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• Review of Electroweak Baryogenesis (EWBG)


• EWBG in the complex singlet extension of the SM 
(cxSM) as a reference case  


• Theoretical challenges


• Summary
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Baryon Asymmetry of the Universe (BAU)
Our Universe is baryon-asymmetric.

(1) Baryon number violation

(2) C and CP violation

(3) Out of equilibrium

Sakharov’s conditions

❒ after inflation (scale is model dependent)

❒ before Big-Bang Nucleosynthesis (T≃O(1) MeV)

[Sakharov, JETP Lett. 5 (1967) 24]

⌘BBN =
nB

n�
= (5.8� 6.5)⇥ 10�10,

⌘CMB =
nB

n�
= (6.105� 0.055)⇥ 10�10.
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1. GUT baryogenesis. 2. GUT baryogenesis after preheating. 3. Baryogenesis from
primordial black holes. 4. String scale baryogenesis. 5. Affleck-Dine (AD) baryogenesis. 6.
Hybridized AD baryogenesis. 7. No-scale AD baryogenesis. 8. Single field baryogenesis. 9.
Electroweak (EW) baryogenesis. 10. Local EW baryogenesis. 11. Non-local EW baryogenesis.
12. EW baryogenesis at preheating. 13. SUSY EW baryogenesis. 14. String mediated EW
baryogenesis. 15. Baryogenesis via leptogenesis. 16. Inflationary baryogenesis. 17. Resonant
leptogenesis. 18. Spontaneous baryogenesis. 19. Coherent baryogenesis. 20. Gravitational
baryogenesis. 21. Defect mediated baryogenesis. 22. Baryogenesis from long cosmic strings.
23. Baryogenesis from short cosmic strings. 24. Baryogenesis from collapsing loops. 25.
Baryogenesis through collapse of vortons. 26. Baryogenesis through axion domain walls. 27.
Baryogenesis through QCD domain walls. 28. Baryogenesis through unstable domain walls.
29. Baryogenesis from classical force. 30. Baryogenesis from electrogenesis. 31. B-ball
baryogenesis. 32. Baryogenesis from CPT breaking. 33. Baryogenesis through quantum gravity.
34. Baryogenesis via neutrino oscillations. 35. Monopole baryogenesis. 36. Axino induced
baryogenesis. 37. Gravitino induced baryogenesis. 38. Radion induced baryogenesis. 39.
Baryogenesis in large extra dimensions. 40. Baryogenesis by brane collision. 41. Baryogenesis
via density fluctuations. 42. Baryogenesis from hadronic jets. 43. Thermal leptogenesis. 44.
Nonthermal leptogenesis.

[Shaposhnikov, J.Phys.Conf.Ser.171:012005,2009.]
Many baryogenesis scenarios
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✤ B violation: anomalous (sphaleron) process 


✤ C violation: chiral gauge interaction


✤ CP violation: CKM matrix and/or other sources in beyond the SM


✤ Out of equilibrium: 1st-order EW phase transition (EWPT) with 
expanding bubble walls

[Kuzmin, Rubakov, Shaposhnikov, PLB155,36 (‘85) ]Sakharov’s conditions

BAU can arise by the growing bubbles.

EW baryogenesis (EWBG)

(LH fermions)

bubble 

expansion
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probe by collider physics

vC/TC≿1 

probe by gravitational waves
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vC/TC≿1 is not satisfied for mh=125 GeV.
In SM
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-> cannot redo EWPT in lab. exp.

So, test Sakharov’criteria instead.

How do we test this scenario?

probe by CPV physics
EDMs, h→ ff, b → sγ, etc.

Higgs couplings/spectrum, etc
probe by collider physics

vC/TC≿1 

probe by gravitational waves

vC/TC≿1 is not satisfied for mh=125 GeV.
CPV in CKM is not sufficient.

In SM
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Without any detailed calculation, we know that

(1) Mass scale

New particles must not be too heavy 

compared to EWPT temperature O(100) GeV.

h(125)

1 TeV

Otherwise, new particles would receive 

strong Boltzmann suppression (e-M/T).

scale of 

new particles

(2) Coupling strength

New particles must couple to h(125) in 
moderate strength. 

Otherwise, Higgs potential would hardly change, 

so EWPT cannot be strong 1st order.

g h(125)-new ≳ O(0.1)

* Effective Field Theory (EFT) framework cannot fully handle the EWBG problem. 

-> analysis should be done on a case-by-case basis.
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EWBG-related CPV

- Many CPV sources exist in BSM, and some of them are related to EWBG.
- CPV in CKM matrix is not sufficient.

EWBG-related CP violation

CPV we need:

CPV interactions between the bubble wall (Higgs VEV) and some 
particles (SM fermions or new particles) with masses of O(100) GeV.

(1) Yukawa interactions, (2) Higgs self interactions.

EDMs
VCKM

collider physics
b →sγ, h->ff etc

EWBG

Set of CPV phases

★

★
★
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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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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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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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Fig. 5 | Reduced Higgs boson coupling strength modifiers and their 
uncertainties. They are defined as κFmF/vev for fermions (F = t, b, τ, µ) and 

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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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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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 
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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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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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uncertainties. They are defined as κFmF/vev for fermions (F = t, b, τ, µ) and 

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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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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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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Fig. 5 | Reduced Higgs boson coupling strength modifiers and their 
uncertainties. They are defined as κFmF/vev for fermions (F = t, b, τ, µ) and 

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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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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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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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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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 
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(κf) and heavy gauge bosons (κV), in different datasets: discovery (red), the full 
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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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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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Fig. 5 | Reduced Higgs boson coupling strength modifiers and their 
uncertainties. They are defined as κFmF/vev for fermions (F = t, b, τ, µ) and 

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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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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of fermion or gauge boson mass, where υ is the vacuum expectation value of 
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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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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 

NV

N F

0.95 1.00 1.05 1.10 1.15

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

Observed best !t
Observed 68% CL
Observed 95% CL
SM prediction

Fig. 4 | Negative log-likelihood contours corresponding to 68% and 95% CL 
in the (κV, κF) plane. The data are obtained from a combined fit assuming no 
contributions from invisible or undetected non-standard model Higgs boson 
decays. The p value for compatibility of the combined measurement and the 
standard model (SM) prediction is 14%. Data are from ATLAS Run 2.

N F
 o

r N
V�

P

W

10–1

10–2

10–3

10–4

100

c

b

W

Z t

Nc = Nt

Nc is a free parameter
SM prediction

10–1 100 101 102

Particle mass (GeV)

0.8

1.0

1.2

1.4

N F
m

V
ve

v
or

 √
N V
�

m
V

ve
v

u c

Z W

t

Leptons Quarks

e d s b

g H

Force carriers Higgs boson

Qe QP QW

P

J

W

Fig. 5 | Reduced Higgs boson coupling strength modifiers and their 
uncertainties. They are defined as κFmF/vev for fermions (F = t, b, τ, µ) and 

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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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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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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Fig. 5 | Reduced Higgs boson coupling strength modifiers and their 
uncertainties. They are defined as κFmF/vev for fermions (F = t, b, τ, µ) and 

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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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 
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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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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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Nature | Vol 607 | 7 July 2022 | 63

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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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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Fig. 5 | Reduced Higgs boson coupling strength modifiers and their 
uncertainties. They are defined as κFmF/vev for fermions (F = t, b, τ, µ) and 

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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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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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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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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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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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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Fig. 5 | Reduced Higgs boson coupling strength modifiers and their 
uncertainties. They are defined as κFmF/vev for fermions (F = t, b, τ, µ) and 

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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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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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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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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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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Fig. 5 | Reduced Higgs boson coupling strength modifiers and their 
uncertainties. They are defined as κFmF/vev for fermions (F = t, b, τ, µ) and 

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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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).

0.6 0.8 1.0 1.2 1.4
0

0.5

1.0

1.5

N f

Discovery LHC Run 1 This paper

68% CL 95% CL SM Higgs

CMS

Xm
V

N V
or

Xm
f

N f

W
t

Z

b

μ

τ

Vector bosons

Third-generation fermions

Second-generation fermions

SM Higgs boson

138 fb–1 (13 TeV)CMS

mH = 125.38 GeV

10–1 1 10 102

Particle mass (GeV)

0.6

0.8

1.0

1.2

1.4

R
at

io
 to

 S
M

NV

0.95
1.00
1.05

10–4

10–3

10–2

10–1

1

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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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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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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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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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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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).

0.6 0.8 1.0 1.2 1.4
0

0.5

1.0

1.5

N f

Discovery LHC Run 1 This paper

68% CL 95% CL SM Higgs

CMS

Xm
V

N V
or

Xm
f

N f

W
t

Z

b

μ

τ

Vector bosons

Third-generation fermions

Second-generation fermions

SM Higgs boson

138 fb–1 (13 TeV)CMS

mH = 125.38 GeV

10–1 1 10 102

Particle mass (GeV)

0.6

0.8

1.0

1.2

1.4

R
at

io
 to

 S
M

NV

0.95
1.00
1.05

10–4

10–3

10–2

10–1

1

Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
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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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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 

NV

N F

0.95 1.00 1.05 1.10 1.15

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

Observed best !t
Observed 68% CL
Observed 95% CL
SM prediction

Fig. 4 | Negative log-likelihood contours corresponding to 68% and 95% CL 
in the (κV, κF) plane. The data are obtained from a combined fit assuming no 
contributions from invisible or undetected non-standard model Higgs boson 
decays. The p value for compatibility of the combined measurement and the 
standard model (SM) prediction is 14%. Data are from ATLAS Run 2.

N F
 o

r N
V�

P

W

10–1

10–2

10–3

10–4

100

c

b

W

Z t

Nc = Nt

Nc is a free parameter
SM prediction

10–1 100 101 102

Particle mass (GeV)

0.8

1.0

1.2

1.4

N F
m

V
ve

v
or

 √
N V
�

m
V

ve
v

u c

Z W

t

Leptons Quarks

e d s b

g H

Force carriers Higgs boson

Qe QP QW

P

J

W

Fig. 5 | Reduced Higgs boson coupling strength modifiers and their 
uncertainties. They are defined as κFmF/vev for fermions (F = t, b, τ, µ) and 

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.

Nature | Vol 607 | 7 July 2022 | 63

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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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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Fig. 5 | Reduced Higgs boson coupling strength modifiers and their 
uncertainties. They are defined as κFmF/vev for fermions (F = t, b, τ, µ) and 

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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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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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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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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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 

NV

N F

0.95 1.00 1.05 1.10 1.15

0.80

0.85

0.90

0.95

1.00

1.05

1.10

1.15

Observed best !t
Observed 68% CL
Observed 95% CL
SM prediction

Fig. 4 | Negative log-likelihood contours corresponding to 68% and 95% CL 
in the (κV, κF) plane. The data are obtained from a combined fit assuming no 
contributions from invisible or undetected non-standard model Higgs boson 
decays. The p value for compatibility of the combined measurement and the 
standard model (SM) prediction is 14%. Data are from ATLAS Run 2.

N F
 o

r N
V�

P

W

10–1

10–2

10–3

10–4

100

c

b

W

Z t

Nc = Nt

Nc is a free parameter
SM prediction

10–1 100 101 102

Particle mass (GeV)

0.8

1.0

1.2

1.4

N F
m

V
ve

v
or

 √
N V
�

m
V

ve
v

u c

Z W

t

Leptons Quarks

e d s b

g H

Force carriers Higgs boson

Qe QP QW

P

J

W

Fig. 5 | Reduced Higgs boson coupling strength modifiers and their 
uncertainties. They are defined as κFmF/vev for fermions (F = t, b, τ, µ) and 

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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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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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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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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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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Fig. 5 | Reduced Higgs boson coupling strength modifiers and their 
uncertainties. They are defined as κFmF/vev for fermions (F = t, b, τ, µ) and 

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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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).

0.6 0.8 1.0 1.2 1.4
0

0.5

1.0

1.5

N f

Discovery LHC Run 1 This paper

68% CL 95% CL SM Higgs

CMS

Xm
V

N V
or

Xm
f

N f

W
t

Z

b

μ

τ

Vector bosons

Third-generation fermions

Second-generation fermions

SM Higgs boson

138 fb–1 (13 TeV)CMS

mH = 125.38 GeV

10–1 1 10 102

Particle mass (GeV)

0.6

0.8

1.0

1.2

1.4

R
at

io
 to

 S
M

NV

0.95
1.00
1.05

10–4

10–3

10–2

10–1

1

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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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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decays. The p value for compatibility of the combined measurement and the 
standard model (SM) prediction is 14%. Data are from ATLAS Run 2.
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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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The results of eEDM experiments may suggest the existence of a 
suppression mechanism if EWBG is true.

EWBG-EDM connection
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We make a comment on a case in which !" is complex while !# is real 
at the end of Sec. 5.

Before closing this section, we briefly describe the degenerate scalar 
scenario that can mimic the SM. For illustration, we consider a process 
$$ → ℎ& → ' ' ∗. Since |(ℎ& − (ℎ) | > ((ℎ&Γℎ& + (ℎ)Γℎ) )∕((ℎ& +(ℎ) ) in 
our benchmark points, where Γℎ& are the total decay width of ℎ&, we can use a narrow decay width approximation [17,18]. With the approx-
imation, the cross section normalized by the SM value is cast into the 
form
*$$→ℎ&→' ' ∗

*SM$$→ℎ&→' ' ∗
≃ 1 +

+2|!"|2
Λ2,2"

, (16)

where we have used Γℎ& ≃ -2
&' Γ

SM
ℎ with ΓSMℎ being the total decay width 

of the SM Higgs boson. For |!"| = ," and Λ = 1.0 TeV, the deviation 
from the SM value would be about 6%, which is still consistent with the 
current LHC data [19,20].2 While somewhat lower Λ could be allowed 
experimentally, detailed collider analysis would be required for that, 
and we do not pursue this possibility in the current work. We have 
confirmed that our conclusion does not change even when Λ = 0.5 TeV.

Currently, experimental constraints on the Higgs total decay width 
are Γexpℎ < 14.4 MeV (ATLAS [21]) and Γexpℎ = 3.2+2.4−1.7 MeV (CMS [22]), 
which are not precise enough to provide a valuable constraint to our 
scenario.

3. Electroweak baryogenesis

We are following closely the work of Refs. [23–25], derive the semi-
classical force in the presence of the CP violation discussed in the 
previous section. The Yukawa interaction with a spacetime-dependent 
complex mass is defined as

. = 0̄
(
&∕1 −(0 (2)34 −(∗

0 (2)35
)
0 , (17)

where ∕1 = 6717 . Since the thickness of the bubble wall is much smaller 
than that of the radius, we can approximate it as a planner. In this case, 
the spacetime dependence of (0 is only 8 which is the coordinate of 
the perpendicular to the wall.

From the above Yukawa Lagrangian, the equation of motion is given 
by
(
&∕18 −(0 (8)34 −(∗

0 (8)35
)
0 = 0, (18)

where (0 (8) ≡ |(0 (8)|#&90 (8). The semiclassical force is found to be

:8 = −
(|(0 |2)′

2; ± <
(|(0 |29′0 )′
2;0;08

, (19)

where

; =;0 ∓ <
|(0 |29′0
2;0;08

, (20)

;0 =
√

=22 + =2, + =28 + |(0 |2, (21)

;08 =
√

=28 + |(0 |2. (22)
The upper and lower signs correspond to particles and antiparticles, 
respectively. We also note that particles with opposite spin receive the 
opposite CP-violating force. The nonzero momenta parallel to the wall 
can enhance the CP-violating part, as referred to by Ref. [24].

2 Note that deviations of other processes such as the Higgs decay to diphoton 
are also ( +2 |!"|2Λ2,2"

) ∼ 6% in our study, which is consistent with the current LHC 
data [19,20].

Fig. 1. Dominant two-loop contributions to >#. The left diagrams are denoted 
as (>ℎ6

# )" and (>ℎ?
# )", while the right ones as (>ℎ6

# )@ and (>ℎ?
# )@ .

In our case, the top mass during EWPT has the form
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where A(8), ABC (8), and A&C (8) are the bubble wall profiles parametrized 
as ⟨D⟩E = (0 A(8)∕

√
2), ⟨C⟩ = (ABC (8) + &A&C (8))∕
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The detail of the bubble wall calculations is given in Ref. [11].
After solving transport equations, one can find the baryon-to-photon 

ratio (FG) as [25]

FG =
405Γsymsph

4H26I+I$∗(E )E

∞

∫
0

>8 7G5
exp

(
−
45Γsymsph 8

46I+I

)
, (25)

where 7G5
denotes a chemical potential for the left-handed baryon 

number, $∗(E )(= 108.75) is the degrees of freedom of the relativistic 
particles in the thermal bath, Γsymsph (= 1.0 × 10−6E [25]) is the sphaleron 
rate in the symmetric phase, +I(= 0.1) is the wall velocity, and 6I =
1∕

√
1− +2I. We set E to a nucleation temperature EJ = 66.847 GeV for 

FG . Using Eq. (25), we estimate FG and compare with the observed val-
ues, FBBNG = (5.8 − 6.5) × 10−10 at 95% CL from bigbang nucleosynthesis 
and FCMBG = (6.105 ± 0.055) × 10−10 at 95% CL from comic microwave 
background [26].

4. Electric dipole moments

EDMs, especially the electron EDM, severely constrain the magni-
tude of CP violation. The latest upper bounds on |>#| from the ACME 
and JILA experiments are, respectively, given by [12,13]

|>ACME# | < 1.1 × 10−29 # cm (90% C.L.), (26)
|>JILA# | < 4.1 × 10−30 # cm (90% C.L.). (27)
In our model, dominant corrections to ># come from the so-called Barr-
Zee diagrams [27]. We decompose them into two parts

># = >"# + >@# , (28)
where >"# = (>ℎ6# )" + (>ℎ?# )" and >@# = (>ℎ6# )@ + (>ℎ?# )@ with the sub-
scripts of the parentheses representing the particle running in the upper 
loop in the Barr-Zee diagrams, as depicted in Fig. 1.

The top-loop contribution to ># in the degenerate mass limit be-
comes
(>ℎ6# )"
#

≃
Kem|!"||!#| sin(L# − L")+2

24H3("Λ2

[
0 (M"ℎ)− $(M"ℎ)

]
, (29)

BAU-non-related CPV

Cancellation mechanism

Other possibilities
- Spontaneous CPV (+ tiny explicit CPV) at T>0

-> At T=0, VEV becomes real, leaving only a tiny explicit CPV.

- CPV comes from dark sectors
E.g., 1807.06987, SM + complex singlet scalar + dim.6 Yukawa op.,  explicit CPV ≃ O(10-15)
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and JILA experiments are, respectively, given by [12,13]
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(1) phase alignments (multiple phases)
BAU-related CPV

(2) mass degeneracy (multiple scalars)

eEDM can be suppressed due to 

E.g., 1908.04818, SM + extra fermions w/ gauged U(1)lepton, eEDM (3-loop) < 10-30 e cm
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BAU-related CPV also show up in B physics

E.g. b → sγ in general 2HDM
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Experimental constraint
S. Watanuki, A.Ishikawa et al. [Belle Collaboration], 

PRD99, 032012 (2019)  [1807.04236].
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 Complex singlet extension of the SM (cxSM)
A complex singlet scalar (S) is added to the SM.
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- a1 and b1 are needed to avoid an unwanted Nambu-Goldstone and domain wall.
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The h-χ and s-χ mixings are due to the complex parameters in the S sector.
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- Complex parameters in the S sector do not induce CPV.

scalar coupling (no pseudoscalar coupling)

- As a 1st step, we consider CPV-dimension 5 operators.
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We make a comment on a case in which !" is complex while !# is real 
at the end of Sec. 5.

Before closing this section, we briefly describe the degenerate scalar 
scenario that can mimic the SM. For illustration, we consider a process 
$$ → ℎ& → ' ' ∗. Since |(ℎ& − (ℎ) | > ((ℎ&Γℎ& + (ℎ)Γℎ) )∕((ℎ& +(ℎ) ) in 
our benchmark points, where Γℎ& are the total decay width of ℎ&, we can use a narrow decay width approximation [17,18]. With the approx-
imation, the cross section normalized by the SM value is cast into the 
form
*$$→ℎ&→' ' ∗

*SM$$→ℎ&→' ' ∗
≃ 1 +

+2|!"|2
Λ2,2"

, (16)

where we have used Γℎ& ≃ -2
&' Γ

SM
ℎ with ΓSMℎ being the total decay width 

of the SM Higgs boson. For |!"| = ," and Λ = 1.0 TeV, the deviation 
from the SM value would be about 6%, which is still consistent with the 
current LHC data [19,20].2 While somewhat lower Λ could be allowed 
experimentally, detailed collider analysis would be required for that, 
and we do not pursue this possibility in the current work. We have 
confirmed that our conclusion does not change even when Λ = 0.5 TeV.

Currently, experimental constraints on the Higgs total decay width 
are Γexpℎ < 14.4 MeV (ATLAS [21]) and Γexpℎ = 3.2+2.4−1.7 MeV (CMS [22]), 
which are not precise enough to provide a valuable constraint to our 
scenario.

3. Electroweak baryogenesis

We are following closely the work of Refs. [23–25], derive the semi-
classical force in the presence of the CP violation discussed in the 
previous section. The Yukawa interaction with a spacetime-dependent 
complex mass is defined as

. = 0̄
(
&∕1 −(0 (2)34 −(∗

0 (2)35
)
0 , (17)

where ∕1 = 6717 . Since the thickness of the bubble wall is much smaller 
than that of the radius, we can approximate it as a planner. In this case, 
the spacetime dependence of (0 is only 8 which is the coordinate of 
the perpendicular to the wall.

From the above Yukawa Lagrangian, the equation of motion is given 
by
(
&∕18 −(0 (8)34 −(∗

0 (8)35
)
0 = 0, (18)

where (0 (8) ≡ |(0 (8)|#&90 (8). The semiclassical force is found to be

:8 = −
(|(0 |2)′

2; ± <
(|(0 |29′0 )′
2;0;08

, (19)

where

; =;0 ∓ <
|(0 |29′0
2;0;08

, (20)

;0 =
√

=22 + =2, + =28 + |(0 |2, (21)

;08 =
√

=28 + |(0 |2. (22)
The upper and lower signs correspond to particles and antiparticles, 
respectively. We also note that particles with opposite spin receive the 
opposite CP-violating force. The nonzero momenta parallel to the wall 
can enhance the CP-violating part, as referred to by Ref. [24].

2 Note that deviations of other processes such as the Higgs decay to diphoton 
are also ( +2 |!"|2Λ2,2"

) ∼ 6% in our study, which is consistent with the current LHC 
data [19,20].

Fig. 1. Dominant two-loop contributions to >#. The left diagrams are denoted 
as (>ℎ6

# )" and (>ℎ?
# )", while the right ones as (>ℎ6

# )@ and (>ℎ?
# )@ .

In our case, the top mass during EWPT has the form
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)
)
, (23)

where A(8), ABC (8), and A&C (8) are the bubble wall profiles parametrized 
as ⟨D⟩E = (0 A(8)∕

√
2), ⟨C⟩ = (ABC (8) + &A&C (8))∕

√
2, while the phase 

9"(8) is expressed as
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⎛
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The detail of the bubble wall calculations is given in Ref. [11].
After solving transport equations, one can find the baryon-to-photon 

ratio (FG) as [25]

FG =
405Γsymsph

4H26I+I$∗(E )E

∞

∫
0

>8 7G5
exp

(
−
45Γsymsph 8

46I+I

)
, (25)

where 7G5
denotes a chemical potential for the left-handed baryon 

number, $∗(E )(= 108.75) is the degrees of freedom of the relativistic 
particles in the thermal bath, Γsymsph (= 1.0 × 10−6E [25]) is the sphaleron 
rate in the symmetric phase, +I(= 0.1) is the wall velocity, and 6I =
1∕

√
1− +2I. We set E to a nucleation temperature EJ = 66.847 GeV for 

FG . Using Eq. (25), we estimate FG and compare with the observed val-
ues, FBBNG = (5.8 − 6.5) × 10−10 at 95% CL from bigbang nucleosynthesis 
and FCMBG = (6.105 ± 0.055) × 10−10 at 95% CL from comic microwave 
background [26].

4. Electric dipole moments

EDMs, especially the electron EDM, severely constrain the magni-
tude of CP violation. The latest upper bounds on |>#| from the ACME 
and JILA experiments are, respectively, given by [12,13]

|>ACME# | < 1.1 × 10−29 # cm (90% C.L.), (26)
|>JILA# | < 4.1 × 10−30 # cm (90% C.L.). (27)
In our model, dominant corrections to ># come from the so-called Barr-
Zee diagrams [27]. We decompose them into two parts

># = >"# + >@# , (28)
where >"# = (>ℎ6# )" + (>ℎ?# )" and >@# = (>ℎ6# )@ + (>ℎ?# )@ with the sub-
scripts of the parentheses representing the particle running in the upper 
loop in the Barr-Zee diagrams, as depicted in Fig. 1.

The top-loop contribution to ># in the degenerate mass limit be-
comes
(>ℎ6# )"
#

≃
Kem|!"||!#| sin(L# − L")+2

24H3("Λ2

[
0 (M"ℎ)− $(M"ℎ)

]
, (29)
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which are not precise enough to provide a valuable constraint to our 
scenario.

3. Electroweak baryogenesis

We are following closely the work of Refs. [23–25], derive the semi-
classical force in the presence of the CP violation discussed in the 
previous section. The Yukawa interaction with a spacetime-dependent 
complex mass is defined as

. = 0̄
(
&∕1 −(0 (2)34 −(∗

0 (2)35
)
0 , (17)

where ∕1 = 6717 . Since the thickness of the bubble wall is much smaller 
than that of the radius, we can approximate it as a planner. In this case, 
the spacetime dependence of (0 is only 8 which is the coordinate of 
the perpendicular to the wall.

From the above Yukawa Lagrangian, the equation of motion is given 
by
(
&∕18 −(0 (8)34 −(∗

0 (8)35
)
0 = 0, (18)

where (0 (8) ≡ |(0 (8)|#&90 (8). The semiclassical force is found to be
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The upper and lower signs correspond to particles and antiparticles, 
respectively. We also note that particles with opposite spin receive the 
opposite CP-violating force. The nonzero momenta parallel to the wall 
can enhance the CP-violating part, as referred to by Ref. [24].

2 Note that deviations of other processes such as the Higgs decay to diphoton 
are also ( +2 |!"|2Λ2,2"

) ∼ 6% in our study, which is consistent with the current LHC 
data [19,20].
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The detail of the bubble wall calculations is given in Ref. [11].
After solving transport equations, one can find the baryon-to-photon 

ratio (FG) as [25]
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where 7G5
denotes a chemical potential for the left-handed baryon 

number, $∗(E )(= 108.75) is the degrees of freedom of the relativistic 
particles in the thermal bath, Γsymsph (= 1.0 × 10−6E [25]) is the sphaleron 
rate in the symmetric phase, +I(= 0.1) is the wall velocity, and 6I =
1∕

√
1− +2I. We set E to a nucleation temperature EJ = 66.847 GeV for 

FG . Using Eq. (25), we estimate FG and compare with the observed val-
ues, FBBNG = (5.8 − 6.5) × 10−10 at 95% CL from bigbang nucleosynthesis 
and FCMBG = (6.105 ± 0.055) × 10−10 at 95% CL from comic microwave 
background [26].

4. Electric dipole moments

EDMs, especially the electron EDM, severely constrain the magni-
tude of CP violation. The latest upper bounds on |>#| from the ACME 
and JILA experiments are, respectively, given by [12,13]

|>ACME# | < 1.1 × 10−29 # cm (90% C.L.), (26)
|>JILA# | < 4.1 × 10−30 # cm (90% C.L.). (27)
In our model, dominant corrections to ># come from the so-called Barr-
Zee diagrams [27]. We decompose them into two parts

># = >"# + >@# , (28)
where >"# = (>ℎ6# )" + (>ℎ?# )" and >@# = (>ℎ6# )@ + (>ℎ?# )@ with the sub-
scripts of the parentheses representing the particle running in the upper 
loop in the Barr-Zee diagrams, as depicted in Fig. 1.

The top-loop contribution to ># in the degenerate mass limit be-
comes
(>ℎ6# )"
#

≃
Kem|!"||!#| sin(L# − L")+2

24H3("Λ2

[
0 (M"ℎ)− $(M"ℎ)
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We make a comment on a case in which !" is complex while !# is real 
at the end of Sec. 5.
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scenario that can mimic the SM. For illustration, we consider a process 
$$ → ℎ& → ' ' ∗. Since |(ℎ& − (ℎ) | > ((ℎ&Γℎ& + (ℎ)Γℎ) )∕((ℎ& +(ℎ) ) in 
our benchmark points, where Γℎ& are the total decay width of ℎ&, we can use a narrow decay width approximation [17,18]. With the approx-
imation, the cross section normalized by the SM value is cast into the 
form
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ℎ with ΓSMℎ being the total decay width 

of the SM Higgs boson. For |!"| = ," and Λ = 1.0 TeV, the deviation 
from the SM value would be about 6%, which is still consistent with the 
current LHC data [19,20].2 While somewhat lower Λ could be allowed 
experimentally, detailed collider analysis would be required for that, 
and we do not pursue this possibility in the current work. We have 
confirmed that our conclusion does not change even when Λ = 0.5 TeV.

Currently, experimental constraints on the Higgs total decay width 
are Γexpℎ < 14.4 MeV (ATLAS [21]) and Γexpℎ = 3.2+2.4−1.7 MeV (CMS [22]), 
which are not precise enough to provide a valuable constraint to our 
scenario.

3. Electroweak baryogenesis

We are following closely the work of Refs. [23–25], derive the semi-
classical force in the presence of the CP violation discussed in the 
previous section. The Yukawa interaction with a spacetime-dependent 
complex mass is defined as

. = 0̄
(
&∕1 −(0 (2)34 −(∗

0 (2)35
)
0 , (17)

where ∕1 = 6717 . Since the thickness of the bubble wall is much smaller 
than that of the radius, we can approximate it as a planner. In this case, 
the spacetime dependence of (0 is only 8 which is the coordinate of 
the perpendicular to the wall.

From the above Yukawa Lagrangian, the equation of motion is given 
by
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The upper and lower signs correspond to particles and antiparticles, 
respectively. We also note that particles with opposite spin receive the 
opposite CP-violating force. The nonzero momenta parallel to the wall 
can enhance the CP-violating part, as referred to by Ref. [24].

2 Note that deviations of other processes such as the Higgs decay to diphoton 
are also ( +2 |!"|2Λ2,2"

) ∼ 6% in our study, which is consistent with the current LHC 
data [19,20].
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The detail of the bubble wall calculations is given in Ref. [11].
After solving transport equations, one can find the baryon-to-photon 

ratio (FG) as [25]
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where 7G5
denotes a chemical potential for the left-handed baryon 

number, $∗(E )(= 108.75) is the degrees of freedom of the relativistic 
particles in the thermal bath, Γsymsph (= 1.0 × 10−6E [25]) is the sphaleron 
rate in the symmetric phase, +I(= 0.1) is the wall velocity, and 6I =
1∕

√
1− +2I. We set E to a nucleation temperature EJ = 66.847 GeV for 

FG . Using Eq. (25), we estimate FG and compare with the observed val-
ues, FBBNG = (5.8 − 6.5) × 10−10 at 95% CL from bigbang nucleosynthesis 
and FCMBG = (6.105 ± 0.055) × 10−10 at 95% CL from comic microwave 
background [26].

4. Electric dipole moments

EDMs, especially the electron EDM, severely constrain the magni-
tude of CP violation. The latest upper bounds on |>#| from the ACME 
and JILA experiments are, respectively, given by [12,13]

|>ACME# | < 1.1 × 10−29 # cm (90% C.L.), (26)
|>JILA# | < 4.1 × 10−30 # cm (90% C.L.). (27)
In our model, dominant corrections to ># come from the so-called Barr-
Zee diagrams [27]. We decompose them into two parts

># = >"# + >@# , (28)
where >"# = (>ℎ6# )" + (>ℎ?# )" and >@# = (>ℎ6# )@ + (>ℎ?# )@ with the sub-
scripts of the parentheses representing the particle running in the upper 
loop in the Barr-Zee diagrams, as depicted in Fig. 1.

The top-loop contribution to ># in the degenerate mass limit be-
comes
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from the SM value would be about 6%, which is still consistent with the 
current LHC data [19,20].2 While somewhat lower Λ could be allowed 
experimentally, detailed collider analysis would be required for that, 
and we do not pursue this possibility in the current work. We have 
confirmed that our conclusion does not change even when Λ = 0.5 TeV.

Currently, experimental constraints on the Higgs total decay width 
are Γexpℎ < 14.4 MeV (ATLAS [21]) and Γexpℎ = 3.2+2.4−1.7 MeV (CMS [22]), 
which are not precise enough to provide a valuable constraint to our 
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and FCMBG = (6.105 ± 0.055) × 10−10 at 95% CL from comic microwave 
background [26].

4. Electric dipole moments

EDMs, especially the electron EDM, severely constrain the magni-
tude of CP violation. The latest upper bounds on |>#| from the ACME 
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We make a comment on a case in which !" is complex while !# is real 
at the end of Sec. 5.

Before closing this section, we briefly describe the degenerate scalar 
scenario that can mimic the SM. For illustration, we consider a process 
$$ → ℎ& → ' ' ∗. Since |(ℎ& − (ℎ) | > ((ℎ&Γℎ& + (ℎ)Γℎ) )∕((ℎ& +(ℎ) ) in 
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of the SM Higgs boson. For |!"| = ," and Λ = 1.0 TeV, the deviation 
from the SM value would be about 6%, which is still consistent with the 
current LHC data [19,20].2 While somewhat lower Λ could be allowed 
experimentally, detailed collider analysis would be required for that, 
and we do not pursue this possibility in the current work. We have 
confirmed that our conclusion does not change even when Λ = 0.5 TeV.

Currently, experimental constraints on the Higgs total decay width 
are Γexpℎ < 14.4 MeV (ATLAS [21]) and Γexpℎ = 3.2+2.4−1.7 MeV (CMS [22]), 
which are not precise enough to provide a valuable constraint to our 
scenario.
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We are following closely the work of Refs. [23–25], derive the semi-
classical force in the presence of the CP violation discussed in the 
previous section. The Yukawa interaction with a spacetime-dependent 
complex mass is defined as

. = 0̄
(
&∕1 −(0 (2)34 −(∗

0 (2)35
)
0 , (17)

where ∕1 = 6717 . Since the thickness of the bubble wall is much smaller 
than that of the radius, we can approximate it as a planner. In this case, 
the spacetime dependence of (0 is only 8 which is the coordinate of 
the perpendicular to the wall.

From the above Yukawa Lagrangian, the equation of motion is given 
by
(
&∕18 −(0 (8)34 −(∗

0 (8)35
)
0 = 0, (18)

where (0 (8) ≡ |(0 (8)|#&90 (8). The semiclassical force is found to be

:8 = −
(|(0 |2)′

2; ± <
(|(0 |29′0 )′
2;0;08

, (19)

where

; =;0 ∓ <
|(0 |29′0
2;0;08

, (20)

;0 =
√

=22 + =2, + =28 + |(0 |2, (21)

;08 =
√

=28 + |(0 |2. (22)
The upper and lower signs correspond to particles and antiparticles, 
respectively. We also note that particles with opposite spin receive the 
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can enhance the CP-violating part, as referred to by Ref. [24].

2 Note that deviations of other processes such as the Higgs decay to diphoton 
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) ∼ 6% in our study, which is consistent with the current LHC 
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where 7G5
denotes a chemical potential for the left-handed baryon 

number, $∗(E )(= 108.75) is the degrees of freedom of the relativistic 
particles in the thermal bath, Γsymsph (= 1.0 × 10−6E [25]) is the sphaleron 
rate in the symmetric phase, +I(= 0.1) is the wall velocity, and 6I =
1∕

√
1− +2I. We set E to a nucleation temperature EJ = 66.847 GeV for 

FG . Using Eq. (25), we estimate FG and compare with the observed val-
ues, FBBNG = (5.8 − 6.5) × 10−10 at 95% CL from bigbang nucleosynthesis 
and FCMBG = (6.105 ± 0.055) × 10−10 at 95% CL from comic microwave 
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tude of CP violation. The latest upper bounds on |>#| from the ACME 
and JILA experiments are, respectively, given by [12,13]

|>ACME# | < 1.1 × 10−29 # cm (90% C.L.), (26)
|>JILA# | < 4.1 × 10−30 # cm (90% C.L.). (27)
In our model, dominant corrections to ># come from the so-called Barr-
Zee diagrams [27]. We decompose them into two parts
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comes
(>ℎ6# )"
#

≃
Kem|!"||!#| sin(L# − L")+2

24H3("Λ2

[
0 (M"ℎ)− $(M"ℎ)

]
, (29)
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We make a comment on a case in which !" is complex while !# is real 
at the end of Sec. 5.

Before closing this section, we briefly describe the degenerate scalar 
scenario that can mimic the SM. For illustration, we consider a process 
$$ → ℎ& → ' ' ∗. Since |(ℎ& − (ℎ) | > ((ℎ&Γℎ& + (ℎ)Γℎ) )∕((ℎ& +(ℎ) ) in 
our benchmark points, where Γℎ& are the total decay width of ℎ&, we can use a narrow decay width approximation [17,18]. With the approx-
imation, the cross section normalized by the SM value is cast into the 
form
*$$→ℎ&→' ' ∗

*SM$$→ℎ&→' ' ∗
≃ 1 +

+2|!"|2
Λ2,2"

, (16)

where we have used Γℎ& ≃ -2
&' Γ

SM
ℎ with ΓSMℎ being the total decay width 

of the SM Higgs boson. For |!"| = ," and Λ = 1.0 TeV, the deviation 
from the SM value would be about 6%, which is still consistent with the 
current LHC data [19,20].2 While somewhat lower Λ could be allowed 
experimentally, detailed collider analysis would be required for that, 
and we do not pursue this possibility in the current work. We have 
confirmed that our conclusion does not change even when Λ = 0.5 TeV.

Currently, experimental constraints on the Higgs total decay width 
are Γexpℎ < 14.4 MeV (ATLAS [21]) and Γexpℎ = 3.2+2.4−1.7 MeV (CMS [22]), 
which are not precise enough to provide a valuable constraint to our 
scenario.

3. Electroweak baryogenesis

We are following closely the work of Refs. [23–25], derive the semi-
classical force in the presence of the CP violation discussed in the 
previous section. The Yukawa interaction with a spacetime-dependent 
complex mass is defined as

. = 0̄
(
&∕1 −(0 (2)34 −(∗

0 (2)35
)
0 , (17)

where ∕1 = 6717 . Since the thickness of the bubble wall is much smaller 
than that of the radius, we can approximate it as a planner. In this case, 
the spacetime dependence of (0 is only 8 which is the coordinate of 
the perpendicular to the wall.

From the above Yukawa Lagrangian, the equation of motion is given 
by
(
&∕18 −(0 (8)34 −(∗

0 (8)35
)
0 = 0, (18)

where (0 (8) ≡ |(0 (8)|#&90 (8). The semiclassical force is found to be

:8 = −
(|(0 |2)′

2; ± <
(|(0 |29′0 )′
2;0;08

, (19)

where

; =;0 ∓ <
|(0 |29′0
2;0;08

, (20)

;0 =
√

=22 + =2, + =28 + |(0 |2, (21)

;08 =
√

=28 + |(0 |2. (22)
The upper and lower signs correspond to particles and antiparticles, 
respectively. We also note that particles with opposite spin receive the 
opposite CP-violating force. The nonzero momenta parallel to the wall 
can enhance the CP-violating part, as referred to by Ref. [24].

2 Note that deviations of other processes such as the Higgs decay to diphoton 
are also ( +2 |!"|2Λ2,2"

) ∼ 6% in our study, which is consistent with the current LHC 
data [19,20].

Fig. 1. Dominant two-loop contributions to >#. The left diagrams are denoted 
as (>ℎ6

# )" and (>ℎ?
# )", while the right ones as (>ℎ6

# )@ and (>ℎ?
# )@ .

In our case, the top mass during EWPT has the form
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, (23)

where A(8), ABC (8), and A&C (8) are the bubble wall profiles parametrized 
as ⟨D⟩E = (0 A(8)∕

√
2), ⟨C⟩ = (ABC (8) + &A&C (8))∕

√
2, while the phase 

9"(8) is expressed as

9"(8) = tan−1
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⎜
⎜⎝
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B
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The detail of the bubble wall calculations is given in Ref. [11].
After solving transport equations, one can find the baryon-to-photon 

ratio (FG) as [25]

FG =
405Γsymsph

4H26I+I$∗(E )E

∞

∫
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>8 7G5
exp

(
−
45Γsymsph 8

46I+I

)
, (25)

where 7G5
denotes a chemical potential for the left-handed baryon 

number, $∗(E )(= 108.75) is the degrees of freedom of the relativistic 
particles in the thermal bath, Γsymsph (= 1.0 × 10−6E [25]) is the sphaleron 
rate in the symmetric phase, +I(= 0.1) is the wall velocity, and 6I =
1∕

√
1− +2I. We set E to a nucleation temperature EJ = 66.847 GeV for 

FG . Using Eq. (25), we estimate FG and compare with the observed val-
ues, FBBNG = (5.8 − 6.5) × 10−10 at 95% CL from bigbang nucleosynthesis 
and FCMBG = (6.105 ± 0.055) × 10−10 at 95% CL from comic microwave 
background [26].

4. Electric dipole moments

EDMs, especially the electron EDM, severely constrain the magni-
tude of CP violation. The latest upper bounds on |>#| from the ACME 
and JILA experiments are, respectively, given by [12,13]

|>ACME# | < 1.1 × 10−29 # cm (90% C.L.), (26)
|>JILA# | < 4.1 × 10−30 # cm (90% C.L.). (27)
In our model, dominant corrections to ># come from the so-called Barr-
Zee diagrams [27]. We decompose them into two parts

># = >"# + >@# , (28)
where >"# = (>ℎ6# )" + (>ℎ?# )" and >@# = (>ℎ6# )@ + (>ℎ?# )@ with the sub-
scripts of the parentheses representing the particle running in the upper 
loop in the Barr-Zee diagrams, as depicted in Fig. 1.

The top-loop contribution to ># in the degenerate mass limit be-
comes
(>ℎ6# )"
#

≃
Kem|!"||!#| sin(L# − L")+2

24H3("Λ2

[
0 (M"ℎ)− $(M"ℎ)
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, (29)
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We make a comment on a case in which !" is complex while !# is real 
at the end of Sec. 5.

Before closing this section, we briefly describe the degenerate scalar 
scenario that can mimic the SM. For illustration, we consider a process 
$$ → ℎ& → ' ' ∗. Since |(ℎ& − (ℎ) | > ((ℎ&Γℎ& + (ℎ)Γℎ) )∕((ℎ& +(ℎ) ) in 
our benchmark points, where Γℎ& are the total decay width of ℎ&, we can use a narrow decay width approximation [17,18]. With the approx-
imation, the cross section normalized by the SM value is cast into the 
form
*$$→ℎ&→' ' ∗

*SM$$→ℎ&→' ' ∗
≃ 1 +

+2|!"|2
Λ2,2"

, (16)

where we have used Γℎ& ≃ -2
&' Γ

SM
ℎ with ΓSMℎ being the total decay width 

of the SM Higgs boson. For |!"| = ," and Λ = 1.0 TeV, the deviation 
from the SM value would be about 6%, which is still consistent with the 
current LHC data [19,20].2 While somewhat lower Λ could be allowed 
experimentally, detailed collider analysis would be required for that, 
and we do not pursue this possibility in the current work. We have 
confirmed that our conclusion does not change even when Λ = 0.5 TeV.

Currently, experimental constraints on the Higgs total decay width 
are Γexpℎ < 14.4 MeV (ATLAS [21]) and Γexpℎ = 3.2+2.4−1.7 MeV (CMS [22]), 
which are not precise enough to provide a valuable constraint to our 
scenario.

3. Electroweak baryogenesis

We are following closely the work of Refs. [23–25], derive the semi-
classical force in the presence of the CP violation discussed in the 
previous section. The Yukawa interaction with a spacetime-dependent 
complex mass is defined as

. = 0̄
(
&∕1 −(0 (2)34 −(∗

0 (2)35
)
0 , (17)

where ∕1 = 6717 . Since the thickness of the bubble wall is much smaller 
than that of the radius, we can approximate it as a planner. In this case, 
the spacetime dependence of (0 is only 8 which is the coordinate of 
the perpendicular to the wall.

From the above Yukawa Lagrangian, the equation of motion is given 
by
(
&∕18 −(0 (8)34 −(∗

0 (8)35
)
0 = 0, (18)

where (0 (8) ≡ |(0 (8)|#&90 (8). The semiclassical force is found to be

:8 = −
(|(0 |2)′

2; ± <
(|(0 |29′0 )′
2;0;08

, (19)

where

; =;0 ∓ <
|(0 |29′0
2;0;08

, (20)

;0 =
√

=22 + =2, + =28 + |(0 |2, (21)

;08 =
√

=28 + |(0 |2. (22)
The upper and lower signs correspond to particles and antiparticles, 
respectively. We also note that particles with opposite spin receive the 
opposite CP-violating force. The nonzero momenta parallel to the wall 
can enhance the CP-violating part, as referred to by Ref. [24].

2 Note that deviations of other processes such as the Higgs decay to diphoton 
are also ( +2 |!"|2Λ2,2"

) ∼ 6% in our study, which is consistent with the current LHC 
data [19,20].

Fig. 1. Dominant two-loop contributions to >#. The left diagrams are denoted 
as (>ℎ6

# )" and (>ℎ?
# )", while the right ones as (>ℎ6

# )@ and (>ℎ?
# )@ .

In our case, the top mass during EWPT has the form
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2
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where A(8), ABC (8), and A&C (8) are the bubble wall profiles parametrized 
as ⟨D⟩E = (0 A(8)∕

√
2), ⟨C⟩ = (ABC (8) + &A&C (8))∕

√
2, while the phase 

9"(8) is expressed as
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The detail of the bubble wall calculations is given in Ref. [11].
After solving transport equations, one can find the baryon-to-photon 

ratio (FG) as [25]

FG =
405Γsymsph

4H26I+I$∗(E )E

∞

∫
0

>8 7G5
exp

(
−
45Γsymsph 8

46I+I

)
, (25)

where 7G5
denotes a chemical potential for the left-handed baryon 

number, $∗(E )(= 108.75) is the degrees of freedom of the relativistic 
particles in the thermal bath, Γsymsph (= 1.0 × 10−6E [25]) is the sphaleron 
rate in the symmetric phase, +I(= 0.1) is the wall velocity, and 6I =
1∕

√
1− +2I. We set E to a nucleation temperature EJ = 66.847 GeV for 

FG . Using Eq. (25), we estimate FG and compare with the observed val-
ues, FBBNG = (5.8 − 6.5) × 10−10 at 95% CL from bigbang nucleosynthesis 
and FCMBG = (6.105 ± 0.055) × 10−10 at 95% CL from comic microwave 
background [26].

4. Electric dipole moments

EDMs, especially the electron EDM, severely constrain the magni-
tude of CP violation. The latest upper bounds on |>#| from the ACME 
and JILA experiments are, respectively, given by [12,13]

|>ACME# | < 1.1 × 10−29 # cm (90% C.L.), (26)
|>JILA# | < 4.1 × 10−30 # cm (90% C.L.). (27)
In our model, dominant corrections to ># come from the so-called Barr-
Zee diagrams [27]. We decompose them into two parts

># = >"# + >@# , (28)
where >"# = (>ℎ6# )" + (>ℎ?# )" and >@# = (>ℎ6# )@ + (>ℎ?# )@ with the sub-
scripts of the parentheses representing the particle running in the upper 
loop in the Barr-Zee diagrams, as depicted in Fig. 1.

The top-loop contribution to ># in the degenerate mass limit be-
comes
(>ℎ6# )"
#

≃
Kem|!"||!#| sin(L# − L")+2

24H3("Λ2

[
0 (M"ℎ)− $(M"ℎ)

]
, (29)
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We make a comment on a case in which !" is complex while !# is real 
at the end of Sec. 5.

Before closing this section, we briefly describe the degenerate scalar 
scenario that can mimic the SM. For illustration, we consider a process 
$$ → ℎ& → ' ' ∗. Since |(ℎ& − (ℎ) | > ((ℎ&Γℎ& + (ℎ)Γℎ) )∕((ℎ& +(ℎ) ) in 
our benchmark points, where Γℎ& are the total decay width of ℎ&, we can use a narrow decay width approximation [17,18]. With the approx-
imation, the cross section normalized by the SM value is cast into the 
form
*$$→ℎ&→' ' ∗

*SM$$→ℎ&→' ' ∗
≃ 1 +

+2|!"|2
Λ2,2"

, (16)

where we have used Γℎ& ≃ -2
&' Γ

SM
ℎ with ΓSMℎ being the total decay width 

of the SM Higgs boson. For |!"| = ," and Λ = 1.0 TeV, the deviation 
from the SM value would be about 6%, which is still consistent with the 
current LHC data [19,20].2 While somewhat lower Λ could be allowed 
experimentally, detailed collider analysis would be required for that, 
and we do not pursue this possibility in the current work. We have 
confirmed that our conclusion does not change even when Λ = 0.5 TeV.

Currently, experimental constraints on the Higgs total decay width 
are Γexpℎ < 14.4 MeV (ATLAS [21]) and Γexpℎ = 3.2+2.4−1.7 MeV (CMS [22]), 
which are not precise enough to provide a valuable constraint to our 
scenario.

3. Electroweak baryogenesis

We are following closely the work of Refs. [23–25], derive the semi-
classical force in the presence of the CP violation discussed in the 
previous section. The Yukawa interaction with a spacetime-dependent 
complex mass is defined as

. = 0̄
(
&∕1 −(0 (2)34 −(∗

0 (2)35
)
0 , (17)

where ∕1 = 6717 . Since the thickness of the bubble wall is much smaller 
than that of the radius, we can approximate it as a planner. In this case, 
the spacetime dependence of (0 is only 8 which is the coordinate of 
the perpendicular to the wall.

From the above Yukawa Lagrangian, the equation of motion is given 
by
(
&∕18 −(0 (8)34 −(∗

0 (8)35
)
0 = 0, (18)

where (0 (8) ≡ |(0 (8)|#&90 (8). The semiclassical force is found to be

:8 = −
(|(0 |2)′
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, (19)

where
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The upper and lower signs correspond to particles and antiparticles, 
respectively. We also note that particles with opposite spin receive the 
opposite CP-violating force. The nonzero momenta parallel to the wall 
can enhance the CP-violating part, as referred to by Ref. [24].

2 Note that deviations of other processes such as the Higgs decay to diphoton 
are also ( +2 |!"|2Λ2,2"

) ∼ 6% in our study, which is consistent with the current LHC 
data [19,20].

Fig. 1. Dominant two-loop contributions to >#. The left diagrams are denoted 
as (>ℎ6

# )" and (>ℎ?
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where A(8), ABC (8), and A&C (8) are the bubble wall profiles parametrized 
as ⟨D⟩E = (0 A(8)∕
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The detail of the bubble wall calculations is given in Ref. [11].
After solving transport equations, one can find the baryon-to-photon 

ratio (FG) as [25]

FG =
405Γsymsph

4H26I+I$∗(E )E
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0
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(
−
45Γsymsph 8

46I+I

)
, (25)

where 7G5
denotes a chemical potential for the left-handed baryon 

number, $∗(E )(= 108.75) is the degrees of freedom of the relativistic 
particles in the thermal bath, Γsymsph (= 1.0 × 10−6E [25]) is the sphaleron 
rate in the symmetric phase, +I(= 0.1) is the wall velocity, and 6I =
1∕

√
1− +2I. We set E to a nucleation temperature EJ = 66.847 GeV for 

FG . Using Eq. (25), we estimate FG and compare with the observed val-
ues, FBBNG = (5.8 − 6.5) × 10−10 at 95% CL from bigbang nucleosynthesis 
and FCMBG = (6.105 ± 0.055) × 10−10 at 95% CL from comic microwave 
background [26].

4. Electric dipole moments

EDMs, especially the electron EDM, severely constrain the magni-
tude of CP violation. The latest upper bounds on |>#| from the ACME 
and JILA experiments are, respectively, given by [12,13]

|>ACME# | < 1.1 × 10−29 # cm (90% C.L.), (26)
|>JILA# | < 4.1 × 10−30 # cm (90% C.L.). (27)
In our model, dominant corrections to ># come from the so-called Barr-
Zee diagrams [27]. We decompose them into two parts

># = >"# + >@# , (28)
where >"# = (>ℎ6# )" + (>ℎ?# )" and >@# = (>ℎ6# )@ + (>ℎ?# )@ with the sub-
scripts of the parentheses representing the particle running in the upper 
loop in the Barr-Zee diagrams, as depicted in Fig. 1.

The top-loop contribution to ># in the degenerate mass limit be-
comes
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≃
Kem|!"||!#| sin(L# − L")+2

24H3("Λ2

[
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Table 1
Conditions for the vanishing electron EDM.

!"
# !$

#

Real %" and %# &ℎ(
=&ℎ)

&ℎ(
=&ℎ)

Complex %" and %# &ℎ(
=&ℎ)

and *" = *# ± +, &ℎ(
=&ℎ)

Fig. 2. The electron EDM as a function of &ℎ2
in the case that |%"| = -", |%#| = -#, 

*" = *# = 0, and Λ = 1.0 TeV. We take the parameter set given in Table 3
while &ℎ2

is treated as the free parameter. Here, !"
# and !$

# are the two-loop 
contributions to the electron EDM, depicted as the left and right diagrams in 
Fig. 1, respectively.

where ."ℎ = &2
" ∕&2

ℎ with &ℎ ≡ &ℎ1 = &ℎ2 = &ℎ3 , and %",# = |%",#|#(*",# . 
/ (."ℎ) and 0(."ℎ), are the loop functions defined in Refs. [27]. In our 
convention, # represents the positron charge. Eq. (29) implies that 
(!ℎ1# )" vanishes when *" = *# + +, with + being the integer, let alone %"
and %# are both real.

The $ -loop contributions to !# are induced by the complex %#, 
which have the form
(!ℎ1# )$

#
= −

3∑
(=1

22em34
ℎ(1
$

32,252$ &2
$

 1
$ (&ℎ( ), (30)

where  1
$ (&ℎ( ) denotes the loop function [28], and one can find

3∑
(=1

4ℎ(1
$  1

$ (&ℎ( )

=
3%#
2Λ

(
612632Δ(21) 1

$ +613633Δ(31) 1
$
)
, (31)

where Δ(()) 1
$ =  1

$ (&ℎ( ) −  1
$ (&ℎ) ). Therefore, regardless of %#, 

(!ℎ1# )$ vanishes when &ℎ1 =&ℎ2 =&ℎ3 .
Similarly, we can obtain the same vanishing conditions for (!ℎ7# )"

and (!ℎ7# )$ . The conditions for the vanishing !"# and !$# are summa-
rized in Table 1.

To see the suppression behavior numerically, a typical example is 
given here. The input parameters are summarized in Table 3 but with 
&ℎ2 being free. In this example, we take Λ = 1.0 TeV, |%"| = -", |%#| = -#, 
*" = *# = 0, and thus CP violation arises from the nonzero 3(8 . Fig. 2shows |!#| (green solid line) and its details |!"#| (blue dotted line) and 
|!$# | (orange dashed line) against &ℎ2 . The upper dotted horizontal line denotes the experimental bound of ACME, while the lower one repre-
sents the JILA bound. As discussed above, the both |!"#| and |!$# | would 
be suppressed as &ℎ2 approaches 125 GeV(= &ℎ1 ), evading ACME and 

Table 2
Summary of 9: and |!#| in the case of |%"| = -", |%#| = -#, and 
*" = *# = 0. The electron EDM is given in units of # cm.

9:∕10−10 |!#|∕10−30 !"
#∕10−30 !$

# ∕10−30

Λ = 1.0 [TeV] 1.16 1.15 3.14 −4.29
Λ = 1.5 [TeV] 0.797 0.77 2.09 −2.86
Λ = 2.0 [TeV] 0.606 0.57 1.57 −2.15

JILA constraints. This example clearly illustrates that the degenerate 
scalar scenario simultaneously provides an exquisite parameter space 
compatible with the LHC and the electron EDM data.

5. Numerical results and discussions

As studied in Ref. [11], 0.3 ≲ 3(8 ≲ 0.5 is the range where the first-
order EWPT is strong enough to suppress baryon-changing processes 
and bubble nucleation happens. Since the first-order EWPT is driven 
by a tree-level potential barrier, its strength would remain unchanged 
even after including the dimension-5 Yukawa operators (12). We take a 
parameter set BP1 adopted in Ref. [11] for illustrative purposes but with 
the sign of 3(8 being flipped. The inputs and outputs are summarized in 
Table 3. Regarding %/ (/ = ", #), we set |%/ | = -/ and take */ as the 
free parameters.

In the case of *" = *# = 0, CP violation solely comes from the scalar 
potential. With this CP violation, we calculate the BAU in the cases of 
Λ = 1.0, 1.5, and 2.0 TeV, respectively. The results are summarized in 
Table 2, where |!#| and its details are also shown. One can see that the 
Λ = 1.0 TeV case yields 9: = (10−10), while the other two cases pro-
vide the smaller 9: to some extent. Even though the obtained values of 
9: are somewhat insufficient for explaining the observed one, we make 
no strong claims about the numbers since the perturbative calculations 
of EWPT and BAU employed in this work are generally subject to signifi-
cant theoretical uncertainties. Further theoretical improvements should 
be left to future work.

Now, we discuss the case of complex %" and %#. In this case, there are 
three sources for CP violation, and 3(8 and %" are responsible for EWBG. 
Fig. 3 displays 9: and |!#| in the (*", *#) plane. The vertical dotted 
lines denote 9: = 2.62 × 10−10, 2.59 × 10−10, 2.01 × 10−10, 1.83 × 10−11, 
−8.19 × 10−11, and −2.42 × 10−10 for *" = −,∕2, −,∕4, −,∕8, ,∕8, 
,∕4, and ,∕2, from left to right, respectively. In this benchmark point, 
*" = −,∕2 gives the largest BAU with the correct sign. Compared to the 
real *" case, 9: could get enhanced but not drastically. Slightly short of 
the correct BAU value may be explained by theoretical uncertainties not 
considered here. We also show the regions |!#| < |!JILA# | by the diago-
nal narrow bands in which *" = *# ± , is satisfied. This demonstration 
clarifies that the successful EWBG parameter space is still wide open in 
light of the JILA data.

Finally, some comments are noted.

• One may ask whether the cancellation of the electron EDM can 
occur in concert with the complex %" without resorting to the phase 
alignment with %#. In principle, this can happen. However, this type 
of cancellation becomes effective only when the scalar masses are 
not close to each other.

• Other EDMs such as neutron and Mercury could be significant in 
exploring this scenario. In doing so, however, it is necessary to 
introduce additional new Yukawa couplings of the first-generation 
quarks. This topic should be studied separately from the present 
analysis.

• Instead of the dimension-5 operators, we could consider dimension-
6 Yukawa interactions, such as

−dim.6
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%′"
Λ2 8

2
)
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+ !̄>@
(
-# +
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Λ2 8

2
)
#A +H.c.. (32)
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We make a comment on a case in which !" is complex while !# is real 
at the end of Sec. 5.

Before closing this section, we briefly describe the degenerate scalar 
scenario that can mimic the SM. For illustration, we consider a process 
$$ → ℎ& → ' ' ∗. Since |(ℎ& − (ℎ) | > ((ℎ&Γℎ& + (ℎ)Γℎ) )∕((ℎ& +(ℎ) ) in 
our benchmark points, where Γℎ& are the total decay width of ℎ&, we can use a narrow decay width approximation [17,18]. With the approx-
imation, the cross section normalized by the SM value is cast into the 
form
*$$→ℎ&→' ' ∗

*SM$$→ℎ&→' ' ∗
≃ 1 +

+2|!"|2
Λ2,2"

, (16)

where we have used Γℎ& ≃ -2
&' Γ

SM
ℎ with ΓSMℎ being the total decay width 

of the SM Higgs boson. For |!"| = ," and Λ = 1.0 TeV, the deviation 
from the SM value would be about 6%, which is still consistent with the 
current LHC data [19,20].2 While somewhat lower Λ could be allowed 
experimentally, detailed collider analysis would be required for that, 
and we do not pursue this possibility in the current work. We have 
confirmed that our conclusion does not change even when Λ = 0.5 TeV.

Currently, experimental constraints on the Higgs total decay width 
are Γexpℎ < 14.4 MeV (ATLAS [21]) and Γexpℎ = 3.2+2.4−1.7 MeV (CMS [22]), 
which are not precise enough to provide a valuable constraint to our 
scenario.

3. Electroweak baryogenesis

We are following closely the work of Refs. [23–25], derive the semi-
classical force in the presence of the CP violation discussed in the 
previous section. The Yukawa interaction with a spacetime-dependent 
complex mass is defined as

. = 0̄
(
&∕1 −(0 (2)34 −(∗

0 (2)35
)
0 , (17)

where ∕1 = 6717 . Since the thickness of the bubble wall is much smaller 
than that of the radius, we can approximate it as a planner. In this case, 
the spacetime dependence of (0 is only 8 which is the coordinate of 
the perpendicular to the wall.

From the above Yukawa Lagrangian, the equation of motion is given 
by
(
&∕18 −(0 (8)34 −(∗

0 (8)35
)
0 = 0, (18)

where (0 (8) ≡ |(0 (8)|#&90 (8). The semiclassical force is found to be

:8 = −
(|(0 |2)′

2; ± <
(|(0 |29′0 )′
2;0;08

, (19)

where

; =;0 ∓ <
|(0 |29′0
2;0;08

, (20)

;0 =
√

=22 + =2, + =28 + |(0 |2, (21)

;08 =
√

=28 + |(0 |2. (22)
The upper and lower signs correspond to particles and antiparticles, 
respectively. We also note that particles with opposite spin receive the 
opposite CP-violating force. The nonzero momenta parallel to the wall 
can enhance the CP-violating part, as referred to by Ref. [24].

2 Note that deviations of other processes such as the Higgs decay to diphoton 
are also ( +2 |!"|2Λ2,2"

) ∼ 6% in our study, which is consistent with the current LHC 
data [19,20].

Fig. 1. Dominant two-loop contributions to >#. The left diagrams are denoted 
as (>ℎ6

# )" and (>ℎ?
# )", while the right ones as (>ℎ6

# )@ and (>ℎ?
# )@ .

In our case, the top mass during EWPT has the form
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where A(8), ABC (8), and A&C (8) are the bubble wall profiles parametrized 
as ⟨D⟩E = (0 A(8)∕

√
2), ⟨C⟩ = (ABC (8) + &A&C (8))∕

√
2, while the phase 

9"(8) is expressed as
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⎛
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&
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B
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The detail of the bubble wall calculations is given in Ref. [11].
After solving transport equations, one can find the baryon-to-photon 

ratio (FG) as [25]

FG =
405Γsymsph

4H26I+I$∗(E )E

∞

∫
0

>8 7G5
exp

(
−
45Γsymsph 8

46I+I

)
, (25)

where 7G5
denotes a chemical potential for the left-handed baryon 

number, $∗(E )(= 108.75) is the degrees of freedom of the relativistic 
particles in the thermal bath, Γsymsph (= 1.0 × 10−6E [25]) is the sphaleron 
rate in the symmetric phase, +I(= 0.1) is the wall velocity, and 6I =
1∕

√
1− +2I. We set E to a nucleation temperature EJ = 66.847 GeV for 

FG . Using Eq. (25), we estimate FG and compare with the observed val-
ues, FBBNG = (5.8 − 6.5) × 10−10 at 95% CL from bigbang nucleosynthesis 
and FCMBG = (6.105 ± 0.055) × 10−10 at 95% CL from comic microwave 
background [26].

4. Electric dipole moments

EDMs, especially the electron EDM, severely constrain the magni-
tude of CP violation. The latest upper bounds on |>#| from the ACME 
and JILA experiments are, respectively, given by [12,13]

|>ACME# | < 1.1 × 10−29 # cm (90% C.L.), (26)
|>JILA# | < 4.1 × 10−30 # cm (90% C.L.). (27)
In our model, dominant corrections to ># come from the so-called Barr-
Zee diagrams [27]. We decompose them into two parts

># = >"# + >@# , (28)
where >"# = (>ℎ6# )" + (>ℎ?# )" and >@# = (>ℎ6# )@ + (>ℎ?# )@ with the sub-
scripts of the parentheses representing the particle running in the upper 
loop in the Barr-Zee diagrams, as depicted in Fig. 1.

The top-loop contribution to ># in the degenerate mass limit be-
comes
(>ℎ6# )"
#

≃
Kem|!"||!#| sin(L# − L")+2

24H3("Λ2

[
0 (M"ℎ)− $(M"ℎ)

]
, (29)
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We make a comment on a case in which !" is complex while !# is real 
at the end of Sec. 5.

Before closing this section, we briefly describe the degenerate scalar 
scenario that can mimic the SM. For illustration, we consider a process 
$$ → ℎ& → ' ' ∗. Since |(ℎ& − (ℎ) | > ((ℎ&Γℎ& + (ℎ)Γℎ) )∕((ℎ& +(ℎ) ) in 
our benchmark points, where Γℎ& are the total decay width of ℎ&, we can use a narrow decay width approximation [17,18]. With the approx-
imation, the cross section normalized by the SM value is cast into the 
form
*$$→ℎ&→' ' ∗

*SM$$→ℎ&→' ' ∗
≃ 1 +

+2|!"|2
Λ2,2"

, (16)

where we have used Γℎ& ≃ -2
&' Γ

SM
ℎ with ΓSMℎ being the total decay width 

of the SM Higgs boson. For |!"| = ," and Λ = 1.0 TeV, the deviation 
from the SM value would be about 6%, which is still consistent with the 
current LHC data [19,20].2 While somewhat lower Λ could be allowed 
experimentally, detailed collider analysis would be required for that, 
and we do not pursue this possibility in the current work. We have 
confirmed that our conclusion does not change even when Λ = 0.5 TeV.

Currently, experimental constraints on the Higgs total decay width 
are Γexpℎ < 14.4 MeV (ATLAS [21]) and Γexpℎ = 3.2+2.4−1.7 MeV (CMS [22]), 
which are not precise enough to provide a valuable constraint to our 
scenario.

3. Electroweak baryogenesis

We are following closely the work of Refs. [23–25], derive the semi-
classical force in the presence of the CP violation discussed in the 
previous section. The Yukawa interaction with a spacetime-dependent 
complex mass is defined as

. = 0̄
(
&∕1 −(0 (2)34 −(∗

0 (2)35
)
0 , (17)

where ∕1 = 6717 . Since the thickness of the bubble wall is much smaller 
than that of the radius, we can approximate it as a planner. In this case, 
the spacetime dependence of (0 is only 8 which is the coordinate of 
the perpendicular to the wall.

From the above Yukawa Lagrangian, the equation of motion is given 
by
(
&∕18 −(0 (8)34 −(∗

0 (8)35
)
0 = 0, (18)

where (0 (8) ≡ |(0 (8)|#&90 (8). The semiclassical force is found to be

:8 = −
(|(0 |2)′

2; ± <
(|(0 |29′0 )′
2;0;08

, (19)

where

; =;0 ∓ <
|(0 |29′0
2;0;08

, (20)

;0 =
√

=22 + =2, + =28 + |(0 |2, (21)

;08 =
√

=28 + |(0 |2. (22)
The upper and lower signs correspond to particles and antiparticles, 
respectively. We also note that particles with opposite spin receive the 
opposite CP-violating force. The nonzero momenta parallel to the wall 
can enhance the CP-violating part, as referred to by Ref. [24].

2 Note that deviations of other processes such as the Higgs decay to diphoton 
are also ( +2 |!"|2Λ2,2"

) ∼ 6% in our study, which is consistent with the current LHC 
data [19,20].

Fig. 1. Dominant two-loop contributions to >#. The left diagrams are denoted 
as (>ℎ6

# )" and (>ℎ?
# )", while the right ones as (>ℎ6

# )@ and (>ℎ?
# )@ .

In our case, the top mass during EWPT has the form

("(8) =
A(8)√
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2Λ
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)
)
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where A(8), ABC (8), and A&C (8) are the bubble wall profiles parametrized 
as ⟨D⟩E = (0 A(8)∕

√
2), ⟨C⟩ = (ABC (8) + &A&C (8))∕

√
2, while the phase 

9"(8) is expressed as
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⎛
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The detail of the bubble wall calculations is given in Ref. [11].
After solving transport equations, one can find the baryon-to-photon 

ratio (FG) as [25]

FG =
405Γsymsph

4H26I+I$∗(E )E

∞

∫
0

>8 7G5
exp

(
−
45Γsymsph 8

46I+I

)
, (25)

where 7G5
denotes a chemical potential for the left-handed baryon 

number, $∗(E )(= 108.75) is the degrees of freedom of the relativistic 
particles in the thermal bath, Γsymsph (= 1.0 × 10−6E [25]) is the sphaleron 
rate in the symmetric phase, +I(= 0.1) is the wall velocity, and 6I =
1∕

√
1− +2I. We set E to a nucleation temperature EJ = 66.847 GeV for 

FG . Using Eq. (25), we estimate FG and compare with the observed val-
ues, FBBNG = (5.8 − 6.5) × 10−10 at 95% CL from bigbang nucleosynthesis 
and FCMBG = (6.105 ± 0.055) × 10−10 at 95% CL from comic microwave 
background [26].

4. Electric dipole moments

EDMs, especially the electron EDM, severely constrain the magni-
tude of CP violation. The latest upper bounds on |>#| from the ACME 
and JILA experiments are, respectively, given by [12,13]

|>ACME# | < 1.1 × 10−29 # cm (90% C.L.), (26)
|>JILA# | < 4.1 × 10−30 # cm (90% C.L.). (27)
In our model, dominant corrections to ># come from the so-called Barr-
Zee diagrams [27]. We decompose them into two parts

># = >"# + >@# , (28)
where >"# = (>ℎ6# )" + (>ℎ?# )" and >@# = (>ℎ6# )@ + (>ℎ?# )@ with the sub-
scripts of the parentheses representing the particle running in the upper 
loop in the Barr-Zee diagrams, as depicted in Fig. 1.

The top-loop contribution to ># in the degenerate mass limit be-
comes
(>ℎ6# )"
#

≃
Kem|!"||!#| sin(L# − L")+2

24H3("Λ2

[
0 (M"ℎ)− $(M"ℎ)

]
, (29)
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We make a comment on a case in which !" is complex while !# is real 
at the end of Sec. 5.

Before closing this section, we briefly describe the degenerate scalar 
scenario that can mimic the SM. For illustration, we consider a process 
$$ → ℎ& → ' ' ∗. Since |(ℎ& − (ℎ) | > ((ℎ&Γℎ& + (ℎ)Γℎ) )∕((ℎ& +(ℎ) ) in 
our benchmark points, where Γℎ& are the total decay width of ℎ&, we can use a narrow decay width approximation [17,18]. With the approx-
imation, the cross section normalized by the SM value is cast into the 
form
*$$→ℎ&→' ' ∗

*SM$$→ℎ&→' ' ∗
≃ 1 +

+2|!"|2
Λ2,2"

, (16)

where we have used Γℎ& ≃ -2
&' Γ

SM
ℎ with ΓSMℎ being the total decay width 

of the SM Higgs boson. For |!"| = ," and Λ = 1.0 TeV, the deviation 
from the SM value would be about 6%, which is still consistent with the 
current LHC data [19,20].2 While somewhat lower Λ could be allowed 
experimentally, detailed collider analysis would be required for that, 
and we do not pursue this possibility in the current work. We have 
confirmed that our conclusion does not change even when Λ = 0.5 TeV.

Currently, experimental constraints on the Higgs total decay width 
are Γexpℎ < 14.4 MeV (ATLAS [21]) and Γexpℎ = 3.2+2.4−1.7 MeV (CMS [22]), 
which are not precise enough to provide a valuable constraint to our 
scenario.

3. Electroweak baryogenesis

We are following closely the work of Refs. [23–25], derive the semi-
classical force in the presence of the CP violation discussed in the 
previous section. The Yukawa interaction with a spacetime-dependent 
complex mass is defined as

. = 0̄
(
&∕1 −(0 (2)34 −(∗

0 (2)35
)
0 , (17)

where ∕1 = 6717 . Since the thickness of the bubble wall is much smaller 
than that of the radius, we can approximate it as a planner. In this case, 
the spacetime dependence of (0 is only 8 which is the coordinate of 
the perpendicular to the wall.

From the above Yukawa Lagrangian, the equation of motion is given 
by
(
&∕18 −(0 (8)34 −(∗

0 (8)35
)
0 = 0, (18)

where (0 (8) ≡ |(0 (8)|#&90 (8). The semiclassical force is found to be

:8 = −
(|(0 |2)′

2; ± <
(|(0 |29′0 )′
2;0;08

, (19)

where

; =;0 ∓ <
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, (20)
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=22 + =2, + =28 + |(0 |2, (21)

;08 =
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=28 + |(0 |2. (22)
The upper and lower signs correspond to particles and antiparticles, 
respectively. We also note that particles with opposite spin receive the 
opposite CP-violating force. The nonzero momenta parallel to the wall 
can enhance the CP-violating part, as referred to by Ref. [24].

2 Note that deviations of other processes such as the Higgs decay to diphoton 
are also ( +2 |!"|2Λ2,2"

) ∼ 6% in our study, which is consistent with the current LHC 
data [19,20].

Fig. 1. Dominant two-loop contributions to >#. The left diagrams are denoted 
as (>ℎ6

# )" and (>ℎ?
# )", while the right ones as (>ℎ6

# )@ and (>ℎ?
# )@ .

In our case, the top mass during EWPT has the form

("(8) =
A(8)√

2
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)
)
, (23)

where A(8), ABC (8), and A&C (8) are the bubble wall profiles parametrized 
as ⟨D⟩E = (0 A(8)∕

√
2), ⟨C⟩ = (ABC (8) + &A&C (8))∕

√
2, while the phase 
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The detail of the bubble wall calculations is given in Ref. [11].
After solving transport equations, one can find the baryon-to-photon 

ratio (FG) as [25]

FG =
405Γsymsph

4H26I+I$∗(E )E

∞

∫
0

>8 7G5
exp

(
−
45Γsymsph 8

46I+I

)
, (25)

where 7G5
denotes a chemical potential for the left-handed baryon 

number, $∗(E )(= 108.75) is the degrees of freedom of the relativistic 
particles in the thermal bath, Γsymsph (= 1.0 × 10−6E [25]) is the sphaleron 
rate in the symmetric phase, +I(= 0.1) is the wall velocity, and 6I =
1∕

√
1− +2I. We set E to a nucleation temperature EJ = 66.847 GeV for 

FG . Using Eq. (25), we estimate FG and compare with the observed val-
ues, FBBNG = (5.8 − 6.5) × 10−10 at 95% CL from bigbang nucleosynthesis 
and FCMBG = (6.105 ± 0.055) × 10−10 at 95% CL from comic microwave 
background [26].

4. Electric dipole moments

EDMs, especially the electron EDM, severely constrain the magni-
tude of CP violation. The latest upper bounds on |>#| from the ACME 
and JILA experiments are, respectively, given by [12,13]

|>ACME# | < 1.1 × 10−29 # cm (90% C.L.), (26)
|>JILA# | < 4.1 × 10−30 # cm (90% C.L.). (27)
In our model, dominant corrections to ># come from the so-called Barr-
Zee diagrams [27]. We decompose them into two parts

># = >"# + >@# , (28)
where >"# = (>ℎ6# )" + (>ℎ?# )" and >@# = (>ℎ6# )@ + (>ℎ?# )@ with the sub-
scripts of the parentheses representing the particle running in the upper 
loop in the Barr-Zee diagrams, as depicted in Fig. 1.

The top-loop contribution to ># in the degenerate mass limit be-
comes
(>ℎ6# )"
#

≃
Kem|!"||!#| sin(L# − L")+2

24H3("Λ2

[
0 (M"ℎ)− $(M"ℎ)

]
, (29)
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We make a comment on a case in which !" is complex while !# is real 
at the end of Sec. 5.

Before closing this section, we briefly describe the degenerate scalar 
scenario that can mimic the SM. For illustration, we consider a process 
$$ → ℎ& → ' ' ∗. Since |(ℎ& − (ℎ) | > ((ℎ&Γℎ& + (ℎ)Γℎ) )∕((ℎ& +(ℎ) ) in 
our benchmark points, where Γℎ& are the total decay width of ℎ&, we can use a narrow decay width approximation [17,18]. With the approx-
imation, the cross section normalized by the SM value is cast into the 
form
*$$→ℎ&→' ' ∗

*SM$$→ℎ&→' ' ∗
≃ 1 +

+2|!"|2
Λ2,2"

, (16)

where we have used Γℎ& ≃ -2
&' Γ

SM
ℎ with ΓSMℎ being the total decay width 

of the SM Higgs boson. For |!"| = ," and Λ = 1.0 TeV, the deviation 
from the SM value would be about 6%, which is still consistent with the 
current LHC data [19,20].2 While somewhat lower Λ could be allowed 
experimentally, detailed collider analysis would be required for that, 
and we do not pursue this possibility in the current work. We have 
confirmed that our conclusion does not change even when Λ = 0.5 TeV.

Currently, experimental constraints on the Higgs total decay width 
are Γexpℎ < 14.4 MeV (ATLAS [21]) and Γexpℎ = 3.2+2.4−1.7 MeV (CMS [22]), 
which are not precise enough to provide a valuable constraint to our 
scenario.

3. Electroweak baryogenesis

We are following closely the work of Refs. [23–25], derive the semi-
classical force in the presence of the CP violation discussed in the 
previous section. The Yukawa interaction with a spacetime-dependent 
complex mass is defined as

. = 0̄
(
&∕1 −(0 (2)34 −(∗

0 (2)35
)
0 , (17)

where ∕1 = 6717 . Since the thickness of the bubble wall is much smaller 
than that of the radius, we can approximate it as a planner. In this case, 
the spacetime dependence of (0 is only 8 which is the coordinate of 
the perpendicular to the wall.

From the above Yukawa Lagrangian, the equation of motion is given 
by
(
&∕18 −(0 (8)34 −(∗

0 (8)35
)
0 = 0, (18)

where (0 (8) ≡ |(0 (8)|#&90 (8). The semiclassical force is found to be

:8 = −
(|(0 |2)′

2; ± <
(|(0 |29′0 )′
2;0;08

, (19)

where

; =;0 ∓ <
|(0 |29′0
2;0;08

, (20)

;0 =
√

=22 + =2, + =28 + |(0 |2, (21)

;08 =
√

=28 + |(0 |2. (22)
The upper and lower signs correspond to particles and antiparticles, 
respectively. We also note that particles with opposite spin receive the 
opposite CP-violating force. The nonzero momenta parallel to the wall 
can enhance the CP-violating part, as referred to by Ref. [24].

2 Note that deviations of other processes such as the Higgs decay to diphoton 
are also ( +2 |!"|2Λ2,2"

) ∼ 6% in our study, which is consistent with the current LHC 
data [19,20].

Fig. 1. Dominant two-loop contributions to >#. The left diagrams are denoted 
as (>ℎ6

# )" and (>ℎ?
# )", while the right ones as (>ℎ6

# )@ and (>ℎ?
# )@ .

In our case, the top mass during EWPT has the form

("(8) =
A(8)√

2

(
," +

!"√
2Λ

(
ABC (8) + &A&C (8)

)
)
, (23)

where A(8), ABC (8), and A&C (8) are the bubble wall profiles parametrized 
as ⟨D⟩E = (0 A(8)∕

√
2), ⟨C⟩ = (ABC (8) + &A&C (8))∕

√
2, while the phase 

9"(8) is expressed as

9"(8) = tan−1
⎛
⎜
⎜⎝

!B" A
&
C (8) + !&"A

B
C (8)√

2Λ+ !B" A
B
C (8)− !&"A

&
C (8)

⎞
⎟
⎟⎠
. (24)

The detail of the bubble wall calculations is given in Ref. [11].
After solving transport equations, one can find the baryon-to-photon 

ratio (FG) as [25]

FG =
405Γsymsph

4H26I+I$∗(E )E

∞

∫
0

>8 7G5
exp

(
−
45Γsymsph 8

46I+I

)
, (25)

where 7G5
denotes a chemical potential for the left-handed baryon 

number, $∗(E )(= 108.75) is the degrees of freedom of the relativistic 
particles in the thermal bath, Γsymsph (= 1.0 × 10−6E [25]) is the sphaleron 
rate in the symmetric phase, +I(= 0.1) is the wall velocity, and 6I =
1∕

√
1− +2I. We set E to a nucleation temperature EJ = 66.847 GeV for 

FG . Using Eq. (25), we estimate FG and compare with the observed val-
ues, FBBNG = (5.8 − 6.5) × 10−10 at 95% CL from bigbang nucleosynthesis 
and FCMBG = (6.105 ± 0.055) × 10−10 at 95% CL from comic microwave 
background [26].

4. Electric dipole moments

EDMs, especially the electron EDM, severely constrain the magni-
tude of CP violation. The latest upper bounds on |>#| from the ACME 
and JILA experiments are, respectively, given by [12,13]

|>ACME# | < 1.1 × 10−29 # cm (90% C.L.), (26)
|>JILA# | < 4.1 × 10−30 # cm (90% C.L.). (27)
In our model, dominant corrections to ># come from the so-called Barr-
Zee diagrams [27]. We decompose them into two parts

># = >"# + >@# , (28)
where >"# = (>ℎ6# )" + (>ℎ?# )" and >@# = (>ℎ6# )@ + (>ℎ?# )@ with the sub-
scripts of the parentheses representing the particle running in the upper 
loop in the Barr-Zee diagrams, as depicted in Fig. 1.

The top-loop contribution to ># in the degenerate mass limit be-
comes
(>ℎ6# )"
#

≃
Kem|!"||!#| sin(L# − L")+2

24H3("Λ2

[
0 (M"ℎ)− $(M"ℎ)

]
, (29)

[C. Idegawa, E.S., PLB848 (2024) 138332]
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We make a comment on a case in which !" is complex while !# is real 
at the end of Sec. 5.

Before closing this section, we briefly describe the degenerate scalar 
scenario that can mimic the SM. For illustration, we consider a process 
$$ → ℎ& → ' ' ∗. Since |(ℎ& − (ℎ) | > ((ℎ&Γℎ& + (ℎ)Γℎ) )∕((ℎ& +(ℎ) ) in 
our benchmark points, where Γℎ& are the total decay width of ℎ&, we can use a narrow decay width approximation [17,18]. With the approx-
imation, the cross section normalized by the SM value is cast into the 
form
*$$→ℎ&→' ' ∗

*SM$$→ℎ&→' ' ∗
≃ 1 +

+2|!"|2
Λ2,2"

, (16)

where we have used Γℎ& ≃ -2
&' Γ

SM
ℎ with ΓSMℎ being the total decay width 

of the SM Higgs boson. For |!"| = ," and Λ = 1.0 TeV, the deviation 
from the SM value would be about 6%, which is still consistent with the 
current LHC data [19,20].2 While somewhat lower Λ could be allowed 
experimentally, detailed collider analysis would be required for that, 
and we do not pursue this possibility in the current work. We have 
confirmed that our conclusion does not change even when Λ = 0.5 TeV.

Currently, experimental constraints on the Higgs total decay width 
are Γexpℎ < 14.4 MeV (ATLAS [21]) and Γexpℎ = 3.2+2.4−1.7 MeV (CMS [22]), 
which are not precise enough to provide a valuable constraint to our 
scenario.

3. Electroweak baryogenesis

We are following closely the work of Refs. [23–25], derive the semi-
classical force in the presence of the CP violation discussed in the 
previous section. The Yukawa interaction with a spacetime-dependent 
complex mass is defined as

. = 0̄
(
&∕1 −(0 (2)34 −(∗

0 (2)35
)
0 , (17)

where ∕1 = 6717 . Since the thickness of the bubble wall is much smaller 
than that of the radius, we can approximate it as a planner. In this case, 
the spacetime dependence of (0 is only 8 which is the coordinate of 
the perpendicular to the wall.

From the above Yukawa Lagrangian, the equation of motion is given 
by
(
&∕18 −(0 (8)34 −(∗

0 (8)35
)
0 = 0, (18)

where (0 (8) ≡ |(0 (8)|#&90 (8). The semiclassical force is found to be
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The upper and lower signs correspond to particles and antiparticles, 
respectively. We also note that particles with opposite spin receive the 
opposite CP-violating force. The nonzero momenta parallel to the wall 
can enhance the CP-violating part, as referred to by Ref. [24].

2 Note that deviations of other processes such as the Higgs decay to diphoton 
are also ( +2 |!"|2Λ2,2"

) ∼ 6% in our study, which is consistent with the current LHC 
data [19,20].
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as ⟨D⟩E = (0 A(8)∕
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The detail of the bubble wall calculations is given in Ref. [11].
After solving transport equations, one can find the baryon-to-photon 

ratio (FG) as [25]

FG =
405Γsymsph

4H26I+I$∗(E )E

∞

∫
0

>8 7G5
exp

(
−
45Γsymsph 8

46I+I

)
, (25)

where 7G5
denotes a chemical potential for the left-handed baryon 

number, $∗(E )(= 108.75) is the degrees of freedom of the relativistic 
particles in the thermal bath, Γsymsph (= 1.0 × 10−6E [25]) is the sphaleron 
rate in the symmetric phase, +I(= 0.1) is the wall velocity, and 6I =
1∕

√
1− +2I. We set E to a nucleation temperature EJ = 66.847 GeV for 

FG . Using Eq. (25), we estimate FG and compare with the observed val-
ues, FBBNG = (5.8 − 6.5) × 10−10 at 95% CL from bigbang nucleosynthesis 
and FCMBG = (6.105 ± 0.055) × 10−10 at 95% CL from comic microwave 
background [26].

4. Electric dipole moments

EDMs, especially the electron EDM, severely constrain the magni-
tude of CP violation. The latest upper bounds on |>#| from the ACME 
and JILA experiments are, respectively, given by [12,13]

|>ACME# | < 1.1 × 10−29 # cm (90% C.L.), (26)
|>JILA# | < 4.1 × 10−30 # cm (90% C.L.). (27)
In our model, dominant corrections to ># come from the so-called Barr-
Zee diagrams [27]. We decompose them into two parts

># = >"# + >@# , (28)
where >"# = (>ℎ6# )" + (>ℎ?# )" and >@# = (>ℎ6# )@ + (>ℎ?# )@ with the sub-
scripts of the parentheses representing the particle running in the upper 
loop in the Barr-Zee diagrams, as depicted in Fig. 1.

The top-loop contribution to ># in the degenerate mass limit be-
comes
(>ℎ6# )"
#

≃
Kem|!"||!#| sin(L# − L")+2

24H3("Λ2

[
0 (M"ℎ)− $(M"ℎ)

]
, (29)
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Table 3
Inputs and outputs in our benchmark. In this case, !3 = 0.464 radians, and the Higgs coupling modifiers are "1 = 0.711, 
"2 = −0.711, and "3 = 0.0.
Inputs # [GeV] #$% [GeV] #&% [GeV] 'ℎ1

[GeV] 'ℎ2
[GeV] 'ℎ3

[GeV] !1 [rad] !2 [rad]
246.22 0.6 −0.3 125.0 124.0 124.5 )∕4 0.0

Outputs '2 *2 [GeV2] *1 [GeV2] + ,2 -2 .$1 [GeV3] .&1 [GeV3]
−(124.5)2 −(121.2)2 −7.717 × 10−12 0.511 1.51 1.111 −(18.735)3 −(14.870)3

Fig. 3. /0 and |-1| are shown, where Λ = 1.0 TeV, |23| = 43, and |21| = 41 are 
taken. The narrow bands by the diagonal lines satisfy |-1| < |-JILA1 |.

From the dimensional analysis, CP violation in this case would be 
more suppressed than in the dimension-5 operator case. It is found 
that /0 < 1.0 × 10−10 and |-1| < 1.0 × 10−30 1 cm for the same pa-
rameter set as in the dimension-5 operator case. In this case, the 
EDM suppressions due to the additional factor 1∕Λ and scalar mass 
degeneracy are strong enough to avoid the EDM bounds, and the 
phase alignment 53 = 51 + 6) is not necessarily required.

• In the general scalar potential, we have more complex parameters 
coming from %3, %7†7 , etc. In such an enlarged parameter space, 
the EDM cancellation would be more effective, while the BAU may 
be more enhanced.

• Double Higgs production processes are one of the interesting col-
lider signatures of EWBG. As mentioned in Sec. 2, the modification 
by the top Yukawa couplings is typically 6%. On the other hand, the 
triple Higgs couplings in this model could get large compared to the 
SM value. Among all the triple Higgs couplings +ℎ&ℎ8ℎ9 (& = 1, 2, 3), 
we find that +ℎ1ℎ1ℎ1 is the largest in our benchmark point, which is about 1.4 times larger than that in the SM. Even though the cur-
rent LHC cannot measure the triple Higgs coupling [20,29], future 
colliders may be capable. We defer the detailed analysis to future 
work.

6. Conclusion

We have studied the possibility of EWBG in the CxSM with the 
dimension-5 Yukawa interactions. We consider the two cases: one is 
the case in which CP violation arises only from the scalar potential and 
propagates to the SM fermion sector by the dimension-5 top Yukawa 
interaction, and the other is the case where the coefficient of the 
dimension-5 Yukawa interaction additionally yields CP violation. It is 
found that the former leads to /0 =(10−10), and the additional CP vi-
olation in the latter helps to increase /0 to some extent. Even though 

the nominal values of /0 in our benchmark points are smaller than the 
observed value by a factor of a few, the deficit might be compensated 
by theoretical uncertainties that could reside in the perturbative treat-
ments of EWPT and BAU. A more elaborate analysis will be left to future 
research.

We also investigated the electron EDM in the two cases mentioned 
above. The electron EDM is suppressed due to the Higgs mass degen-
eracy, and the ACME and JILA constraints can be evaded for the real 
23 and 21 cases. In contrast, in the complex 23 and 21 case, the phase 
alignment 53 = 51 + 6) is additionally needed to be consistent with the 
experimental bounds.

In conclusion, the EWBG parameter space in our scenario is still 
wide open after the recent EDM updates.
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Appendix A. UV model

By analogy with the work of Ref. [10], one of the UV models that 
generate the higher-dimensional operators (12) and (32) would be

− = ;̄<7̃> ??@ + ;̄<7̃+?1A@ + Ā<+?2?@%

+%Ā<+?%A@ + Ā<B?A@

+ !̄<7> 11@ + !̄<7+11C@ + C̄<+121@%

+ %C̄<+1%C@ + C̄<B1C@ +H.c., (A.1)
where ?@ are up-type SM quarks, while A<,@ and C<,@ are the vector-
like (VL) fermions. The omitted down-type quarks can be introduced 
in the same manner. The SM quantum numbers of each field are re-
spectively given by (!, ", 2∕3) for A<,@, (", ", −1) for C<,@. In principle, 
the VL fermions could have multiple flavors, and +?,11,2,% and B?,1 could 
be complex matrices. As usual, B?,1 can be diagonalized by bi-unitary 
transformations of the VL fermions. However, +?,11,2,% are general com-
plex matrices. For illustration, we focus on the up-type fermions ne-
glecting off-diagonal flavors and denoting the common mass scale of 
the VL fermions as B . By integrating all the VL fermions, one can find

−EFT = ;̄<7̃
[
43 −

+?1+
?
2

B
% +

+?1+
?
%+

?
2

B2 %2 +⋯
]
3@

+ !̄<7
[
41 −

+11+
1
2

B
% +

+11+
1
%+

1
2

B2 %2 +⋯
]
1@

BAU

- BAU (based on a WKB method) is somewhat 
smaller than the observed values.

- JILA constraint is avoidable by the scalar

mass degeneracy and phase alignment.
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we find that +ℎ1ℎ1ℎ1 is the largest in our benchmark point, which is about 1.4 times larger than that in the SM. Even though the cur-
rent LHC cannot measure the triple Higgs coupling [20,29], future 
colliders may be capable. We defer the detailed analysis to future 
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We have studied the possibility of EWBG in the CxSM with the 
dimension-5 Yukawa interactions. We consider the two cases: one is 
the case in which CP violation arises only from the scalar potential and 
propagates to the SM fermion sector by the dimension-5 top Yukawa 
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found that the former leads to /0 =(10−10), and the additional CP vi-
olation in the latter helps to increase /0 to some extent. Even though 

the nominal values of /0 in our benchmark points are smaller than the 
observed value by a factor of a few, the deficit might be compensated 
by theoretical uncertainties that could reside in the perturbative treat-
ments of EWPT and BAU. A more elaborate analysis will be left to future 
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We also investigated the electron EDM in the two cases mentioned 
above. The electron EDM is suppressed due to the Higgs mass degen-
eracy, and the ACME and JILA constraints can be evaded for the real 
23 and 21 cases. In contrast, in the complex 23 and 21 case, the phase 
alignment 53 = 51 + 6) is additionally needed to be consistent with the 
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In conclusion, the EWBG parameter space in our scenario is still 
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BAU computations

- BAU(VIA) > BAU(WKB) by up to O(102) 2108.03580, 2108.04249

2108.08336, 2206.01120

 [Joyce et al, PRL75, 1695 (’95), J. Cline et al, JHEP 07 (2000) 018] 

• Semi-classical force mechanism (WKB approximation)

• VEV insertion approximation (VIA)

 [Riotto, hep-ph/9510271, 9712221, 9803357, Lee, Cirigliano, Ramsey-Musolf, hep-ph/0412354]

- Non-existence of CPV source by the above VIA calculation

• VEV Resummation (VR) (with flavor oscillation)

- BAU(VR) > BAU(VIA) by up to around 5.

[Y-Z. Li, M. J. Ramsey-Musolf, J-H. Yu, 2404.19197]

In 2024, a new result came along.

5

pression at large a2 arises due to flavor non-diagonal
thermal mass corrections in the symmetric phase, �M2

(dashed red curve). Clearly, a realistic asymmetry com-
putation requires full inclusion and consistent treatment
of the CP-conserving interactions, as facilitated by the
VR framework.

200 250 300 350 400 450 500
mh2 (GeV)
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10�1
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n

� �

|de| = 4.1 ⇥ 10�30 e cm

|de|2018 = 1.1 ⇥ 10�29 e cm

VR

VIA

FIG. 3. Constraints on the CPV phase �⌃ as a function of
the physical T = 0 mass mh2 with the other parameters fixed.
The solid red (blue) band gives the VR (VIA) prediction. The
shaded region above the solid (dashed) black line is excluded
by the current (previous) electron EDM limit [65] ([66]).

In Fig. 3 we show the BAU as a function of the CPV
phase �⌃ and mh2 , the physical mass of H2 at T = 0,
and compare with the corresponding constraints from ex-
perimental limits on de. The latter arises in this model

from the two-loop “Barr-Zee” graphs [43]. The present
bound |de| < 4.1⇥ 10�30

e cm excludes the shaded region
above the solid black line. For reference, we also show
the previous de bound (dashed black line). The VR and
VIA BAU results are indicated by the red and blue lines,
respectively. Importantly, according to the VR compu-
tation, this EWBG source remains viable even in light
of the new de bound. In contrast, the VIA computation
– and by inference the alternative SC approach – would
imply that that model is ruled out.
We expect that application of the VR formulation to

other models with scalar field CPV sources will also yield
more relaxed EDM constraints on EWBG than would be
inferred from SC and even VIA treatments. Moreover,
it implements a state-of-the art treatment of collision,
damping, and flavor oscillation dynamics (both thermal
and non-thermal), facilitating a robust confrontation be-
tween EWBG theory and experiment. An analogous
treatment of fermion field CPV sources will appear in
forthcoming work.
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- Consistent with the JILA experiment.

However, the BAU shown here is still not robust.



Theoretical challenges

(1) Electroweak phase transition
EWBG calculation is subject to a lot of uncertainties.

(4) BAU calculation

- Beyond derivative expansion in a thin wall case

(3) Sphaleron
- Refinement of ΓB < H

- Lattice calculations are necessary for quantitative studies.

Closed-time-path formalism

“EWBG possible region” should be interpreted as “BAU can be in the right ballpark value 
within 1-2 order-of-magnitude theoretical uncertainties”. 

BAU is still order-of-magnitude estimate.

- Consistent treatment of CPV source and its diffusion in a moving bubble wall

(2) Bubble walls
- Wall profile (velocity, thickness, etc) is essential for the BAU calculation.



Lesson from SM EWBG

- EWPT is smooth crossover for mh>73 GeV.

[Kajantie at al, PRL77,2887 (’96); Rummukainen et al, NPB532,283 (’98); 
Csikor et al, PRL82, 21 (’99); Aoki et al, PRD60,013001 (’99). Laine et al, 

NPB73,180(’99)]
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The phase diagram of the Standard Figure 1. 
Model. The non-perturbative endpoint location 
has been studied with 3d simulations in [11-14] 
and with 4d simulations in [15-18]. In perturba- 
tion theory (dotted line), the transition is always 
of the first order. 

The U(1) group has here been neglected (i.e., 
sin 2 0w = 0), since its effects are small [10]. Let 
us denote 

2 2 4 x = v = m3(g l/g3. (41 

In the 4d simulations, one studies the 
SU(2)+Higgs theory, whose Lagrangian is pre- 
cisely Eq. (3) but in 4d. 

The theory in Eq. (3) has a first order phase 
transition for small Higgs masses (small values 
of x) [7]. The transition gets weaker for larger 
Higgs masses, and ends at m H  '~' 80 GeV [11], see 
Fig. 1. Recently, the interest has been in studying 
the endpoint region in some detail. Here, pertur- 
bation theory does not work at all and the dy- 
namics is completely non-perturbative. 

The fact that  there is an endpoint, was first 
reliably demonstrated in [11,12]. The endpoint 
location was determined more precisely in [13]. 
A continuum extrapolation of the endpoint loca- 
tion was made in [14], employing improvement 

formulas derived in [19]: 

Xc = 0.0983(15), Yc = -0.0175(13). (5) 

In [14], it was also shown that  the endpoint be- 
longs to the 3d Ising universality class. 

The values in Eq. (5) can be converted to the 
endpoint locations in different 4d physical the- 
ories, using the relations derived in [8]. Some 
values are given in Table 1. The errors here rep- 
resent the errors in Eq. (5): no additional errors 
have been added from dimensional reduction. 

With 4d simulations, the endpoint location in 
the SU(2)+Higgs model has been studied at a 
fixed (symmetric) lattice spacing in [15,16], and 
with an asymmetric lattice spacing in [17,18]. 
A continuum extrapolation has been carried out 
in [18], and that  result is shown in Table 1. It 
should be noted that  the exact MS gauge cou- 
pling to which the 4d simulations correspond, is 
not known. This affects strongly the critical tem- 
perature (Tc (x m H / g ) ,  while the endpoint loca- 
tion itself is not that  sensitive. 

We can now compare the 3d and 4d results for 
SU(2)+Higgs. Clearly, they are completely com- 
patible. 

Finally, consider the effect of sin 2 6w. In 
general, the hypercharge U(1) group makes the 
transition slightly stronger, though not by very 
much [10]. Thus one might also expect that  the 
endpoint location changes to somewhat larger x 
than in Eq. (5). The infinite volume and contin- 
uum extrapolation of the endpoint location has 
not been determined with sin 2 0w = 0.23, but it 
has been determined with finite volumes in [20]. 
On a lattice with 4/(g~a) = 8 and volume = 323, 
we get 

0 0.1043(22), y0 -0.02860(99) X c ~ 

1 _ 0.1045(14), y~ -0.02125(76), (6) X c 

where (0) refers to sin20w = 0 and (1) to 
sin 20W = 0.23. Hence Xc does not appear to 
depend significantly on sin 2 0w, while Yc changes 
a bit. Assuming that  the same pattern remains 
there at the infinite volume and continuum limits, 
the endpoint location in physical units is given in 
Table 1 also for sin 2 0w = 0.23. 

Recent topics of interest, other than the end- 
point location, include the excitation spectrum 

2nd order

end point

1st order

crossover

EWBG in the SM was excluded.

There was no consensus on the viability of EWBG until 
lattice calculations ruled out the possibility of the 1st-
order EWPT.

[Gavela et al, NPB430,382 (’94); Huet and Sather, PRD51,379 (’95).]

- CP violating effect is too small to generate BAU

* Even though the BAU is way below the observed value, we still do not know its 
precise value due to the lack of consistent and robust BAU formulation.

The importance of Higgs physics is not weakened by the current EDM results.



Summary
- No EWBG possibility in SM and MSSM. 

EWBG verification continues, and most scenarios would be tested by future 
experiments if theoretical uncertainties are under control. 

constraint by experimentsmodel dependent

strong 1st-order EWPT
constraints on sub-TeV new particle spectrum
min < deviations from SM in Higgs couplings < max

EWBG-related CPV electron EDM, h→ff  , b→sγ, etc

Now   LHC, JILA, Belle are probing EWBG possible regions.

- EDM experiments: electron (ACME, JILA, etc), proton (IBS-CAPP, BNL, etc)

Future

- lepton colliders (ILC, etc)

vC/TC ≿ 1

- Hadron colliders (HL-LHC, etc)

- Gravitational waves (LISA, TianQin, Taiji, DECIGO, etc)

JILA's result is impressive, but other probes are still necessary.
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Degenerate scalar scenario

*This scenario was investigated in the context of DM physics.

Higgs signal strengths become SM-like.

G.-C. Cho, C. Idegawa and E. Senaha Physics Letters B 823 (2021) 136787

are many studies on EWPT in the CxSM, such a degenerate-scalar 
scenario and possible parameter space have not been properly 
searched so far.

In this paper, we clarify the feasibility of strong first-order 
EWPT in the CxSM, focusing exclusively on the degenerate-scalar 
scenario. We survey EWPT using two gauge-invariant schemes: 
a tree-level potential with thermal masses (HT scheme) and 
Patal-Ramsey-Musolf (PRM) scheme [25], as well as ordinary 
gauge-variant one-loop effective potentials with Parwani [26] or 
Carrington-Arnold-Espinosa (CAE) resummation scheme [27,28]. 
We note that the differences between these four methods for 
EWPT in CxSM have not been compared before.

The paper is organized as follows. In Sec. 2, we introduce the 
CxSM and describe the degenerate-scalar scenario in some detail. 
In Sec. 3, we discuss the possibility of first-order EWPT in the 
degenerate-scalar scenario and clarify characteristics of the param-
eter space. Numerical results are presented in Sec. 4, and Sec. 5 is 
devoted to conclusion and discussions.

2. Model

The CxSM is the extension of the SM by adding the complex 
SU(2) gauge singlet scalar field. It is shown in Ref. [7] that mod-
els with broken global U(1) symmetry can provide a pseudoscalar 
DM. Though various U(1) breaking terms are present in the poten-
tial, not all of them must address the strong first-order EWPT and 
viable DM. In this work, we consider a minimal and renormaliz-
able model described by

V 0 = m2

2
H† H + λ

4
(H† H)2 + δ2

2
H† H|S|2 + b2

2
|S|2 + d2

4
|S|4

+
(

a1 S + b1

4
S2 + H.c.

)
, (1)

where both a1 and b1 break the global U(1) symmetry and the 
former is needed to avoid an unwanted Z2 symmetry that could 
cause a domain wall problem once it is spontaneously broken. It 
should be noted that the U(1) breaking parameters must not gen-
erate a complex phase that induces a mixing between scalar and 
pseudoscalar components of S in order to maintain the stability of 
DM. The two scalar fields are parametrized as

H =
(

G+
1√
2
(v + h + iG0)

)

, S = 1√
2
(v S + s + iχ), (2)

where v (" 246 GeV) and v S are vacuum expectation values 
(VEVs), h is the Higgs field that can mix with a singlet scalar s. 
G0 and G± are Nambu-Goldstone fields, and a pseudoscalar χ is 
the DM candidate.

First derivatives of V 0 with respect to h and s are respectively 
given by

1
v

〈
∂V 0

∂h

〉
= m2

2
+ λ

4
v2 + δ2

4
v2

S = 0, (3)

1
v S

〈
∂V 0

∂s

〉
= b2

2
+ δ2

4
v2 + d2

4
v2

S +
√

2a1

v S
+ b1

2
= 0, (4)

where 〈· · · 〉 defines an operation such that fluctuation fields are 
taken to be zero. Nonzero v S is enforced by a1 %= 0. For conven-
tion, we take v S > 0. With the above tadpole conditions, the mass 
matrix in the basis (h, s) is cast into the from

M2
S =

(
λv2/2 δ2 v v S/2

δ2 v v S/2 d2 v2
S/2 −

√
2a1/v S

)
, (5)

which is diagonalized by an orthogonal matrix O (α) as

O (α)T M2
S O (α) =

(
m2

h1
0

0 m2
h2

)

,

O (α) =
(

cosα − sinα
sinα cosα

)
, (6)

with α being the mixing angle such that (h, s)T = O (α)(h1, h2)
T .

The DM mass is calculated by the second derivative of V 0 with 
respect to χ , which has the form

m2
χ = b2

2
− b1

2
+ δ2

4
v2 + d2

4
v2

S = −
√

2a1

v S
− b1, (7)

where the tadpole condition (4) is used in the second equality. We 
trade the original parameters {m2, b2, λ, d2, δ2, b1} with {v , v S , 
mh1 , mh2 , α, mχ } while retaining a1 as an input. We set mh1 = 125
GeV hereafter. In this model, h1 couplings to the gauge bosons and 
fermions are scaled by cosα while h2 couplings to those particles 
by − sinα. Clearly, α → 0 corresponds to the SM-like limit which 
is compatible with current experimental data. As discussed below, 
however, this is not only the case that can mimic the SM.

Recent DM direct detection experiment by XENON1T puts an 
upper bound on the spin-independent (SI) cross section of the DM 
scattering off nucleons (σSI) [14], thereby constraining aforemen-
tioned model parameters. In the CxSM, both h1 and h2 get involved 
in the leading-order t-channel scattering process, and σSI in the 
limit of vanishing momentum transfer has the following propor-
tionality

σSI ∝ sin2 α cos2 α

(
1

m2
h1

− 1

m2
h2

)2
a2

1

v4
S

. (8)

One can see that the cross section can be highly suppressed for 
mh1 " mh2 , irrespective of the other parameters.1 The relative mi-
nus sign between the h1 and h2 contributions is attributed to the 
orthogonality of the mixing matrix O (α) and independent of the 
sign convention of α. Note that the allowed ranges of α and mh2

are restricted considerably by Higgs coupling measurements and 
direct searches of extra scalars at LHC. As emphasized in Ref. [24], 
however, the parameter space where |mh1 − mh2 | ! 3 GeV is less 
constrained by the current LHC data [29], allowing even the max-
imal mixing angle |α| = π/4. Therefore, such a degenerate scalar 
scenario can evade the DM direct detection constraints.

It should be noted that although the small α could be a choice 
to circumvent the XENON1T bound, such a small mixing region 
would not be the right direction to go from the strong first-order 
EWPT point of view, as detailed in Sec. 3. We notice in passing 
that, as first pointed out in Ref. [8] and emphasized in Ref. [30], 
σSI could also vanish in the limit of a1 = 0, which is another way 
to dodge the DM direct detection constraints. However, one should 
somehow avoid the domain wall problem mentioned earlier. It is 
known that the strong first-order EWPT is feasible for a1 = 0 (see, 
e.g., Ref. [12]).

3. Electroweak phase transition in the degenerate-scalar 
scenario

Now we discuss EWPT in the degenerate-scalar scenario. We 
take the Landau gauge ξ = 0 with ξ representing a gauge-fixing 
parameter. Denoting the classical background fields of the Higgs 
doublet and singlet as 〈H〉 = (0 ϕ)T /

√
2 and 〈S〉 = ϕS/

√
2, the 

effective potential at one-loop level takes the form

1 It is shown that σSI ∝ m2
h1

− m2
h2

even at one-loop level (see., e.g., Ref. [19]).

2
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Pheno. consequences of vC/TC≿1
~ alignment limit in 2HDM: hVV, hff=SM-like ~

h -> 2 gammas
[I.Ginzburg, M.Krawczyk, P.Osland, 

hep-ph/0211371]

hhh coupling
[S.Kanemura, Y.Okada, E.S., 

PLB606 (2005) 361]

Extra Higgs masses

1st-order EWPT vC/TC≿1 vC/TC<1
non-decouplingloop properties decoupling

µ�� ' 1
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G.C.Dorsch et al, 1405.4437 (PRL); Basler et al 1612.04086 (JHEP);
J. Bernon et al, 1712.08430 (JHEP), etc
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2, M2 = m2
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*3 degenerate scalars (H, A, H+) could also be consistent with vC/TC>1.
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Internal structure is essential!
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Internal structure is essential!



Towards Higgs precision era

- Refinement of vC/TC≿1 is necessary.

vC/TC ≿ 1
- gauge-dependence
- renormalization scale dependence
- More proper temperature is 

nucleation temperature TN.

- “1” is a just rough number.

- Depends on sphaleron 
profiles (model-dependent). 

- Higgs date is getting more and more precise. 

Theoretical uncertainties

[K. Funakubo, E.S., 2003.13929 (PRD-RC)]

[K. Kainulainen et al, 1904.01329 (JHEP); 

L.Niemi et al, 2005.11332 (PRL), etc]

min <

����
�g

gSM

���� < max
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Perturbative calculation gives useful 

guidance qualitatively but not quantitatively. 

vC/TC > (1.1-1.3)Lattice studies
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BSM models

- Minimal Supersymmetric SM (MSSM)

SUSY models

-> viable window is closed. ∵ light stop scenario is 

inconsistent with LHC data

[D. Curtin, P. Jaiswall, P. Meade., JHEP08(2012)005; T. Cohen, D. E. Morrissey, A. Pierce, PRD86, 013009 (2012); 
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not satisfied

strong 1st-order EWPT

light stop (< top mass)

CPV

chariginos, neutralinos

- Extensions of MSSM
Next-to-MSSM (NMSSM), nearly-MSSM (nMSSM), U(1)’-MSSM, etc

Non-SUSY models
SM + additional scalars/fermions
2 Higgs doublet model, SM + singlet scalar/fermions, etc.
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+ ūiL


�i�ijp

2
c��↵ � ⇢ijp

2
s��↵

�
ujRH � ip

2
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Yukawa interactions in g2HDM
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- Unlike Z2-2HDM, no tanβ dependence.
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Yukawa interactions in g2HDM
Up-type Yukawa couplings:

In the mass eigenbasis 

- ρij  are generally complex. ρij  ∈ ℂ ⇒ CPV ⇒ Baryogenesis!! 

- EWBG by ρtt (t-EWBG), ρbb (b-EWBG), ρττ (τ-EWBG), etc.

general (no Z2 sym.)
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|ρee/ρtt| is SM like if r=O(1).

- cancellation at r=O(1) (structured 
cancellation)
- t-EWBG possibility revives.

Result ACME-III (future)

* Much less EDM constraint on tc-EWBG. Im(⇢tc⇢ct) ⌧ 1
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