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The discovery of the Higgs boson in 2012 at CERN’s 
Large Hadron Collider (LHC) by the ATLAS1 and CMS2 
experiments was a milestone for particle physics, recog-
nized by the award of the 2013 Nobel Prize for Physics to 
François Englert3 and Peter Higgs4. The Higgs boson is 
central to our understanding of particle physics. It is the 
first (and so far only) discovered (seemingly) elementary 
particle with spin zero.

The standard model (SM) of particle physics5–7 
provides an excellent description of particle physics 
experimental results so far, from collider experiments at 
the LHC8, with centre- of- mass energy up to 13 TeV, to  
low- energy precision measurements, including those of 
the fine structure constant9,10, of quantum electrodynamics  
and of the electron’s electric dipole moment11.

Everyday matter consists of elementary fermions: 
quarks and leptons. Particle interactions are deter-
mined by local gauge symmetries and mediated by 
the exchange of spin- one gauge bosons. These are the 
massless photons in quantum electrodynamics, which 
bind electrons to nuclei in atoms, the gluons in quantum 
chromodynamics (QCD), which bind quarks inside the 
proton, and the massive W and Z bosons for the weak 
interactions that power the Sun and nuclear reactors. 
In the SM, symmetry drives the particle interactions 
with invariance under local changes in the phases of 
fermion fields. An important ingredient of the theory is 
the origin of particle masses. Within the SM the masses 
of the W and Z gauge bosons and charged fermions 
emerge from coupling of these particles to the scalar 

spin- zero Higgs field, which comes with a non- vanishing 
vacuum expectation value (VEV), and a Higgs condensate 
filling all space.

Although the discovered boson behaves very much 
like the SM Higgs with a mass of 125 GeV, in which case 
it completes the particle spectrum of the SM, important 
open questions remain, connecting particle physics to 
cosmology, that require new physics to answer. These 
relate to the nature of the dark energy that drives the 
accelerating expansion of the Universe12, the origin of 
the matter−antimatter asymmetry in the Universe13, pri-
mordial inflation14 and the mysterious extra dark matter 
that comprises about 80% of the matter component in 
the Universe15. A considerable amount of theoretical 
work has gone into investigating possible connections 
between these open questions and the properties of the 
Higgs boson. The Higgs boson’s observed decays to vec-
tor bosons indicate the existence of a Higgs condensate. 
Although its mass was expected to be commensurate 
with the electroweak scale to ensure the unitarity of the 
scattering of longitudinally polarized vector bosons, 
such a relatively small mass (which is much less than 
the Planck scale that defines the limit of particle physics 
before quantum gravity effects might appear) raised the 
fundamental question of the naturalness of the SM.

The European Particle Physics Strategy16,17 identified 
precision studies of the Higgs boson as the main prior-
ity for the next high- energy collider with measurements 
first at the planned high- luminosity upgrade of the 
LHC and, later, with a dedicated Higgs factory as a new 
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facility. This programme involves essential interaction 
between experiment and theory.

This Review surveys the Higgs boson physics with an 
outlook to future experiments. We start by discussing the 
role of the Higgs boson in the origin of mass, then review 
the discovery and early measurements of the Higgs  
boson’s properties and continue with the Higgs coupling  
to fermions. Next, we summarize the status of measure-
ment of the Higgs boson’s properties and interactions 
in comparison with the predictions for the Higgs boson 
described by the SM. We discuss Higgs self- coupling 
and then focus on searches for any extra Higgs states or 
possible new charge- parity (CP) violation in the Higgs 
sector. We describe open theoretical issues connected 
to the Higgs boson in particle physics and cosmology 
and we end with a description of future measurements 
that might shed light on these questions and the role 
of the Higgs in understanding the deep structure of the 
Universe.

Higgs boson and massive gauge bosons

The Higgs story begins with the interplay between 
mass and gauge invariance. Taken alone, mass terms 
for gauge bosons break the underlying gauge symme-
try. For example, consider particles (fermions or scalar 
bosons) χ interacting with a spin- one gauge field Aρ with 
the system invariant under the local gauge transforma-
tions χ → eiωχ and →A A + ∂ ωρ ρ g ρ

1
. Here ω is the gauge 

symmetry parameter, ∂ =ρ x

∂

∂
ρ  is a partial derivative, and 

g is the coupling of Aρ to χ; ρ denotes the Lorentz index. 
Introducing a mass term m2AρA

ρ violates the gauge 
symmetry without extra ingredients.

This problem is resolved through the Brout–Englert–
Higgs (BEH) mechanism (see rEfs18–21 and related work 
in rEfs22,23). The gauge symmetry of the underlying the-
ory can be hidden in the ground state. The symmetry 
parameter ω freezes out to a particular value, with all 
possible values being degenerate. This process, known 
as spontaneous symmetry breaking, generates mass-
less Goldstone modes — one for each generator of the 
symmetry. For local gauge symmetries these massless 
Goldstone modes combine with the gauge bosons to 
generate new longitudinal modes of the gauge fields, 
conserving the total number of degrees of freedom. The 
transverse and longitudinal components of the spin- one 

gauge field acquire non- zero mass, which is the same 
for both components. In addition, a new scalar boson 
is produced with finite coupling to the massive gauge 
fields — the Higgs boson.

In the SM of particle physics, besides giving mass to 
the W and Z gauge bosons, the BEH mechanism also 
has a vital role, ensuring a consistent very high- energy 
behaviour of scattering amplitudes. The Higgs boson, 
with mass 125 GeV, guarantees the unitarity of high- 
energy collisions involving massive W and Z bosons, 
with the Higgs boson cancelling terms from the longi-
tudinal component of the W and Z bosons that would 
otherwise violate perturbative unitarity (meaning that 
scattering probabilities calculated using Feynman dia-
grams would grow larger than one)24–27. The Higgs boson 
is also essential for the renormalizability of the theory, 
namely to ensure a consistent treatment of the ultra-
violet divergences, which appear in Feynman diagrams 
involving loops28–30.

To understand the BEH mechanism, consider the 
coupling of the gauge field Aρ to a complex scalar field 
ϕ via the gauge covariant derivative with coupling con-
stant g, namely Dρϕ = [∂ρ + igAρ]ϕ. Under the local gauge 
transformation ϕ → eiωϕ, Dρϕ → eiωDρϕ with the par-
tial derivative acting on ω compensated by the gauge 
transformation of Aρ.

The scalar field is taken with potential:

.V ϕ μ ϕ λϕ( ) =
1

2
+
1

4
(1)2 2 4

Here the self- coupling λ ≥ 0 so the potential has  
a finite minimum, as required for vacuum stability.

If μ2 > 0 the potential describes a particle with mass μ. 
When μ2 < 0 the potential has a minimum at:

∣ ∣ ≡ .ϕ
v μ

λ2
= −

2
(2)

2

This potential is illustrated in fig. 1. Excitations 
around the degenerate minima of the potential — the 
bottom of the ‘Mexican hat’ shape — correspond to a 
massless Goldstone mode. gauge freedom allows us 
to choose v as the VEV of the real part of ϕ with all 
choices of vacuum state being degenerate and physi-
cally equivalent. Expanding the scalar field about this 
minimum of the potential, the Goldstone mode is 
‘eaten’ to become the longitudinal mode of Aν, which 
now acquires mass g2v2. The Higgs boson H with mass 
squared m λv= 2H

2 2 corresponds to excitations up the rim 
of the potential.

The consistency of massive gauge bosons with gauge 
invariance was first solved by Philip W. Anderson31  
in the context of massive ‘photons’, called plasmons, in  
superconductors31. The photon behaves as a wave on a 
sea of Bardeen–Cooper–Schrieffer (BCS) Cooper pairs, 
which in this case act as the scalar field ϕ, condensing in 
the ground state. The order parameter is not rigid with 
zero momentum Cooper pairs, but fluctuates in the 
longitudinal component to preserve the trans lational 
symmetry of the electron gas. The plasmon’s transverse 
component is a modification of a real photon propagat-
ing in the plasma, whereas the longitudinal mode is an 
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attribute of the system. Massive plasmons are manifest 
through the exponential decrease of the magnetic field 
inside the superconductor (the Meissner effect).

The extension of this physics to relativistic 
dynamics18–21 has been introduced to provide a consist-
ent model of weak interactions in particle physics32–35. 
Contrary to the BCS case, the weak interaction requires 
the introduction of an additional fundamental scalar 
field. A dynamic explanation of the Higgs mechanism 
using BCS theory would be a major breakthrough and 
is one of the fundamental motivations to measure with 
the highest possible precision the properties of the 
Higgs particle. For a more detailed history of theoretical 
developments, see rEf.36.

For weak interactions the gauge group is SU(2). There 
are three massless Goldstone modes, which combine to 
form the massive W charged bosons and the massive Z.  
The massless photon and neutral Z boson are linear 
combinations of the neutral weak SU(2) gauge boson 
and a U(1) gauge boson called hypercharge. Within 
the SM, the BEH mechanism is also important for the 
fermion masses, something required by parity viola-
tion of weak interactions37. The weak interaction gauge 
bosons couple to SU(2) doublets of left- handed leptons 
and quarks, whereas right- handed fermions are weak 
interaction neutral. Singlet mass terms for the charged 
fermions are constructed by contracting the left- handed 
fermion doublets with the SU(2) Higgs doublet, includ-
ing the VEV, and then multiplying by the right- handed 
fermion. The SM particle masses are:

.

′m g v m g g v

m y
v

m λv

=
1

4
, =

1

4
( + ) ,

=
2
, = 2

(3)
W
2 2 2

Z
2 2 2 2

f f H
2 2

Here g and ′g  are the SU(2) and U(1) gauge coupl-
ings and yf denotes the fermion Yukawa coupling to the 
Higgs boson. Without considering the tiny neutrino 
masses, the SM has 18 parameters: 3 gauge couplings 
and 15 in the Higgs sector (6 quark masses, 3 charged 
leptons, 4 quark mixing angles including 1 CP- violating 
complex phase, the W and Higgs masses). There is a 

wide range of masses with mW = 80 GeV, mZ = 91 GeV, 
mH = 125 GeV and the charged fermion masses ranging 
from 0.5 MeV for the electron up to 173 GeV for the 
top quark. The Higgs VEV v = 246 GeV. In natural units 
v G= ( 2 )F

−1
2 , where GF is the Fermi coupling constant 

of weak interactions.
Small changes in the Higgs couplings and particle 

masses can lead to a very different Universe, assuming 
that the vacuum remains stable. One example is that 
small changes in the light- quark masses can prevent Big 
Bang nucleosynthesis38. Once radiative corrections are 
taken into account, the stability of the Higgs vacuum is 
very sensitive to the value of the top quark mass. Vitally, 
the Higgs boson cannot be too heavy to do its job of 
maintaining perturbative unitarity. If the Higgs boson 
had not been found at the LHC, new strong dynam-
ics would have been needed in the energy range of the 
experiments, for example, involving strongly interacting 
W+W− scattering with the Higgs boson replaced by some 
broad resonance in the WW system39.

In contrast to particle physics, where the Higgs boson 
is treated as an elementary particle, in condensed matter 
systems, the Higgs boson forms as a collective mode40. 
Following the Higgs boson discovery in high- energy 
physics, collective Higgs states have been observed in 
superconductors41; for discussion see rEfs42–44.

Discovery and first measurements

More than 40 years after the original postulation of the 
electroweak symmetry breaking through the BEH mech-
anism, the first potential experimental observation of 
its predictions was announced by the ATLAS and CMS 
experiments on 4 July 2012. The LHC is a circular parti-
cle accelerator, colliding proton beams at centre- of- mass 
energies of 7 TeV and 8 TeV (in run 1, 2010−2012) and 
13 TeV (in run 2, 2015−2018) to search for new parti-
cles and phenomena45. The ATLAS46 and CMS47 experi-
ments are two general- purpose detectors making use of 
the highest luminosities (high rates of collision events) 
at the LHC.

The announcement from ATLAS and CMS was 
based on the data collected in run 1, which was suffi-
cient for both experimental collaborations to claim inde-
pendently the observation of a new particle, that is, with 
a significance of the result of more than five standard 
deviations, or 5σ, away from a background- only result, 
meaning that the chance of this result being due to a 
fluctuation of the background is less than 1 in 3,500,000. 
Measurements that give a significance above 3σ are 
considered as evidence.

According to the SM, a Higgs boson with mass about 
125 GeV produced in a proton−proton collision has a 
lifetime of only about 1.6 × 10−22 seconds, after which 
it disintegrates into particles that are recorded by the 
detectors. The 2012 ATLAS and CMS data showed that 
the new particle had a mass of around 125 GeV (about 
133 times the mass of a proton) and decayed into vector 
bosons, namely a pair of photons, W bosons or Z bos-
ons, exactly as predicted by the SM theory, and there-
fore was labelled ‘a Higgs boson candidate’. The observed 
decay into two photons meant that the new particle 
could not have spin one, according to the Landau−Yang 

a b
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Fig. 1 | The Higgs potential and its sensitivity to quantum corrections. a | The Higgs 
potential V(ϕ) for the scalar field ϕ for mass parameter μ2 < 0; see equation (1). Choosing 
any of the points at the bottom of the potential spontaneously breaks the rotational U(1) 
symmetry. b | Quantum corrections can change the shape of the Higgs potential. Here 
the minimum of “our vacuum” is taken at ϕ =

v

2
∣ ∣  with v = 246 GeV. When quantum 

corrections to standard model couplings are included, the vacuum may develop  
a second minimum, leading to vacuum metastability. Panel a © 2015–2021 CERN  
(License: CC-BY-4.0). Panel b reprinted with permission from rEf.208, APS Physics.
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theorem48,49. In the SM the Higgs boson has no electric 
charge of its own and decays into two photons via a 
fermion or W boson loop.

A few months after the initial announcement, a next 
crucial step was made by verifying the quantum proper-
ties of the new particle, demonstrating that it had to be a 
scalar spin- zero particle, as required for the messenger of 
the BEH field. Although some small- level mixing with 
a CP- odd component is still possible, the new particle 
has been firmly excluded from being a pure CP- odd 
state50–52. (Discrete CP symmetry refers to the joint 
action of charge conjugation invariance, changing par-
ticles for antiparticles, and parity reversal. The SM Higgs 
boson is a scalar, transforming as a CP- even state under 
CP transformations.) This result promoted the particle 
to ‘a Higgs boson’. However, it is still possible that the 
new particle might not be the SM Higgs boson, but a 
look- alike, such as a scalar particle from an extended 
theory sector or even a composite particle. For further 
insight, the Higgs boson properties have to be mapped 
out in detail, which at present can only be done at the 
LHC. One needs to answer the extra questions: does 
this new particle also couple to the other known funda-
mental particles as expected, for example the quarks and 
charged leptons? What is the exact mass value and width 
of this resonance? Is it possible to measure the shape of 
the Higgs field potential directly, for example, via Higgs 
boson pair production?

ATLAS and CMS discovered this new particle with a 
data sample of about 10 inverse femto barn (fb−1) each. 
An additional 15 fb−1 was collected by the end of 2012 
by both experiments in run 1. From 2015 to 2018, in the 
LHC run 2, the experiments collected 139 fb−1 each at a 
higher centre- of- mass energy of 13 TeV. In the next few 
years the LHC will deliver, for each experiment, approx-
imately 150 fb−1 in run 3 (scheduled for 2022−2024), 
and then the accelerator and both experiments will be 
upgraded for the high- luminosity phase to collect a total 
of 3−4 inverse attobarn (ab−1) each.

Many analyses of the collected dataset from run 2 are 
still being finalized, but several full run 2 results have 
been completed and show an emerging picture that we 
will discuss in the next sections. In the collisions data 
from this run, about 7 million Higgs bosons have been 
produced, so the LHC can be considered to be the first 
‘Higgs factory’, even though only a fraction could be 
identified and used to study its properties. LHC data 
analysis proceeds in parallel with advances in precision 
theoretical calculations for the SM production and decay 
rates as well as modelling of the backgrounds53–56.

In the SM all the couplings of the Higgs boson to 
fermions and vector bosons were known as a function 
of the Higgs boson’s mass even before the discovery of 
the Higgs boson. The only parameter that was not pre-
dicted by the theory was the mass of the Higgs boson 
itself. Upper bounds had been obtained from the unita-
rity in longitudinal vector boson scattering, which was 
an essential argument that the LHC should be able to 
observe either the Higgs boson or signs of new underly-
ing strong dynamics in the teraelectronvolt (TeV) range. 
This idea is referred to as the no- lose theorem. A 95% 
confidence level upper bound on the Higgs boson mass 

of 166 GeV had already been derived from previous  
electoweak measurements, mainly from the former 
Large Electron−Positron (LEP) collider at CERN57.

To measure the mass of the Higgs boson, its decay 
into a pair of photons or Z bosons, with each Z boson 
itself decaying into a pair of electrons or muons, con-
stitutes the best channels to use, because charged lep-
tons and photons can be measured with excellent 
precision by the LHC detectors and thus the mass 
of the Higgs boson can be fully determined from the 
invariant mass of the final- state particles. The resulting 
mass distributions show typical resonant structures in 
which the width of the resonance is determined by the 
detector resolution. The extracted central mass value 
for the Higgs boson from the combined ATLAS and 
CMS run 1 measurements was reported in rEf.58 to be 
125.09 ± 0.21 ± 0.11 GeV. Subsequently new values for 
the mass were reported by CMS to be 125.38 ± 0.14 GeV 
(rEf.59) and by ATLAS to be 124.97 ± 0.24 GeV (rEf.60), 
with these measurements using both the diphoton and 
ZZ decay channels. It is remarkable that, in less than a 
decade, the mass of this particle is already known to  
a precision of almost one per mille.

Interestingly, the mass of 125 GeV is ideal for 
a detailed experimental study of this new particle. 
Indeed, the product of the branching ratios of the SM 
Higgs boson in all decay channels available below the 
top-antitop threshold has been reported in rEf.61 to  
be a Gaussian distribution of the Higgs boson mass with 
a maximum centred at mH ≈ 125 GeV, that is, exactly at 
the mass value where the new boson has been discov-
ered. No other SM Higgs boson mass value has a better 
combined signal strength for the whole set of decay chan-
nels. Conversely, this mass value still allows for many 
beyond- the- SM scenarios.

Higgs boson couplings to fermions

To discover the Higgs boson, physicists searched for the 
footprints of the particles it decays to, more precisely, 
channels where it decays to charged fermions as well as 
gauge bosons. The observed inclusive production rate of 
the boson, that is, for its production along with any other 
final- state particles, confirmed that the predicted main 
production process should be through gluon fusion: 
gg → H. This process indirectly implied that the Higgs 
boson should couple to top quarks, which are involved 
in the decay quantum loop. However, direct evidence of 
the coupling of the Higgs boson to fermions is needed to 
demonstrate that the minimal version of the SM is cor-
rect and that the same scalar field is responsible for the 
masses of the vector bosons and the charged fermions.

Such a direct test of the SM would be to establish the 
decay of the Higgs boson into charged fermions, and 
was a key physics target for the LHC run 2. Decays to all 
fermions are kinematically allowed except for the decay 
into a top plus anti- top quark pair. An important check 
is the quantitative comparison of the coupling strengths 
to the different fermions, which for the quantum particle 
associated with the BEH field in the SM are expected to 
be proportional to the masses of the respective fermions.

The most easily accessible channels are decays to the 
bottom or b- quarks and to the tau leptons, members of 
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the third and most massive fermion generation. First 
evidence for decays to the third fermion generation, tau 
leptons and b- quarks, has been reported already from 
the run 1 data. The couplings to the second fermion gen-
eration, the muon and the charm and strange quarks, 
are more challenging. The LHC is unlikely to be able 
to test couplings to the first generation with the present 
methods, and such a test remains the aim of a future, 
very intense Higgs factory.

Below, we focus on the Higgs boson coupling to the 
top quark. This is special because the top quark is heav-
ier than the Higgs boson and its Yukawa coupling to the 
Higgs boson is yt ≈ 1. Next, we will discuss measurements 
of the Higgs boson couplings to the tau lepton, the bot-
tom quark and the lighter mass fermions, including a 
recent experimental highlight: observation of the Higgs 
boson to muon coupling.

The Higgs boson to top quark Yukawa coupling. The 
top quark is the heaviest known fundamental fermion 
in nature; its measured mass62 of 172.76 ± 0.30 GeV 
means that the top quark Yukawa coupling is very large, 
strikingly close to one. The precise measurement of 
this coupling plays an essential part in the energy- scale 
dependence of the Higgs boson self- coupling, which 
in turn is essential to understanding the stability of the 
particle physics Higgs vacuum: does the current VEV 
of the BEH field correspond to the real minimum of the 
Higgs potential?

The Yukawa coupling of the Higgs boson to the top  
quark also allows for a fundamental check of the quan-
tum consistency of the theory by comparison with 
indirect measurement through the main gluon fusion 
production process discussed above, which necessar-
ily proceeds through quantum loop corrections and is 

therefore potentially sensitive to contributions from 
other, yet unobserved, states.

A direct measurement can be made through the 
associated production of the Higgs boson with a pair 
of tt (top plus antitop) quarks. The topologies of such 
events (the combination of particle interactions leading 
to them) are complex and typically contain many jets, 
among which two at least originate from b- quarks, elec-
trons or muons, and the decay products of the Higgs 
boson itself; see fig. 2a. The first direct observation 
of the Yukawa coupling of the Higgs boson to the top 
quark was achieved only with a large, but partial, run 
2 dataset and using all Higgs boson decay channels 

τ τbb, ,WW ,ZZ* *+ −  and γγ by ATLAS and CMS63,64. 
The respective signal strengths for ttH production were 
found to be 1.32 ± 0.39 (ATLAS) and 1.26 ± 0.31 (CMS), 
in agreement with the SM expectation.

With the entire dataset, the diphoton channel 
alone provides an unambiguous observation of the 

→pp ttH production process65,66; see fig. 2b. The other 
Higgs boson decay channels are more challenging for 
precision measurements and improving their sensitivity 
relies on progress in the theoretical predictions for the 
backgrounds.

The presence of the Higgs boson with a large 
top- quark Yukawa coupling can also be indirectly meas-
ured through production processes where the Higgs 
boson does not appear in the final state, but contributes 
as an exchange particle in the intermediate state of the 
reaction. These indirect measurements have been car-
ried out in top- pair production processes, including the 
spectacular four- top channel for which first evidence has 
been observed, but are so far not competitive with the 
constraints from the direct observation of the associated 
production of a Higgs boson with a top- quark pair.

Diphoton channel

(Higgs) particle production with 

two photons in the final state.
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Fig. 2 | Top quark production in Higgs boson decays. a | A 3D event display of a candidate H → γγ in the →pp ttH  
production mode, exemplifying the complex topologies of events where in addition to the two isolated photons (in green 
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The single production of a single top quark together 
with a Higgs boson has also been searched for in the 
experiments. This process is especially interesting67 since 
it is sensitive to the sign of the top- quark Yukawa cou-
pling yt through the tree- level interference between the 
production through the Higgs boson emission by a top 
quark and a W boson68. For SM- like couplings of the 
Higgs boson to W and Z bosons, CMS data69 with 36 fb−1 
favours positive values of yt and excludes negative val-
ues below −0.9y

t

SM. Combined measurements with inte-
grated luminosity of 137 fb−1 of ttH and tH production 
in final states with electrons, muons and hadronically 
decaying tau leptons yield constraints on κ y y= /t t t

SM in 
the range −0.9 < κt < −0.7 or 0.7 < κt < 1.1 (rEf.70).

The Higgs boson coupling to tau leptons. Tau leptons 
have a mass of 1.777 GeV and for a SM Higgs boson 
of 125 GeV, the decay rate, or branching ratio, into a 
τ−τ+ lepton pair is about 6.3%. Tau leptons are unsta-
ble, though, and decay with a mean lifetime of about 
10−13 seconds, as observed at the LHC, into a narrow 
low- multiplicity hadronic jet (that is, a jet carrying 
few particles), or a muon or electron, and in all cases 
in association with one or more neutrinos, which go 
undetected in the experiments. The experiments have 
developed refined τ- tagging methods in the data for the 
most important τ decay channels, and have also been 
using additional event activity characteristics apart from 
the Higgs boson production to master and control the 
large backgrounds from non- Higgs boson production 
processes. During run 1, the Higgs boson to τ−τ+ decay 
was established by both experiments with a significance 
of about 3σ for CMS and 4.5σ for ATLAS71,72 with the 5σ 
threshold already crossed in run 1 by the ATLAS and 
CMS combination73.

Results based on partial run 2 data confirm these 
results and have established an observation of the Higgs 
boson to τ−τ+ decay channel. CMS combined results of 
several production channels measured with 36 fb−1 of data 
and produced the overall result of an observation of the 
Higgs boson decaying into a τ−τ+ pair with a significance 
of 5.5σ and signal strength for a SM Higgs boson μS of 
.

.

.1 24±0 27
0 29 from run 2 data74 or 0.98 ± 0.18 with a com-

bined significance of 5.9σ when both run 1 and run 2 
results are included75.

The ATLAS result based on 36 fb−1 of run 2 data and 
run 1 results shows a significance76 of 6.4σ and measures 
a cross- section in agreement with the 125 GeV Higgs 
boson prediction. Overall the decay rate for H → τ−τ+ 
was found to be very close to that expected for a Higgs 
boson with a mass of 125 GeV.

The Higgs boson coupling to the bottom quarks. The 
bottom quark is the heaviest quark accessible in Higgs 
boson decays, and has a scheme- dependent mass mb of 
4.2 GeV (rEf.62). (This is its mass observed at the energy 
scale mb quoted with respect to a procedure for calcu-
lating radiative corrections called MS). Free quarks are 
not observable in nature. Instead, at the LHC, quarks 
hadronize in jets of particles, resulting from the colour 
force that connects the produced quarks and breaks up 
into colourless hadrons, dominantly mesons. Hadrons 

containing a b-(anti)quark have short lifetimes, typi-
cally around 10−12 seconds, and thus cross distances in 
the detector of typically a few millimetres to centime-
tres, a feature that can be efficiently exploited in exper-
iments to tag particle jets that contain a b- quark. The 
branching ratio for a 125 GeV Higgs boson into a b plus 
anti- b quark pair is 58% and constitutes the largest Higgs 
boson decay channel at this mass value. However, the 
cross- sections of b plus anti- b quarks produced by SM 
background processes are seven orders of magnitude 
larger than the Higgs boson production cross- section, 
and hence largely dominate the search regions.

Experimentalists have been able to reduce these 
backgrounds dramatically by selecting special kinematic 
regions and by using additional event information, such 
as additional associated jets and, in particular, heavy vec-
tor W and Z bosons (where the W and Z bosons decay 
leptonically), to extract the Higgs boson to bottom quark 
decay signal. In 2018 both experiments announced the 
observation of this decay channel. ATLAS reported a 

→H bb decay signal with 5.4σ and a signal strength of 
1.01 ± 0.20 based on run 2 data of up to 79.8 fb−1 and on 
run 1 data of about 25 fb−1 (rEf.77). CMS observed this 
channel with 5.6σ significance and a signal strength of 
1.04 ± 0.20 based on run 2 data of 41.3 fb−1 and on run 
1 data of about 25 fb−1 (rEf.78). Hence, the →H bb decay 
rate is consistent with the expectations for a 125 GeV 
Higgs boson. figurE 3 shows an event display of a can-
didate →H bb decay (fig. 3a), and the distribution of the 
mbb invariant mass (fig. 3b), showing the →Z bb (grey) 
and →H bb (red) signal.

The Higgs boson coupling to muons. With the Higgs 
boson decay channels to the third- generation fermions 
(b- quarks and tau leptons) firmly established, the natu-
ral next question is: what about the second- generation 
fermions? Since these particles have lower masses and 
the signals are often subject to larger backgrounds, 
extracting information from the data becomes increas-
ingly challenging. However, these measurements are of 
utmost importance to consolidate the scenario of the 
long- sought BEH mechanism.

The branching ratio of the H → μ−μ+ decay in the 
SM for a Higgs boson of 125 GeV is small, namely 
2.18 × 10−4, but the final state is very simple: it amounts 
to a search for two oppositely charged muons which 
have large transverse momenta, of the order of several 
tens of gigaelectronvolts (GeVs) in the laboratory frame, 
and can be efficiently selected and reconstructed by the 
experiments. The signal resides on a large background 
tail: the Z boson to muon pair cross- section is five orders 
of magnitude larger than the expected signal.

The hunt for the H → μ−μ+ decays started early on. 
Any observed signal would have been unexpected at the 
initial LHC luminosity since for a true Higgs particle this 
decay is expected to be strongly suppressed compared 
with, for example, the Higgs boson to τ−τ* decay, and 
would have been evidence that the newly found particle 
was not the SM Higgs boson! Indeed, no evidence for 
this decay was found in the run 1 data.

The full set of the run 2 data was more recently used 
by ATLAS and CMS to search for this channel. The large  
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background of mostly Drell–Yan di- muon production 
required the experiments to use sophisticated tools 
such as machine learning algorithms to extract a signif-
icant signal. In summer 2020, after considerable effort, 
the experiments were successful and could report the 
first evidence for H → μ−μ+ production. CMS reported79 
an observed significance of 3σ and a signal strength of 
1.19 ± 0.43. ATLAS reported80 an observed significance 
of 2σ and a signal strength of 1.2 ± 0.6.

 figurE 4 shows an event display of a candidate 
H → μ−μ+ decay (fig. 4a), and the distribution of the mμμ 
invariant mass (fig. 4b).

Clearly, these results open up a new research pro-
gramme for the Higgs boson at the LHC: the detailed 
study of the second- generation fermion couplings to 
the Higgs boson. At present, the precision of the results 
is statistics- limited, a limitation that will be overcome 
with the advent of the high- luminosity run of the 
LHC that is expected to start well before the end of 
the decade.

Similar searches for the decays of the Higgs boson to 
a pair of electrons have also been carried out by ATLAS81 
and CMS82, excluding branching fractions of 3.6 × 10−4. 
Given the measurement of the branching fraction of 
Higgs boson decays to tau particles and the evidence for 
the decay of the Higgs boson to muons, both compatible 
with the SM expectation, the above limit represents yet 
another confirmation of the non- universal nature of the 
Higgs boson Yukawa coupling. Non- flavour diagonal 
decays of the Higgs boson to an electron and a muon 
have also been searched for by ATLAS81.

The Higgs boson couplings to lighter quarks. The quarks 
of the second- generation fermions have a scheme- 
dependent mass of 1.27 GeV for the charm quark, c, and 
a current quark mass of about 90 MeV for the strange 
quark, s (rEf.62). The channel → ccH  has a branching 

ratio of 2.8% for a 125 GeV Higgs boson, a much larger 
background than for the →H bb decay channel and 
a less efficient charm tagger compared with bottom 
quarks, and hence is far more challenging to observe.

Direct searches for →H cc have been performed 
by the experiments, but at present no evidence for this 
process can be reported; see the ATLAS analysis83. The 
most sensitive result to date is an experimental sensi-
tivity of a factor of 70 (from CMS; see rEf.84) above the 
predicted SM values. Additional data, improved charm 
tagging and reconstruction efficiencies, and a deeper use 
of machine learning techniques will no doubt push these 
sensitivities closer to the SM observable limits, but at this 
point one cannot yet be sure whether this channel will 
become detectable at the LHC. Other channels are also 
pursued, such as H → J/Ψγ and H → Ψ(2S)γ (rEfs85–87), 
the associated production of the Higgs boson with a 
c- quark88, and the measurement of the charge asymme-
try in the associated production mode of a Higgs boson 
with a vector boson89.

The hunt for decays of the Higgs boson to lighter 
quarks is even more challenging and is not expected 
to yield detectable signals for SM Higgs boson coupl-
ings at the LHC, but these decays have nevertheless 
been searched for in topologies with a vector meson —  
ρ (rEfs90,91); ϕ (rEfs90–92); J/ψ (rEf.86); and Υ (rEf.86) — and  
a Z boson or a photon.

Overall, wherever the LHC currently has sufficient 
sensitivity, its data dramatically show that the coupl-
ings to fermions are in agreement with the expecta-
tions of the predictions from the SM BEH mechanism. 
Although the Higgs boson’s couplings to light fermions 
are experimentally unknown at present, it has already 
been established that these couplings cannot be the 
same for all generations (otherwise the light fermions 
would have been more copiously produced in Higgs 
boson decays in the experiments).
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Summary of measured Higgs properties

In a few years the LHC will conclude its first phase of 
operation before a major luminosity upgrade, but it is 
already instructive to outline the picture of this newly 
found particle that has been emerging so far. The exper-
iments have combined measurements of Higgs boson 
production cross- sections and branching fractions. 
These combinations are based on the analyses of the 
Higgs boson decay modes → γγ ττ μμH ,ZZ,WW, , bb, , 
searches for decays into invisible final states, and on meas-
urements of off- shell Higgs boson production. Such 
combination studies are made by the experimental col-
laborations, typically after all individual channels have 
been analysed for a large fraction of the recorded data. 
ATLAS (CMS) has produced such a combination based 
on using up to 79.8 fb−1 (35.9 fb−1) of proton−proton col-
lision data93,94 collected in run 2 and found overall global 
signal strength of the combined fit of all channels to be 

.

.

.μ = 1 11±
S 0 08

0 09 (μS = 1.17 ± 0.10), which is close to one, the 
expected SM value. The final combined run 2 analysis 
based on 139 fb−1 from each experiment is likely to be 
available towards the end of 2021.

These results are interpreted in terms of so- called 
coupling modifiers κ applied to the SM couplings of the 
Higgs boson to other particles. The coupling modifiers 
are derived from global fits to all the measurements in 
different production and decay channels assuming SM 
relations between the channels, and therefore these  
κ values do not measure the couplings directly, but rather 
show the levels of deviation from the SM expectations. 
It is possible to test the coupling- strength scale factors. 
The results are illustrated for the different decay chan-
nels in fig. 5a and show the consistency of the couplings 
of the Higgs boson to vector bosons and fermions.  

An overall fit gives κV = 1.05 ± 0.04 and κF = 1.05 ± 0.09, 
that is, values close to one, the SM prediction. The pre-
cision achieved so far in these measurements relies not 
only on the excellent performance of the machine (accel-
erator) and the experiments (detectors), but also on the 
remarkable progress made in the theoretical predictions 
of the processes at stake, their simulation and their  
efficient reconstruction.

One of the most prominent achievements to date is 
the measurement of the hierarchy of the relative coupling 
strengths of the different particles to the Higgs boson. In 
the SM, the Yukawa coupling between the Higgs boson 
and the fermions, yF, is proportional to the fermion 
masses mF, whereas the coupling to weak bosons is pro-
portional to the square of the vector boson masses mV, 
with the latter following from the W and Z coupling to 
the Higgs boson via the SM gauge covariant derivative5–7. 
These relations are confirmed by the data in a dramatic 
way in fig. 5b. These are the fruits of the first 10 years of 
data taking and careful analysis at the LHC.

Another landmark result of the first phase of the 
LHC is the fact that, so far, no new phenomena beyond 
those predicted by the SM have been observed. This has 
led the experimental and the theoretical communities 
to perform combined interpretations of all measure-
ments in Higgs, electroweak and top physics in a frame-
work where the SM is considered as an effective field 
theory55,95–99.

With the full LHC dataset, the precision of the cou-
plings of the Higgs boson is expected to reach between 
1% and 2% for the couplings to gauge bosons and 
between 2% and 4% for couplings to the charged fer-
mions of the third generation. Good precision will also 
be achieved for the Higgs boson to muons coupling and 
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to Zγ pairs89. The final precision for Higgs boson cou-
pling measurements at the LHC in the future will mostly 
be limited by the precision of theoretical predictions of 
signal and background processes.

The width of the Higgs particle, which is a measure 
of its lifetime and is expected to be 4.1 MeV, cannot be 
extracted from the observed experimental resonance 
lineshape owing to limited experimental resolution 
of the detectors. Instead, an indirect method is used, 
that compares the production rate of the on- mass shell 
Higgs boson with the production of the Higgs boson 
far off- mass shell, where it acts as a propagator in the 
production of a pair of vector bosons (W and Z, both 
on- mass shell). Although the on- mass shell rate depends 
on the Higgs boson’s width, the off- mass shell rates 
do not and so comparing the rates of the two regimes 
gives an estimate of the Higgs boson’s natural width. 
This method assumes that the energy dependence of 
the Higgs boson couplings do not deviate significantly 
from those expected from the SM. CMS extracted 
with 80.2 fb−1 of data a central value of the width to be  
constrained to 3.2

.

.±2 2
2 8  MeV at 68% CL, and a range con-

strained to [0.08, 9.16] MeV at 95% CL100. The ATLAS 
experiment reported an upper limit of 14.4 MeV, based 
on 36 fb−1 of data101. It is interesting that new results 
also provide a lower limit of the allowed range width of 
the Higgs boson, but the measurement is currently still 
statistics- limited. Since the ultimate LHC data sample 
will have 20- fold higher statistics, this method is most 
promising to experimentally verify the Higgs boson’s 
width within the next 15 years. Note, however, that 
there is a model- dependent assumption underlying this 
method: that no extra new particles contribute to the 
off- shell mass rate (that is to the rate or luminosity times 

cross- section of Higgs particles with mass larger than 
180 GeV), which would invalidate this width extraction.

Pinning down the Higgs boson’s width provides a 
probe beyond the SM because it accounts for possible 
invisible decays into particles that do not interact in the 
detectors, such as the dark matter candidates discussed in 
rEfs102,103. In the SM such decays are expected from neu-
trinos in the final state (from Z boson decays) and are rare, 
with a branching fraction of approximately 10−3. Invisible 
Higgs boson decays can be directly searched for in event 
topologies with significant missing transverse momen-
tum. Both ATLAS and CMS have performed searches for 
these decays in all the main production modes, already 
yielding stringent constraints on the invisible decay 
width104 of about 20%. This constraint can be translated 
into limits on dark matter searches as shown104,105 in fig. 6. 
The comparison is performed in the context of Higgs por-
tal models106. The translation of the H → invisible result 
into a weak interacting massive particle (WIMP)- nucleon 
scattering cross- section σWIMP- N relies on an effective field 
theory approach under the assumption that an invisible 
Higgs boson decay to a pair of WIMPs is kinematically 
possible and that the WIMP is a scalar or a fermion107–109. 
The excluded σWIMP- N values range down to 2 × 10−46 cm2 
in the fermion WIMP scenario, probing a new exclusion 
region for masses below 10 GeV. When extrapolated  
to the full LHC dataset, including the high luminosity 
phase, a projected sensitivity of 2.5% should be reached.

Higgs boson self- coupling

In its SM form of equation (1), the self coupling λ is 
related to the Higgs boson’s mass and VEV, as indicated 
in equation (3), and induces three Higgs and four Higgs 
boson interaction vertices after the spontaneous breaking 
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of the electroweak symmetry. The measurement of the 
Higgs boson self- interaction is of fundamental impor-
tance and the implications of such measurements are 
discussed in the next section.

With knowledge of the value of the Higgs boson 
mass, within the SM the self- coupling of the Higgs  
boson became known through the formula m λv= 2H

2 2;  
see equation (3). However, its direct measurement is 
key110 to understanding whether the electroweak sym-
metry breaking occurs as a crossover, as expected in the 
SM, or as a strong first- order phase transition in the early 
Universe, which would be crucial to our understand-
ing of baryogenesis and has implications for possible 
gravitational- wave signals. Higgs self- coupling is one 
of the deepest questions of the SM and may provide a 
portal to new physics beyond it. Experimentally, this can 
be addressed via the measurement of the production of 
multiple Higgs bosons.

With the run 2 dataset, a major effort to perform 
complete analyses in a number of final state channels, 
combining a variety of decay modes for each Higgs 
boson γγ, bb, τ+τ−, WW* seeking the highest sensitivity 
to the di- Higgs (HH) boson production was made111,112. 
The final state that was immediately recognized as pro-
viding an optimal compromise between the number of 
events produced and a decent signal- to- background 
ratio, was → → γγ(H bb)(H ), but adding additional 
channels can substantially enhance the sensitivity.

The net HH production receives contributions from 
processes that involve Higgs boson self-interactions and 
other interactions that are not sensitive to λ. The measur-
ement of the kinematics of the HH system is crucial to 

disentangling the different contributions and inferring 
information on λ (rEf.113). Individual experiment com-
binations with a partial run 2 dataset show that limits 
below 10 times the SM expected rate can be set on the 
HH production cross- section. An analysis with the full 
run 2 dataset from CMS in the γγbb  channel enables the 
exclusion of values of the trilinear coupling smaller than 
−3.3 and larger than 8.5 times the SM expectation114. 
With the full run 2 dataset, the ATLAS experiment per-
formed a search for the HH bbbb→  final state in the 
electroweak vector boson fusion production mode115; 
this process has a cross- section smaller by approximately 
one order of magnitude, but is sensitive to HHVV (c2V) 
coupling and has set a limit of −1.02 < c2V < 2.71. The sen-
sitivity of these studies is still far from a measurement of 
the trilinear coupling. However, it suggests that with the 
full luminosity for the entire LHC programme a com-
bined sensitivity of 4 standard deviations for observing 
HH production can be obtained89.

Another possible way to measure the trilinear cou-
pling is to constrain λ indirectly through its loop level 
effect on single Higgs boson production116. However, 
such constraints are model- dependent and typically 
rather weak.

Additional Higgs bosons and non- SM 

interactions

Although present data suggest that the discovered Higgs 
particle is very SM- like, the experiments have neverthe-
less tried to expose it as an imposter, by searching for 
unexpected Higgs boson production processes or unex-
pected decays — without success so far. Is it possible that 
there is more than one Higgs or Higgs- like boson lurking 
in the wealth of data collected at the LHC? Within the 
SM only one fundamental scalar particle is expected, 
but in many of the SM extensions the full Higgs family 
would contain several additional members. Searches for 
both lighter and more massive (pseudo-)scalar particles, 
neutral and charged, have been carried out, with no evi-
dence found so far. A recent survey of the searches for 
additional Higgs bosons is reported in rEfs62,117.

CP violation is an essential ingredient for our under-
standing of the matter−antimatter asymmetry in the 
Universe. Within the SM, very precise electric dipole 
moment measurements, in particular of the electron11, 
measured to be ∣de/e∣ < 1.1 × 10−29 cm where e is the elec-
tric charge of the electron, impose very stringent limits 
on CP violation in the Higgs Yukawa sector118. These 
constraints are model-dependent, so probing the CP 
properties of the Higgs boson directly is mandatory. The 
SM Higgs boson is CP- even. Non- CP- even couplings of 
the Higgs boson to vector bosons have been searched 
for in Higgs boson decays to ZZ* and WW*100,119 and  
through production in associated channels120,121, using 
several decay modes. CP- odd couplings to fermions have 
been searched for both in the decay of the Higgs boson 
to a pair of tau leptons122 and in the ttH production 
mode with the subsequent decay of the Higgs boson to 
a pair of photons66,123. No significant CP- violating effects 
have been observed.

In the SM, the Yukawa couplings are diagonalized in 
the mass matrix; there are no off- diagonal terms. There 
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are ways to evade this via effective dimension-6 oper-
ators yielding models with off- diagonal Yukawa cou-
plings, which are of particular interest because they can 
break the relation between the masses and the couplings 
and can generate additional Higgs boson self- coupling 
terms. These operators describe multi- particle corre-
lations beyond the minimal SM interactions and are 
suppressed by the square of some large mass scale that 
represents the scale of new physics. The constraints from 
light quark or lepton flavour changing neutral currents, 
such as for instance μ → eγ, are very strong. However, in 
the case of heavier fermions, for example, from τ → μγ 
or τ → 3μ, these constraints are less stringent and the 
strongest bound on off- diagonal τ−μ Yukawa couplings 
now comes from the search for Higgs boson decays to 
a tau plus muon pair, with bounds on the mixing term 
∣Yτμ∣ close to 10−3 (rEfs124,125). LHC data so far have 
revealed no evidence of higher- dimensional operator 
correlations divided by powers of any large mass scale 
below the few- TeV range126,127.

In the quark sector the existence of the Higgs boson 
at a mass of around 125 GeV has opened up an inter-
esting opportunity to search for flavour- changing neu-
tral current (FCNC) decays of the top quark to a Higgs 
boson and a charm quark or an up quark. FCNC top 
quark decays have been searched for in multiple subse-
quent Higgs boson decay channels, including the dipho-
ton, WW*, τ+τ− and bb (rEfs128–134). Bounds on top FCNC 
decay branching fractions down to approximately 0.2% 
are reached. These channels complement other FCNC 
top decays searches with a photon or a Z boson in the 
final state instead of the Higgs boson.

In summary, the Higgs boson’s properties measured 
at the LHC so far are consistent with the SM expectations 
within the present measurement precision. Furthermore, 
with a mass of 125 GeV, the effects of the predicted Higgs 
boson quantum corrections on electroweak observables 
within the SM are entirely compatible with the precision 
measurements carried out at the LEP collider at CERN 
and the Stanford Linear Collider at SLAC, and at low 
energies135.

No evidence for additional Higgs bosons, Higgs 
boson decays into undetected particles, or CP, FCNC or 
lepton flavour- violating effects in Higgs boson decays 
have yet been observed. These tremendous successes of 
the SM should, however, not deter us from searching for 
answers to fundamental open questions. All these exper-
imental searches will therefore continue with the same 
vigour within the anticipated, much larger, datasets.

Vacuum stability and hierarchies of scales

If taken to be the SM Higgs boson, the boson discovered 
at LHC completes the SM. However, it is accompanied by 
intriguing observations, including possible clues to new 
physics. Up to what energy might the SM work as the the-
ory of particle interactions, that is, what is the ultraviolet 
limit of the SM when taken as an effective theory? What 
new interactions might lie beyond the SM? Important 
theoretical issues are the stability of the Higgs vacuum 
and the small size of the electroweak scale and the Higgs 
boson’s mass relative to the Planck scale, 1.2 × 1019 GeV, 
where quantum gravity effects might apply.

Vacuum stability. With the discovered boson, the SM is 
perturbative and predictive when extrapolated to very 
high energies. Interestingly, if the SM is extrapolated 
with its measured couplings up to the Planck scale and 
it is assumed that there are no couplings to extra parti-
cles or new interactions, then the Higgs vacuum sits very 
close to the border between stable and metastable136–143, 
within 1.3 standard deviations of being stable143. In the 
case of a metastable vacuum, there would be a second 
minimum in the Higgs potential with a lower value than 
that measured at our energy scale (as shown in fig. 1b) 
after inclusion of radiative corrections. For an unstable 
vacuum the BEH potential would become unbounded 
from below at large values of the BEH field.

Vacuum stability depends on the ultraviolet behav-
iour of the Higgs boson self- coupling λ, that is, its 
behaviour at the maximum possible energy scales. The 
SM couplings evolve with changing resolution (energy 
scale) according to the renormalization group, as shown 
in fig. 7a. The weak SU(2) and QCD SU(3) couplings, 
g and gs, are asymptotically free, with α g= /4πi i

2  decay-
ing logarithmically with increasing resolution, whereas 
the U(1) coupling ′g  is non asymptotically free, rising 
in the ultraviolet. The top quark Yukawa coupling yt 
decays with increasing resolution. The running of the 
Higgs boson self- coupling λ determines the stability of 
the electroweak vacuum. Instability sets in if λ crosses 
zero deep in the ultraviolet part of the spectrum and 
involves a delicate balance of SM parameters. With the 
SM parameters measured at the LHC, λ decreases with 
increasing resolution. This behaviour is dominated by 
the large Higgs boson coupling to the top quark (and 
also QCD interactions of the top). Without this cou-
pling, λ would rise in the ultraviolet. In fig. 7a, λ crosses 
zero around 1010 GeV with the top quark pole mass of 
mt = 173 GeV and mH = 125 GeV. This situation signals 
a metastable vacuum with lifetime greater than about 
10600 years (rEf.137), much longer than the present age of 
the Universe, about 13.8 billion years (see also fig. 1b). 
figurE 7b shows the sensitivity of vacuum stability to 
small changes in mt. If the top mass is taken as 171 GeV 
in these calculations, the vacuum stays stable up to the 
Planck scale. The measured 125 GeV Higgs boson mass 
is close to the minimum needed for vacuum stability 
with the measured top quark mass.

The SM revealed by current experiments — assum-
ing there are no extra particles at higher energies — is 
strongly correlated with its behaviour in the extreme 
ultraviolet, which might suggest something deeper about 
the origin of the SM.

It is important to emphasize the large extrapolations 
in these calculations when evolving the SM couplings up 
to the Planck scale. The existence of new physics, even 
at the largest scales, can affect the vacuum stability144. 
Modulo this caveat, the Higgs vacuum sitting ‘close to 
the edge’ of stable and metastable suggests possible new 
critical phenomena in the deep ultraviolet. One possible 
way to interpret this situation is a statistical system in the 
ultraviolet, near to the Planck scale, close to its critical 
point136,137,142. As a general rule, theories with new inter-
actions and new particles at higher energies should make 
the vacuum more stable rather than less!
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Scale hierarchies and the origin of the SM gauge symme-

tries. The Higgs boson’s mass is very much less than the 
Planck scale despite quantum corrections, which naively 
act to push its mass towards the deep ultraviolet. Under 
renormalization, the Higgs boson’s mass squared comes 
with a quadratically divergent counterterm resulting 
from the Higgs boson self- energy, namely:

m m δm= + , (4)H bare
2

H ren
2

H
2

where:

δm
K

v
m m m m=

16π

6
( + + 2 − 4 ) (5)

H
2

2

2 2 H
2

Z
2

W
2

t
2

relates the renormalized and bare Higgs boson masses, 
mH ren and mH bare respectively, and small contributions 
from lighter mass quarks are neglected.

Here K is an ultraviolet cut- off scale on the momen-
tum integrals, characterizing the limit to which the 
SM should work. The renormalized mass is the mass 
extracted from experiments. For a textbook discussion 
of bare and renormalized mass parameters; see rEf.6. If 
K is taken as a physical scale, for example, the Planck 
scale, then why is the physical Higgs boson’s mass so 
small compared with the cut- off? This question, called 
the hierarchy or naturalness puzzle, has attracted much 
theoretical attention145,146.

What physics stabilizes the value of mH, keeping it so 
much below the Planck mass? One possibility is that the 
Higgs boson’s mass is fine tuned, perhaps through some 
kind of environmental selection and perhaps in connec-
tion with the vacuum stability of the SM. Alternatively, 
the SM quantum correction to the Higgs boson’s mass, 
which is dominated by the top quark contribution, 
might be cancelled by any new particles that couple to 
the Higgs boson. However, such particles have so far not 
been seen in the mass range of the LHC. Likewise, any 

composite structure to the Higgs boson would soften 
the ultraviolet divergences, but there is no evidence for 
this in the present data. Searches for extra particles and 
a possible composite Higgs structure will continue in the 
coming years with the increased luminosity at the LHC.

The SM is a mathematically consistent theory up to 
the Planck scale, but is it also physically complete up 
to the Planck scale? New physics is needed to describe 
neutrino masses, dark matter and the matter−antimatter 
asymmetry in the Universe, but the scale where it first 
appears is an open question. It would be very surprising if 
there is no new physics below the Planck scale given these 
phenomena. In the absence of new physics, the natural-
ness puzzle remains, which has inspired much thinking 
about possible extra particles. Theoretical attempts to 
resolve this puzzle include weakly coupled models with 
a popular candidate being supersymmetry (SUSY)147, 
which — if present in Nature — would be a new sym-
metry between bosons and fermions. Strongly coupled 
models, where the Higgs boson is considered as a bound 
state of new dynamics that are strong at the weak scale, 
are an alternative solution to SUSY. In such scenarios 
the ‘lightness’ of the Higgs boson can be explained if the 
Higgs boson turns out to be a pseudo- Nambu−Goldstone 
boson. Such models include the so- called little Higgs148,149, 
twin Higgs150 and partial compositeness151 models. For a 
comprehensive review of these ideas and their phenom-
enology see chapter 11 of rEf.62, with possible alternatives 
to an elementary Higgs boson also discussed in rEf.152.

A related issue is the deeper origin of the gauge sym-
metries of particle physics. Could the electroweak and 
QCD interactions unify in the ultraviolet within some 
larger gauge group? The ultimate dream of this grand 
unification approach is unification of the SM forces with 
gravity close to the Planck scale. With unification one 
expects the running gauge couplings of the SM to meet 
in the ultraviolet. They do come close (see fig. 7a), but 
without exactly crossing. Crossing could be achieved 
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with the addition of SUSY, at TeV energies153, a theory 
that might also provide a dark matter candidate particle. 
Although the simplest SUSY models would have pre-
ferred a Higgs boson mass close to the measured value, 
the absence of any sign of new SUSY particles in LHC 
experiments means that these models are now strongly 
constrained8,154–156. The present status of minimal SUSY 
model predictions for Higgs boson mass(es) is discussed 
in rEf.157. Any new symmetries in the ultraviolet must 
be strongly broken so that they are not seen at the ener-
gies of current experiments, meaning that there is a 
trade- off: the extra symmetry that might exist at higher 
energies also comes with a (perhaps large) number of 
new parameters needing extra explanation.

Modulo the large extrapolations involved and any 
new particles waiting to be discovered at higher energies, 
it is worth not discarding the idea that the SM might 
work to very high energies close to the Planck scale. In 
this alternative scenario, it is plausible that the SM might 
behave as an emergent effective theory with gauge sym-
metries ‘dissolving’ in the extreme ultraviolet142,158–163. 
That is, the SM particles, including the Higgs and gauge 
bosons, could be the long- range, collective excitations 
of a statistical system near its critical point that resides 
close to the Planck scale142. Emergent gauge symme-
tries, where symmetry is created as well as broken, 
are important in quantum many- body systems, such 
as high- temperature superconductors164, in topolog-
ical phases of matter165 and in the low- energy limit of 
the Hubbard model166 used in quantum simulations 
of gauge theories167,168. Emergent gauge symmetry can 
arise in association with an infrared fixed point in the 
renormalization group169.

Gauge symmetry and renormalizability constrain the 
global symmetries of the SM at mass dimension four162. 
If the SM is an effective theory emerging in the infra-
red, low- energy global symmetries such as lepton and 
baryon- number conservation can be broken through 
additional (non- renormalizable) higher- dimensional 
terms, suppressed by powers of a large mass scale M 
that characterizes the ultraviolet limit of the effective 
theory142,162,163,170.

The tiny neutrino masses suggested by the neutrino 
oscillation data171 have a simple interpretation in this pic-
ture. If neutrinos with zero electric charge are Majorana 
particles, meaning they are their own antiparticles, then 
their masses can be linked to lepton number violation 
and the dimension- five Weinberg operator172, sup-
pressed by single power of M, involving just the lepton 
and Higgs fields with m Λ M≈ /

ν ew
2  where Λew = 246 GeV 

is the electroweak scale and M ≈ 1015 GeV. However, if 
neutrinos are Dirac particles instead, with their tiny 
masses coming from Yukawa couplings to the Higgs 
field, one then has to ask why these Yukawa couplings 
are so much suppressed relative to the charged lepton 
couplings, with right- handed neutrinos not participating 
in electroweak interactions.

The Higgs boson and cosmology

The Higgs boson influences many ideas in cosmology, 
from thinking about the accelerating expansion of the 
Universe today to processes in the early Universe.

The Higgs potential generates a large vacuum energy  
contribution to the cosmological constant or vacuum 
energy density ρvac, a prime candidate for the dark 
energy that drives the accelerating expansion of the 
Universe. From astrophysics experiments, we have173 
ρvac = (0.002 eV)4. In the SM, ρvac receives contributions 
from the Higgs and QCD condensates, the zero- point 
energies of quantum field theory and also a gravitational 
contribution174. Electroweak and QCD contributions are 
characterized by scales of 246 GeV and 200 MeV, so what 
cancels them to give the net cosmological constant scale 
of 0.002 eV? This question has attracted considerable 
theoretical attention and ideas; see rEfs12,37,174–182.

Present measurements are consistent with a 
time- independent cosmological constant. The next gen-
eration of cosmological surveys will look for any time 
dependence of dark energy, with sensitivity to any vari-
ations from a time- independent cosmological constant 
of 10% or more183.

An intriguing issue is the similar size of the cosmo-
logical constant scale 0.002 eV to what is expected for the 
value of light neutrino masses184. With a finite cosmolog-
ical constant, there is no solution of Einstein’s equations 
of general relativity with constant Minkowski metric gμν.  
Global space–time translational invariance of the  
vacuum is broken by a finite cosmological constant174. 
Motivated by the success of the SM and special relativity 
in predicting the outcomes of present experiments, one 
might suppose that the vacuum including condensates 
with finite VEVs is space–time translational invariant 
and that flat space- time is consistent at dimension four. 
Then, if the SM is treated as an effective theory emer-
gent below a large ultraviolet scale M, the global sym-
metry might be broken through higher- dimensional 
terms with the electroweak and QCD scales Λew and 
Λqcd entering the cosmological constant with the scale 
of the leading term suppressed by Λew/M (that is, with 
vacuum energy density ρ Λ M≈ ( / )

vac ew
2 4 with one fac-

tor of Λ M/ew
2  for each dimension of space–time)185,186. 

How the Higgs potential relates to space–time structure 
remains an important issue for cosmology.

One of the main ideas for understanding the matter– 
antimatter asymmetry in the Universe involves a pos-
sible first- order phase transition with the Higgs VEV 
generated in the early Universe187,188. Bubbles with 
Higgs condensates would be created and expand at the 
speed of light. This scenario also requires new sources 
of CP violation beyond the usual SM, with new ideas 
discussed in rEf.189 together with an extended Higgs 
sector (for example, including an extra singlet scalar) 
and quantum tunnelling processes in the vacuum called 
sphalerons that violate baryon number. Evidence for any 
first- order electroweak phase transition might show up 
in future gravitational- wave measurements with the 
Laser Interferometer Space Antenna (LISA) mission 
of the European Space Agency190,191 and the proposed 
AEDGE experiment192.

Besides the present accelerating expansion, it is 
believed that the Universe has undergone an initial 
period of exponential expansion called inflation, with 
factor at least 1026 in the first about 10−33 seconds14. 
Inflation is posited to explain the uniformity with small 
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anisotropies in the cosmic microwave background. 
The particle physics of inflation is unknown, although 
there are many theoretical ideas, including some where  
the Higgs boson has an important role193–195 or where the  
VEV of a possible time- dependent extra scalar field 
interpolates between initial inflation and dark energy 
today175,177,196,197. Possible extra fundamental scalars also 
appear in extended theories of gravitation, beyond min-
imal general relativity198. One theory of inflation con-
nects the Higgs boson to gravitation with non- minimal 
coupling ξ H2R where R is the Ricci curvature scalar of 
general relativity and ξ is a dimensionless parameter193. 
The parameters of this model can be chosen to repro-
duce key features of the cosmic microwave back-
ground, the measured scalar spectral index and the 
tensor- to- scalar ratio.

The Higgs boson may thus play an essential part in 
the evolution of the Universe from the Big Bang to the 
physics we see in our experiments today.

Outlook

The Higgs boson discovered at the LHC is the first 
observed scalar elementary particle, and we are just 
beginning to understand what this particle can tell us 
about the Universe.

The precision reached in measuring the Higgs boson 
properties so far had not been anticipated. Channels 
thought to be inaccessible have been measured. This 
extraordinary success is due to several factors: the 
remarkable operation of the LHC; the robustness of 
the experiment; the improvements in experimental 
techniques; the revolution in the theoretical prediction 
and simulation of the LHC processes; and the ‘gift of 
nature’ that the mass of the Higgs boson is precisely at 
the crossroads of all possible decay modes.

The Higgs boson so far behaves in a very SM- like 
manner with its couplings to the W and Z gauge bosons, 

to the third family of charged fermions and to muons 
from the second family, all consistent with the BEH 
mechanism of mass generation. But at present it is 
not known why the particle masses have the values we 
observe in nature. Furthermore, if the SM is extrapo-
lated up to the Planck scale with the measured Higgs 
boson and top quark parameters, then the electroweak 
vacuum sits very close to the border between the stable 
and metastable regions.

Measurements will be continued, with the LHC 
run 3 starting in 2022, doubling the collision statistics 
recorded till now, and later with the high- luminosity 
upgrade of the LHC199 expected to start before the end 
of this decade, for a factor- of-20 increase in the total 
statistics. These measurements will enable a consid-
erable increase in precision of our knowledge of the 
Higgs boson’s couplings to a precision of a few per cent 
for many of them. The upgrade will also allow for the 
first measurements of the Higgs boson’s self- interaction, 
as shown in fig. 8. Along with increased experimental 
precision, there is also a need for a more precise theo-
retical toolbox54 for optimal extraction of key quantities 
from the data. Scientists at the LHC secretly hope that 
the precision measurements will, sooner or later, show 
deviations from the theoretical predictions, and thus the 
first cracks in the SM.

The SM is an extraordinary theory, fully consistent 
up to very high energy scales. We know, however, that 
it should not be the whole story. To what energy will 
it continue to hold before new physics emerge? Most 
likely, the Higgs boson will provide a window to what 
lies beyond the SM.

Beyond- SM searches include looking for any 
CP- violating couplings of the Higgs boson, any extended 
Higgs sector with possible connections to baryogene-
sis, possible composite structure to the Higgs boson, 
which could provide indications of unknown underlying 
dynamics potentially responsible for the BEH mecha-
nism, as well as any decays to possible dark matter can-
didates that might explain the mysterious 80% missing 
mass component in the Universe.

The recent European Particle Physics Strategy 
update16,17 highlights precision studies of the Higgs 
boson and its interactions as the main priority for 
the next high- energy collider. Long- term options 
past the LHC luminosity upgrade include the Future 
Circular Collider200,201 (FCC- ee) or the Compact Linear 
Collider (CLIC)202,203 being considered in the context 
of the future of CERN, with additional electron− 
positron (e+e−) collider options being discussed such 
as the International Linear Collider (ILC) in Japan204 
and the Circular Electron Positron Collider (CEPC) in 
China205. The circular collider projects also include a 
proton−proton (FCC- hh) and proton−lepton (FCC- eh) 
option, typically planned as a next stage following the 
e+e− option. A detailed discussion of the precision 
that can be reached on Higgs boson property meas-
urements with these different options is reported in  
rEf.56, with an example for the FCC facility shown  
in fig. 8.

Electron−positron colliders cannot reach centre- of-  
mass energies as high as those of proton–proton 
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colliders, but benefit from a much cleaner initial col-
lision state, consisting of fundamental particles with 
well- defined energies entering the interactions. In par-
ticular, at electron−positron colliders, Higgs production 
could be measured inclusively from its presence as a 
recoil to the Z in e+e− → HZ events, allowing the abso-
lute measurement of the Higgs boson’s coupling to the 
Z boson.

As shown in fig. 8, sub- per- cent precision on the 
couplings of the Higgs boson to other gauge bosons 
and charged fermions of second and third generation 
(except the strange quark) can be achieved in e+e− colli-
sions where the precision coupling of the Higgs boson to 
gauge bosons will reach the per mille level, the couplings 
to bottom quarks, tau particles and muons will reach the 
level of 4 per mille and the coupling to charm quarks 
will reach the per cent level56. In addition, the prospect 
of measuring, or at least strongly constraining, the cou-
plings to the three lightest quarks and to the electron 
by dedicated FCC e+e− runs at the Higgs boson’s mass is 
being evaluated.

The direct measurement of the Yukawa coupling to 
top quarks requires high- energy proton−proton colli-
sions, or even higher centre- of- mass energies for e+e−, 
and should reach precision at the per cent level. The 
study of invisible Higgs boson decays will achieve sen-
sitivities well below the per cent level and thus reach the 
level of the expected SM rate, driven by Higgs bosons 

decaying into a pair of Z bosons, which each decay into 
neutrinos.

To improve significantly on the precision of Higgs 
boson self- coupling from direct measurements will 
require high- energy hadron beams, in lepton−hadron 
or hadron−hadron mode operation, with the highest 
expected precision of approximately 5% being obtained 
at a very- high- energy proton−proton collider with 
centre- of- mass energy of 100 TeV (rEf.56).

Besides the charged leptons and quarks, the Higgs 
boson might also play a key part in the generation of 
neutrino masses, where — if neutrinos are their own 
antiparticles — the neutrino mass enters through 
the dimension- five Weinberg operator. Neutrinoless 
double- β decay experiments aim to look for Majorana 
neutrinos with the next- generation experiments sen-
sitive to the theoretically interesting mass range206,207. 
The role of the Higgs potential in the vacuum energy 
density of the Universe is important to our understand-
ing of the origin of dark energy. Signals of possible 
phase transitions in the early Universe, such as those 
responsible for baryogenesis, might be spotted in future 
gravitational- wave measurements.

This rich programme of experiment and theory 
promises to provide exciting insights into the Higgs 
boson and its vital role in the physics of the Universe.
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