years after the discovery

Higgs at the LHC
• Experimentally, we have access to two main things:  

• How many Higgs bosons were produced (and how) 
• Based on characteristics of production mode 

• How those Higgs bosons decayed 

• Production and decay rates contain a lot of information about the Higgs boson (and beyond?) 
• Sensitive to couplings  
• Any deviations we find could be signs of NP 
• The constraints we can place can be re-interpreted as constraints on BSM scenarios 
• Kinematic dependence of these processes can be quite sensitive to BSM effects 

• Over 30 separate measurements per experiment; rates varying over several orders of magnitude
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A detailed map of Higgs boson interactions ten years after the discovery

Higgs at the LHC
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• Experimentally, we have access to two main things:  
• How many Higgs bosons were produced (and how) 

• Based on characteristics of production mode 
• How those Higgs bosons decayed 

• Production and decay rates contain a lot of information about the Higgs boson (and beyond?) 
• Sensitive to couplings  
• Any deviations we find could be signs of NP 
• The constraints we can place can be re-interpreted as constraints on BSM scenarios 
• Kinematic dependence of these processes can be quite sensitive to BSM effects 

• Over 30 separate measurements per experiment; rates varying over several orders of magnitude



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

Combination
• Combining all production and decay mode measurements is where this becomes really interesting… 
• Let’s use the example of Higgs couplings to b quarks 

• The b quark is fairly heavy (strong coupling) but lighter than the Higgs so accessible as  

a decay product 
• Easiest way to study it is to look at this decay: 

• However, there’s also: 

• Together: more precise measurement of coupling  

(can take advantage of strengths of each!)
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cross-sections, are: production in association with a vector boson or 
‘Higgsstrahlung’ (VH) depicted in Fig. 1c, and production in association 
with top (tH and ttH) or bottom (bbH) quarks, depicted in Fig. 1d–f. 
The bbH mode has not been studied in the context of the SM Higgs 
boson because of limited sensitivity.

Events are categorized according to the signatures particular to each 
production mechanism. For example, they are categorized as 
VBF-produced if there are two high transverse momentum (pT) jets, or 
as VH-produced if there are additional charged leptons (ℓ) and/or pT

miss, 
or ttH- and tH-produced if there are jets identified as coming from b 
quarks, or otherwise ggH-produced. (The top quark predominantly 
decays into a W boson and a b-quark jet).

Decays
In the SM, particle masses arise from spontaneous breaking of the gauge 
symmetry, through gauge couplings to the Higgs field in the case of 
vector bosons, and Yukawa couplings in the case of fermions. The SM 
Higgs boson couples to vector bosons, with an amplitude proportional 
to the gauge boson mass squared mV

2, and to fermions with an amplitude 
proportional to the fermion mass mf. Hence, for example, the coupling 
is stronger for the third generation of quarks and leptons than for those 
in the second generation. The observation of many Higgs boson decays 
to SM particles and the measurement of their branching fractions are 
a crucial test of the validity of the theory. Any sizeable deviation from 
the predictions could indicate the presence of BSM physics.

The Higgs boson, once produced, rapidly decays into a pair of  
fermions or a pair of bosons. In the SM, its lifetime is τ ≈ 1.6 × 10 sH

−22 , 
and its inverse, the natural width, is Γ ħ τ= / = 4.14 ± 0.02 MeVH  (ref. 39), 
where ħ is the reduced Planck's constant. The natural width is the sum 
of all the partial widths, and the ratios of the partial widths to the total 
width are called branching fractions and represent the probabilities 
for that decay channel to occur. The Higgs boson does not couple 
directly to massless particles (for example, the gluon or the photon), 
but can do so through quantum loops (for example, Fig. 1a,i,j).

By design, the event selections do not overlap among analyses target-
ing different final states. Where the final states are similar, the overlap 
has been checked and found to be negligible.

Detailed information on the analyses included in the new combina-
tion along with improvements, and the online and offline criteria used to 
select events for the analyses can be found in Methods, Extended Data 
Tables 2 and 3, and the associated references. Online reconstruction is 
performed in real time as the data are being collected. Offline recon-
struction is performed later on stored data. The background-subtracted 
distributions of the invariant mass of final-state particles in the indi-
vidual decay channels are shown in Extended Data Figs. 3 and 4. The 
channels that are used in this combination are as follows.

Bosonic decay channels: H → γγ (Fig. 1i, j)42; H → ZZ → 4ℓ (Fig. 1g)43; 
H → WW → ℓνℓv (Fig. 1g)44, H → Zγ (Fig. 1i, j)45; fermionic decay channels: 
H → ττ, third-generation fermion (Fig. 1h)46, H → bb, third-generation 
fermion (Fig. 1h)47–51, H → µµ, second-generation fermion (Fig. 1h)52;  
ttH and tH with multileptons (Fig. 1d–f)53; Higgs boson decays beyond 
the SM35.

Higgs boson pair production
The measurement of the pair production of Higgs bosons can probe its 
self-interaction λ. The pair production modes are shown in Fig. 1k–o.

In the ggH mode, there are two leading contributions: in the first 
(Fig. 1l), two Higgs bosons emerge from a top or bottom quark loop; 
in the second (Fig. 1k), a single virtual Higgs boson, H*, emerges from 
the top or bottom quark loop and then decays to two Higgs bosons 
(gg → H* → HH).  Explicit establishment of the latter contribution, a 
direct manifestation of the Higgs boson’s self-interaction, would elu-
cidate the strikingly unusual potential of the BEH field.

In the VBF mode, there are three subprocesses that can lead to pro-
duction of a pair of Higgs bosons: (1) through a virtual Higgs boson 
(Fig. 1m); (2) through a four-point interaction: VV → HH (Fig. 1n); and 
(3) through the exchange of a vector boson (Fig. 1o).
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Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
bosons. Left: constraints on the Higgs boson coupling modifiers to fermions 
(κf) and heavy gauge bosons (κV), in different datasets: discovery (red), the full 
LHC Run 1 (blue) and the data presented here (black). The SM prediction 
corresponds to κV = κf = 1 (diamond marker). Right: the measured coupling 
modifiers of the Higgs boson to fermions and heavy gauge bosons, as functions 

of fermion or gauge boson mass, where υ is the vacuum expectation value of 
the BEH field (‘Notes on self-interaction strength’ in Methods). For gauge 
bosons, the square root of the coupling modifier is plotted, to keep a linear 
proportionality to the mass, as predicted in the SM. The P value with respect to 
the SM prediction for the right plot is 37.5%.



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

Higgs couplings
• Together, gives more precise measurement of coupling (current precision: 5% on vector boson 

couplings, 7-12% for fermion couplings) and total Higgs production rate (current precision: 6%) 
• Established coupling to bosons, top/bottom-type fermions, third (and hints of second) generation 

• Are loop processes consistent with SM-only? (Yes*) 

• Is there any way there could be other particles  

that couple to the Higgs? (Yes, e.g. invisible  

particles could account for at most ~13% of  

Higgs decays*) 
• Are measurements consistent with assumption of  

only one Higgs boson? (Yes*) 
*Within our current experimental precision/techniques
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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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cross-sections, are: production in association with a vector boson or 
‘Higgsstrahlung’ (VH) depicted in Fig. 1c, and production in association 
with top (tH and ttH) or bottom (bbH) quarks, depicted in Fig. 1d–f. 
The bbH mode has not been studied in the context of the SM Higgs 
boson because of limited sensitivity.

Events are categorized according to the signatures particular to each 
production mechanism. For example, they are categorized as 
VBF-produced if there are two high transverse momentum (pT) jets, or 
as VH-produced if there are additional charged leptons (ℓ) and/or pT

miss, 
or ttH- and tH-produced if there are jets identified as coming from b 
quarks, or otherwise ggH-produced. (The top quark predominantly 
decays into a W boson and a b-quark jet).

Decays
In the SM, particle masses arise from spontaneous breaking of the gauge 
symmetry, through gauge couplings to the Higgs field in the case of 
vector bosons, and Yukawa couplings in the case of fermions. The SM 
Higgs boson couples to vector bosons, with an amplitude proportional 
to the gauge boson mass squared mV

2, and to fermions with an amplitude 
proportional to the fermion mass mf. Hence, for example, the coupling 
is stronger for the third generation of quarks and leptons than for those 
in the second generation. The observation of many Higgs boson decays 
to SM particles and the measurement of their branching fractions are 
a crucial test of the validity of the theory. Any sizeable deviation from 
the predictions could indicate the presence of BSM physics.

The Higgs boson, once produced, rapidly decays into a pair of  
fermions or a pair of bosons. In the SM, its lifetime is τ ≈ 1.6 × 10 sH

−22 , 
and its inverse, the natural width, is Γ ħ τ= / = 4.14 ± 0.02 MeVH  (ref. 39), 
where ħ is the reduced Planck's constant. The natural width is the sum 
of all the partial widths, and the ratios of the partial widths to the total 
width are called branching fractions and represent the probabilities 
for that decay channel to occur. The Higgs boson does not couple 
directly to massless particles (for example, the gluon or the photon), 
but can do so through quantum loops (for example, Fig. 1a,i,j).

By design, the event selections do not overlap among analyses target-
ing different final states. Where the final states are similar, the overlap 
has been checked and found to be negligible.

Detailed information on the analyses included in the new combina-
tion along with improvements, and the online and offline criteria used to 
select events for the analyses can be found in Methods, Extended Data 
Tables 2 and 3, and the associated references. Online reconstruction is 
performed in real time as the data are being collected. Offline recon-
struction is performed later on stored data. The background-subtracted 
distributions of the invariant mass of final-state particles in the indi-
vidual decay channels are shown in Extended Data Figs. 3 and 4. The 
channels that are used in this combination are as follows.

Bosonic decay channels: H → γγ (Fig. 1i, j)42; H → ZZ → 4ℓ (Fig. 1g)43; 
H → WW → ℓνℓv (Fig. 1g)44, H → Zγ (Fig. 1i, j)45; fermionic decay channels: 
H → ττ, third-generation fermion (Fig. 1h)46, H → bb, third-generation 
fermion (Fig. 1h)47–51, H → µµ, second-generation fermion (Fig. 1h)52;  
ttH and tH with multileptons (Fig. 1d–f)53; Higgs boson decays beyond 
the SM35.

Higgs boson pair production
The measurement of the pair production of Higgs bosons can probe its 
self-interaction λ. The pair production modes are shown in Fig. 1k–o.

In the ggH mode, there are two leading contributions: in the first 
(Fig. 1l), two Higgs bosons emerge from a top or bottom quark loop; 
in the second (Fig. 1k), a single virtual Higgs boson, H*, emerges from 
the top or bottom quark loop and then decays to two Higgs bosons 
(gg → H* → HH).  Explicit establishment of the latter contribution, a 
direct manifestation of the Higgs boson’s self-interaction, would elu-
cidate the strikingly unusual potential of the BEH field.

In the VBF mode, there are three subprocesses that can lead to pro-
duction of a pair of Higgs bosons: (1) through a virtual Higgs boson 
(Fig. 1m); (2) through a four-point interaction: VV → HH (Fig. 1n); and 
(3) through the exchange of a vector boson (Fig. 1o).
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Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
bosons. Left: constraints on the Higgs boson coupling modifiers to fermions 
(κf) and heavy gauge bosons (κV), in different datasets: discovery (red), the full 
LHC Run 1 (blue) and the data presented here (black). The SM prediction 
corresponds to κV = κf = 1 (diamond marker). Right: the measured coupling 
modifiers of the Higgs boson to fermions and heavy gauge bosons, as functions 

of fermion or gauge boson mass, where υ is the vacuum expectation value of 
the BEH field (‘Notes on self-interaction strength’ in Methods). For gauge 
bosons, the square root of the coupling modifier is plotted, to keep a linear 
proportionality to the mass, as predicted in the SM. The P value with respect to 
the SM prediction for the right plot is 37.5%.

• Together, gives more precise measurement of coupling (current precision: 5% on vector boson 

couplings, 7-12% for fermion couplings) and total Higgs production rate (current precision: 6%) 
• Established coupling to bosons, top/bottom-type fermions, third (and hints of second) generation 

• Are loop processes consistent with SM-only? (Yes*) 

• Is there any way there could be other particles  

that couple to the Higgs? (Yes, e.g. invisible  

particles could account for at most ~13% of  

Higgs decays*) 
• Are measurements consistent with assumption of  

only one Higgs boson? (Yes*) 
*Within our current experimental precision/techniques
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• A particle consistent with the Higgs boson was discovered 10 years ago by  

the ATLAS and CMS Collaborations 
• Early measurements had large (statistical) uncertainties 
• Many properties untested, lots of phase space available for BSM 

• 10 years later: 
• Precise measurement of Higgs production cross-sections and decay rates 

• Observation of all main LHC production processes:  

• Increased precision on , observation of ,  on 

 

• Interpretation of results in terms of couplings to other particles (  framework) 

• Study of kinematic properties of Higgs production processes (STXS framework) 
• Study of Higgs self-coupling  

• Presented in two separate publications in Nature (ATLAS, CMS)

ggF, VBF, WH, ZH, tt̄H + tH
H → γγ, ZZ, W±W∓, τ+τ− H → bb̄ ≥ 2σ

H → μμ, Zγ
κ

Conclusion

https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04892-x
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• The LHC recently finished its second run 
• ~30 times more Higgs bosons than in Run 1 (9M per experiment, but only about 0.03% are 

experimentally accessible) 
• In most cases results improved by much more than expected 

• Improvements in all areas: particle reconstruction/identification/calibration, analysis design, machine 

learning, theory predictions, … 
• Extensive involvement from us not just in the combination but also in all of these areas! 

• Much more knowledge  

about the Higgs boson 

+ significantly tighter  

constraints on BSM
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cross-sections, are: production in association with a vector boson or 
‘Higgsstrahlung’ (VH) depicted in Fig. 1c, and production in association 
with top (tH and ttH) or bottom (bbH) quarks, depicted in Fig. 1d–f. 
The bbH mode has not been studied in the context of the SM Higgs 
boson because of limited sensitivity.

Events are categorized according to the signatures particular to each 
production mechanism. For example, they are categorized as 
VBF-produced if there are two high transverse momentum (pT) jets, or 
as VH-produced if there are additional charged leptons (ℓ) and/or pT

miss, 
or ttH- and tH-produced if there are jets identified as coming from b 
quarks, or otherwise ggH-produced. (The top quark predominantly 
decays into a W boson and a b-quark jet).

Decays
In the SM, particle masses arise from spontaneous breaking of the gauge 
symmetry, through gauge couplings to the Higgs field in the case of 
vector bosons, and Yukawa couplings in the case of fermions. The SM 
Higgs boson couples to vector bosons, with an amplitude proportional 
to the gauge boson mass squared mV

2, and to fermions with an amplitude 
proportional to the fermion mass mf. Hence, for example, the coupling 
is stronger for the third generation of quarks and leptons than for those 
in the second generation. The observation of many Higgs boson decays 
to SM particles and the measurement of their branching fractions are 
a crucial test of the validity of the theory. Any sizeable deviation from 
the predictions could indicate the presence of BSM physics.

The Higgs boson, once produced, rapidly decays into a pair of  
fermions or a pair of bosons. In the SM, its lifetime is τ ≈ 1.6 × 10 sH

−22 , 
and its inverse, the natural width, is Γ ħ τ= / = 4.14 ± 0.02 MeVH  (ref. 39), 
where ħ is the reduced Planck's constant. The natural width is the sum 
of all the partial widths, and the ratios of the partial widths to the total 
width are called branching fractions and represent the probabilities 
for that decay channel to occur. The Higgs boson does not couple 
directly to massless particles (for example, the gluon or the photon), 
but can do so through quantum loops (for example, Fig. 1a,i,j).

By design, the event selections do not overlap among analyses target-
ing different final states. Where the final states are similar, the overlap 
has been checked and found to be negligible.

Detailed information on the analyses included in the new combina-
tion along with improvements, and the online and offline criteria used to 
select events for the analyses can be found in Methods, Extended Data 
Tables 2 and 3, and the associated references. Online reconstruction is 
performed in real time as the data are being collected. Offline recon-
struction is performed later on stored data. The background-subtracted 
distributions of the invariant mass of final-state particles in the indi-
vidual decay channels are shown in Extended Data Figs. 3 and 4. The 
channels that are used in this combination are as follows.

Bosonic decay channels: H → γγ (Fig. 1i, j)42; H → ZZ → 4ℓ (Fig. 1g)43; 
H → WW → ℓνℓv (Fig. 1g)44, H → Zγ (Fig. 1i, j)45; fermionic decay channels: 
H → ττ, third-generation fermion (Fig. 1h)46, H → bb, third-generation 
fermion (Fig. 1h)47–51, H → µµ, second-generation fermion (Fig. 1h)52;  
ttH and tH with multileptons (Fig. 1d–f)53; Higgs boson decays beyond 
the SM35.

Higgs boson pair production
The measurement of the pair production of Higgs bosons can probe its 
self-interaction λ. The pair production modes are shown in Fig. 1k–o.

In the ggH mode, there are two leading contributions: in the first 
(Fig. 1l), two Higgs bosons emerge from a top or bottom quark loop; 
in the second (Fig. 1k), a single virtual Higgs boson, H*, emerges from 
the top or bottom quark loop and then decays to two Higgs bosons 
(gg → H* → HH).  Explicit establishment of the latter contribution, a 
direct manifestation of the Higgs boson’s self-interaction, would elu-
cidate the strikingly unusual potential of the BEH field.

In the VBF mode, there are three subprocesses that can lead to pro-
duction of a pair of Higgs bosons: (1) through a virtual Higgs boson 
(Fig. 1m); (2) through a four-point interaction: VV → HH (Fig. 1n); and 
(3) through the exchange of a vector boson (Fig. 1o).
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Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
bosons. Left: constraints on the Higgs boson coupling modifiers to fermions 
(κf) and heavy gauge bosons (κV), in different datasets: discovery (red), the full 
LHC Run 1 (blue) and the data presented here (black). The SM prediction 
corresponds to κV = κf = 1 (diamond marker). Right: the measured coupling 
modifiers of the Higgs boson to fermions and heavy gauge bosons, as functions 

of fermion or gauge boson mass, where υ is the vacuum expectation value of 
the BEH field (‘Notes on self-interaction strength’ in Methods). For gauge 
bosons, the square root of the coupling modifier is plotted, to keep a linear 
proportionality to the mass, as predicted in the SM. The P value with respect to 
the SM prediction for the right plot is 37.5%.
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Figure 19. Best fit values as a function of particle mass for the combination of ATLAS and CMS
data in the case of the parameterisation described in the text, with parameters defined as κF · mF /v
for the fermions, and as

√
κV · mV /v for the weak vector bosons, where v = 246GeV is the vacuum

expectation value of the Higgs field. The dashed (blue) line indicates the predicted dependence on
the particle mass in the case of the SM Higgs boson. The solid (red) line indicates the best fit result
to the [M, ε] phenomenological model of ref. [129] with the corresponding 68% and 95% CL bands.

6.4 Fermion and vector boson couplings

The last and most constrained parameterisation studied in this section is motivated by

the intrinsic difference between the Higgs boson couplings to weak vector bosons, which

originate from the breaking of the EW symmetry, and the Yukawa couplings to the fermions.

Similarly to section 6.2, it is assumed in this section that there are no new particles in the

loops (ggF production process andH → γγ decay mode) and that there are no BSM decays,

i.e. BBSM = 0. Vector and fermion coupling modifiers, κV and κF , are defined such that

κZ = κW = κV and κt = κτ = κb = κF . These definitions can be applied either globally,

yielding two parameters, or separately for each of the five decay channels, yielding ten

parameters κfV and κfF (following the notation related to Higgs boson decays used for the

signal strength parameterisation). Two fits are performed: a two-parameter fit as a function

of κV and κF , and a ten-parameter fit as a function of κfV and κfF for each decay channel.

As explained in section 2.4 and shown explicitly in table 4, the Higgs boson production

cross sections and partial decay widths are only sensitive to products of coupling modifiers

and not to their absolute sign. Any sensitivity to the relative sign between κV and κF

– 49 –
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cross-sections, are: production in association with a vector boson or 
‘Higgsstrahlung’ (VH) depicted in Fig. 1c, and production in association 
with top (tH and ttH) or bottom (bbH) quarks, depicted in Fig. 1d–f. 
The bbH mode has not been studied in the context of the SM Higgs 
boson because of limited sensitivity.

Events are categorized according to the signatures particular to each 
production mechanism. For example, they are categorized as 
VBF-produced if there are two high transverse momentum (pT) jets, or 
as VH-produced if there are additional charged leptons (ℓ) and/or pT

miss, 
or ttH- and tH-produced if there are jets identified as coming from b 
quarks, or otherwise ggH-produced. (The top quark predominantly 
decays into a W boson and a b-quark jet).

Decays
In the SM, particle masses arise from spontaneous breaking of the gauge 
symmetry, through gauge couplings to the Higgs field in the case of 
vector bosons, and Yukawa couplings in the case of fermions. The SM 
Higgs boson couples to vector bosons, with an amplitude proportional 
to the gauge boson mass squared mV

2, and to fermions with an amplitude 
proportional to the fermion mass mf. Hence, for example, the coupling 
is stronger for the third generation of quarks and leptons than for those 
in the second generation. The observation of many Higgs boson decays 
to SM particles and the measurement of their branching fractions are 
a crucial test of the validity of the theory. Any sizeable deviation from 
the predictions could indicate the presence of BSM physics.

The Higgs boson, once produced, rapidly decays into a pair of  
fermions or a pair of bosons. In the SM, its lifetime is τ ≈ 1.6 × 10 sH

−22 , 
and its inverse, the natural width, is Γ ħ τ= / = 4.14 ± 0.02 MeVH  (ref. 39), 
where ħ is the reduced Planck's constant. The natural width is the sum 
of all the partial widths, and the ratios of the partial widths to the total 
width are called branching fractions and represent the probabilities 
for that decay channel to occur. The Higgs boson does not couple 
directly to massless particles (for example, the gluon or the photon), 
but can do so through quantum loops (for example, Fig. 1a,i,j).

By design, the event selections do not overlap among analyses target-
ing different final states. Where the final states are similar, the overlap 
has been checked and found to be negligible.

Detailed information on the analyses included in the new combina-
tion along with improvements, and the online and offline criteria used to 
select events for the analyses can be found in Methods, Extended Data 
Tables 2 and 3, and the associated references. Online reconstruction is 
performed in real time as the data are being collected. Offline recon-
struction is performed later on stored data. The background-subtracted 
distributions of the invariant mass of final-state particles in the indi-
vidual decay channels are shown in Extended Data Figs. 3 and 4. The 
channels that are used in this combination are as follows.

Bosonic decay channels: H → γγ (Fig. 1i, j)42; H → ZZ → 4ℓ (Fig. 1g)43; 
H → WW → ℓνℓv (Fig. 1g)44, H → Zγ (Fig. 1i, j)45; fermionic decay channels: 
H → ττ, third-generation fermion (Fig. 1h)46, H → bb, third-generation 
fermion (Fig. 1h)47–51, H → µµ, second-generation fermion (Fig. 1h)52;  
ttH and tH with multileptons (Fig. 1d–f)53; Higgs boson decays beyond 
the SM35.

Higgs boson pair production
The measurement of the pair production of Higgs bosons can probe its 
self-interaction λ. The pair production modes are shown in Fig. 1k–o.

In the ggH mode, there are two leading contributions: in the first 
(Fig. 1l), two Higgs bosons emerge from a top or bottom quark loop; 
in the second (Fig. 1k), a single virtual Higgs boson, H*, emerges from 
the top or bottom quark loop and then decays to two Higgs bosons 
(gg → H* → HH).  Explicit establishment of the latter contribution, a 
direct manifestation of the Higgs boson’s self-interaction, would elu-
cidate the strikingly unusual potential of the BEH field.

In the VBF mode, there are three subprocesses that can lead to pro-
duction of a pair of Higgs bosons: (1) through a virtual Higgs boson 
(Fig. 1m); (2) through a four-point interaction: VV → HH (Fig. 1n); and 
(3) through the exchange of a vector boson (Fig. 1o).
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Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
bosons. Left: constraints on the Higgs boson coupling modifiers to fermions 
(κf) and heavy gauge bosons (κV), in different datasets: discovery (red), the full 
LHC Run 1 (blue) and the data presented here (black). The SM prediction 
corresponds to κV = κf = 1 (diamond marker). Right: the measured coupling 
modifiers of the Higgs boson to fermions and heavy gauge bosons, as functions 

of fermion or gauge boson mass, where υ is the vacuum expectation value of 
the BEH field (‘Notes on self-interaction strength’ in Methods). For gauge 
bosons, the square root of the coupling modifier is plotted, to keep a linear 
proportionality to the mass, as predicted in the SM. The P value with respect to 
the SM prediction for the right plot is 37.5%.
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Figure 19. Best fit values as a function of particle mass for the combination of ATLAS and CMS
data in the case of the parameterisation described in the text, with parameters defined as κF · mF /v
for the fermions, and as

√
κV · mV /v for the weak vector bosons, where v = 246GeV is the vacuum

expectation value of the Higgs field. The dashed (blue) line indicates the predicted dependence on
the particle mass in the case of the SM Higgs boson. The solid (red) line indicates the best fit result
to the [M, ε] phenomenological model of ref. [129] with the corresponding 68% and 95% CL bands.

6.4 Fermion and vector boson couplings

The last and most constrained parameterisation studied in this section is motivated by

the intrinsic difference between the Higgs boson couplings to weak vector bosons, which

originate from the breaking of the EW symmetry, and the Yukawa couplings to the fermions.

Similarly to section 6.2, it is assumed in this section that there are no new particles in the

loops (ggF production process andH → γγ decay mode) and that there are no BSM decays,

i.e. BBSM = 0. Vector and fermion coupling modifiers, κV and κF , are defined such that

κZ = κW = κV and κt = κτ = κb = κF . These definitions can be applied either globally,

yielding two parameters, or separately for each of the five decay channels, yielding ten

parameters κfV and κfF (following the notation related to Higgs boson decays used for the

signal strength parameterisation). Two fits are performed: a two-parameter fit as a function

of κV and κF , and a ten-parameter fit as a function of κfV and κfF for each decay channel.

As explained in section 2.4 and shown explicitly in table 4, the Higgs boson production

cross sections and partial decay widths are only sensitive to products of coupling modifiers

and not to their absolute sign. Any sensitivity to the relative sign between κV and κF
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• The LHC recently finished its second run 
• ~30 times more Higgs bosons than in Run 1 (9M per experiment, but only about 0.03% are 

experimentally accessible) 
• In most cases results improved by much more than expected 

• Improvements in all areas: particle reconstruction/identification/calibration, analysis design, machine 

learning, theory predictions, … 
• Extensive involvement from us not just in the combination but also in all of these areas! 

• Much more knowledge  

about the Higgs boson 

+ significantly tighter  

constraints on BSM


