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The Brout-Englert-Higgs (BEH) mechanism

The economical1) way to endow fundamental 
particles with mass while keeping the theory 
gauge invariant and predictive 
The field is responsible for the spontaneous breaking 
of electroweak symmetry 
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“In one slide” 

1) less economical (Higgs doublets, families of Higgses, ...)  
or more complicated (Higgs-less solutions, Technicolor, ...) routes exist
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PRL 13, 321-323 (1964) Englert and Brout 

PRL 13, 508-509 (1964) Higgs 

PRL 13, 585-587 (1964) Guralnik, Hagen, Kibble

1 new particle  the Higgs boson (H)  
           1 unknown      the Higgs boson mass (mH)

“Only”

“In one slide” 

1) less economical (Higgs doublets, families of Higgses, ...)  
or more complicated (Higgs-less solutions, Technicolor, ...) routes exist
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The Higgs boson is special

➡
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It is a fundamental scalar particle (spin 0) and 
its theory is unlike anything else has been seen in Nature!

A Yukawa interaction  
with the fermions 

Α potential V(𝜙)~-μ2(𝜙𝜙†)+λ(𝜙𝜙†)2  
the keystone of the BEH 
mechanism and SM

A gauge interaction 
with vector bosons 
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LHC : a new dimension in particle physics 
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The world’s largest and most powerful particle accelerator 

CMS detector 

14000-tonne weight 
21 metres long, 15 metres wide and 15 metres high 
4 Tesla field (~106 times the magnetic field of the Earth) 
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The Higgs boson production and decay
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125.09 ± 0.24 GeV 125.09 ± 0.24 GeV

σ=49 pb  / 6.9M Higgs in 140fb-1

σ=3.8 pb  / 520k Higgs in 140fb-1

σ=2.3 pb  / 320k Higgs in 140fb-1

σ=0.5 pb  / 70k Higgs in 140fb-1

58%

21.5%

6.3% 2.9%

0.23%

“just a reminder” 

   LHC Run1 measurement    LHC Run1 measurement 

2.6%

0.15%

0.022%

8.2%
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The Higgs boson timeline at LHC
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Years of unprecedented moments in HEP 

2019-2020

LHC Run2Run1
7TeV 8TeV 13TeV

High 
Luminosity 
LHC

…20382010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Run3
13.6TeV

~25/fb ~150/fb
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In 2010 LHC started to deliver proton-proton collisions
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“Intermezzo”
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4 2 Data and Monte Carlo Samples

• Jet and missing transverse energy (E
miss

T ) triggers. Using calorimeter information, jets
and missing transverse energy are reconstructed online. Triggers with different
thresholds on jet transverse energy and E

miss
T were implemented. These events were

used to select a sample of muons that was unbiased by the requirements of the muon
trigger.

In addition, a loose double-muon trigger requiring two or more muon candidates reconstructed
online and not applying any additional selection criteria was implemented, taking advantage
of the relatively low luminosity during 2010 data taking. This trigger selected dimuons in the
invariant mass region spanning more than three orders of magnitude, from a few hundred
MeV/c

2 to a few hundred GeV/c
2, as shown in Fig. 3. The events collected with this trigger

were used in both the detector commissioning and physics studies.
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Figure 3: Invariant mass spectrum of dimuons in events collected with the loose double-muon
trigger in 2010. The inset is a zoom of the 8–12 GeV/c

2 region, showing the three U(nS) peaks
clearly resolved owing to a good mass resolution, about 100 MeV/c

2 in the entire pseudorapid-
ity range and 70 MeV/c

2 when both muons are within the range |h| < 1.

All collision data samples studied in this paper were filtered by requiring at least one well-
reconstructed primary vertex to reduce the contamination from non-collision backgrounds.
Techniques to further suppress the non-collision backgrounds according to the needs of physics
analysis are discussed in Section 7.

To compare the results obtained in data to predictions, a number of simulated samples were
produced using Monte Carlo (MC) techniques. All MC samples were produced with the
CTEQ6L [7] set of parton distribution functions and different event generators were used de-
pending on the process considered. Samples of tt and QCD multijet events were generated
using PYTHIA 6 [8] with the Z2 tune [9], as well as inclusive muon-enriched samples, in which
only events containing at least one muon with transverse momentum greater than a given
threshold were selected at generation level. Samples of prompt J/y mesons as well as J/y
particles originating from the decays of b hadrons were generated with PYTHIA interfaced to
EVTGEN [10]. Inclusive W and Z samples and non-resonant Drell–Yan events were produced

(qq) composites

Fundamental  
spin-1 boson

50 years of particle physics … in few weeks  of data taking 

Protons Protons

Muon

Antimuon

In 2010 LHC started to deliver proton-proton collisions
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The Higgs boson timeline at LHC
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“if the SM Higgs boson exists, is most likely 
to have a mass constrained to 115-130 GeV “

and Next-to-Leading Order (NLO) electroweak (EW)
corrections [26, 27]. These results are compiled in
Refs. [28–30]. The cross section for the vector-boson
fusion (qq′ → qq′H) process is estimated at NLO [31–
33] and approximate NNLO QCD [34]. The associated
WH/ZH production processes (qq̄ → WH/ZH) are
computed at NLO [35, 36] and NNLO [37]. The
associated production with a tt̄ pair (qq̄/gg → tt̄H) is
estimated at NLO [38–41]. The Higgs boson produc-
tion cross sections, decay branching ratios [42–45] and
their related uncertainties are compiled in Ref. [46].
The QCD scale uncertainties for mH=120 GeV amount
to +12
−8 % for the gg → H process, ±1% for the

qq′ → qq′H and associated WH/ZH processes, and
+3
−9% for the qq̄/gg → tt̄H process. The uncertainties
related to the parton distribution functions (PDF) for
low mH hypotheses typically amount to ±8% for the
predominantly gluon-initiated processes gg → H and
qq̄/gg → tt̄H, and ±4% for the predominantly quark-
initiated qq′ → qq′H and WH/ZH processes [47–50].
The theoretical uncertainty associated with the ex-
clusive Higgs boson production process with one
additional jet in the H → WW (∗) → ℓ+νℓ′−ν channel
amounts to ±20% and is treated according to the
prescription of Refs. [51–53]. Additional theoretical
uncertainty on the signal normalisation, to account
for effects related to off-shell Higgs boson production
and interference with other SM processes, is assigned
at high Higgs boson masses (mH ! 300 GeV) as
150%×(mH/TeV)3 [53–56].

The detector-related sources of systematic uncer-
tainty are modelled using the following classification:
trigger and identification efficiencies, energy scale and
energy resolution for electrons, photons and for muons;
jet energy scale (JES) and jet energy resolution, which
include a specific treatment for b-jets; contributions to
the EmissT uncertainties uncorrelated with the JES; b-
tagging and b-veto. The effect of these systematic un-
certainties depends on the topology of each final state,
but is typically small compared to that from the theo-
retical prediction of the production cross section. The
only exception is the jet energy scale uncertainty which
can reach ∼20% on the signal yield in channels such as
H → WW → ℓνqq′ and H → ZZ → ℓ+ℓ−qq. The elec-
tron and muon energy scales are directly constrained by
Z → e+e− and Z → µ+µ− events; the impact of the
resulting systematic uncertainty on the four-lepton in-
variant mass is of the order of ∼0.5% for electrons and
negligible for muons. The impact of the photon energy
scale systematic uncertainty on the diphoton invariant
mass is approximately 0.6%.

4. Exclusion Limits
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Figure 3: (a) The combined 95% CL upper limits on the signal
strength as a function of mH ; the solid curve indicates the observed
limit and the dotted curve illustrates the median expected limit in the
absence of a signal together with the ±1σ (dark) and ±2σ (light)
bands. (b) The local p0 as a function of the mH hypothesis. The
dashed curve indicates the median expected value for the hypothesis
of a SM Higgs boson signal at that mass. The four horizontal dashed
lines indicate the p0 values corresponding to significances of 2σ, 3σ,
4σ and 5σ. (c) The best-fit signal strength as a function of the mH
hypothesis. The band shows the interval around µ̂ corresponding to
region where −2 ln λ(µ) < 1.

The signal strength, µ, is defined as µ = σ/σSM,
where σ is the Higgs boson production cross section
being tested and σS M its SM value; it is a single fac-
tor used to scale all signal production processes for a
given mH hypothesis. The combination procedure of
Refs. [52, 57, 58] is based on the profile likelihood ratio
test statistic λ(µ) [59], which extracts the information
on the signal strength from the full likelihood including
all the parameters describing the systematic uncertain-
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and Next-to-Leading Order (NLO) electroweak (EW)
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jet energy scale (JES) and jet energy resolution, which
include a specific treatment for b-jets; contributions to
the EmissT uncertainties uncorrelated with the JES; b-
tagging and b-veto. The effect of these systematic un-
certainties depends on the topology of each final state,
but is typically small compared to that from the theo-
retical prediction of the production cross section. The
only exception is the jet energy scale uncertainty which
can reach ∼20% on the signal yield in channels such as
H → WW → ℓνqq′ and H → ZZ → ℓ+ℓ−qq. The elec-
tron and muon energy scales are directly constrained by
Z → e+e− and Z → µ+µ− events; the impact of the
resulting systematic uncertainty on the four-lepton in-
variant mass is of the order of ∼0.5% for electrons and
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Figure 3: (a) The combined 95% CL upper limits on the signal
strength as a function of mH ; the solid curve indicates the observed
limit and the dotted curve illustrates the median expected limit in the
absence of a signal together with the ±1σ (dark) and ±2σ (light)
bands. (b) The local p0 as a function of the mH hypothesis. The
dashed curve indicates the median expected value for the hypothesis
of a SM Higgs boson signal at that mass. The four horizontal dashed
lines indicate the p0 values corresponding to significances of 2σ, 3σ,
4σ and 5σ. (c) The best-fit signal strength as a function of the mH
hypothesis. The band shows the interval around µ̂ corresponding to
region where −2 ln λ(µ) < 1.

The signal strength, µ, is defined as µ = σ/σSM,
where σ is the Higgs boson production cross section
being tested and σS M its SM value; it is a single fac-
tor used to scale all signal production processes for a
given mH hypothesis. The combination procedure of
Refs. [52, 57, 58] is based on the profile likelihood ratio
test statistic λ(µ) [59], which extracts the information
on the signal strength from the full likelihood including
all the parameters describing the systematic uncertain-
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Higgs boson searches 

~25/fb ~150/fb
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“if the SM Higgs boson exists, is most likely 
to have a mass constrained to 115-130 GeV “

and Next-to-Leading Order (NLO) electroweak (EW)
corrections [26, 27]. These results are compiled in
Refs. [28–30]. The cross section for the vector-boson
fusion (qq′ → qq′H) process is estimated at NLO [31–
33] and approximate NNLO QCD [34]. The associated
WH/ZH production processes (qq̄ → WH/ZH) are
computed at NLO [35, 36] and NNLO [37]. The
associated production with a tt̄ pair (qq̄/gg → tt̄H) is
estimated at NLO [38–41]. The Higgs boson produc-
tion cross sections, decay branching ratios [42–45] and
their related uncertainties are compiled in Ref. [46].
The QCD scale uncertainties for mH=120 GeV amount
to +12
−8 % for the gg → H process, ±1% for the

qq′ → qq′H and associated WH/ZH processes, and
+3
−9% for the qq̄/gg → tt̄H process. The uncertainties
related to the parton distribution functions (PDF) for
low mH hypotheses typically amount to ±8% for the
predominantly gluon-initiated processes gg → H and
qq̄/gg → tt̄H, and ±4% for the predominantly quark-
initiated qq′ → qq′H and WH/ZH processes [47–50].
The theoretical uncertainty associated with the ex-
clusive Higgs boson production process with one
additional jet in the H → WW (∗) → ℓ+νℓ′−ν channel
amounts to ±20% and is treated according to the
prescription of Refs. [51–53]. Additional theoretical
uncertainty on the signal normalisation, to account
for effects related to off-shell Higgs boson production
and interference with other SM processes, is assigned
at high Higgs boson masses (mH ! 300 GeV) as
150%×(mH/TeV)3 [53–56].

The detector-related sources of systematic uncer-
tainty are modelled using the following classification:
trigger and identification efficiencies, energy scale and
energy resolution for electrons, photons and for muons;
jet energy scale (JES) and jet energy resolution, which
include a specific treatment for b-jets; contributions to
the EmissT uncertainties uncorrelated with the JES; b-
tagging and b-veto. The effect of these systematic un-
certainties depends on the topology of each final state,
but is typically small compared to that from the theo-
retical prediction of the production cross section. The
only exception is the jet energy scale uncertainty which
can reach ∼20% on the signal yield in channels such as
H → WW → ℓνqq′ and H → ZZ → ℓ+ℓ−qq. The elec-
tron and muon energy scales are directly constrained by
Z → e+e− and Z → µ+µ− events; the impact of the
resulting systematic uncertainty on the four-lepton in-
variant mass is of the order of ∼0.5% for electrons and
negligible for muons. The impact of the photon energy
scale systematic uncertainty on the diphoton invariant
mass is approximately 0.6%.
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Figure 3: (a) The combined 95% CL upper limits on the signal
strength as a function of mH ; the solid curve indicates the observed
limit and the dotted curve illustrates the median expected limit in the
absence of a signal together with the ±1σ (dark) and ±2σ (light)
bands. (b) The local p0 as a function of the mH hypothesis. The
dashed curve indicates the median expected value for the hypothesis
of a SM Higgs boson signal at that mass. The four horizontal dashed
lines indicate the p0 values corresponding to significances of 2σ, 3σ,
4σ and 5σ. (c) The best-fit signal strength as a function of the mH
hypothesis. The band shows the interval around µ̂ corresponding to
region where −2 ln λ(µ) < 1.

The signal strength, µ, is defined as µ = σ/σSM,
where σ is the Higgs boson production cross section
being tested and σS M its SM value; it is a single fac-
tor used to scale all signal production processes for a
given mH hypothesis. The combination procedure of
Refs. [52, 57, 58] is based on the profile likelihood ratio
test statistic λ(µ) [59], which extracts the information
on the signal strength from the full likelihood including
all the parameters describing the systematic uncertain-
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and Next-to-Leading Order (NLO) electroweak (EW)
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33] and approximate NNLO QCD [34]. The associated
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computed at NLO [35, 36] and NNLO [37]. The
associated production with a tt̄ pair (qq̄/gg → tt̄H) is
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additional jet in the H → WW (∗) → ℓ+νℓ′−ν channel
amounts to ±20% and is treated according to the
prescription of Refs. [51–53]. Additional theoretical
uncertainty on the signal normalisation, to account
for effects related to off-shell Higgs boson production
and interference with other SM processes, is assigned
at high Higgs boson masses (mH ! 300 GeV) as
150%×(mH/TeV)3 [53–56].

The detector-related sources of systematic uncer-
tainty are modelled using the following classification:
trigger and identification efficiencies, energy scale and
energy resolution for electrons, photons and for muons;
jet energy scale (JES) and jet energy resolution, which
include a specific treatment for b-jets; contributions to
the EmissT uncertainties uncorrelated with the JES; b-
tagging and b-veto. The effect of these systematic un-
certainties depends on the topology of each final state,
but is typically small compared to that from the theo-
retical prediction of the production cross section. The
only exception is the jet energy scale uncertainty which
can reach ∼20% on the signal yield in channels such as
H → WW → ℓνqq′ and H → ZZ → ℓ+ℓ−qq. The elec-
tron and muon energy scales are directly constrained by
Z → e+e− and Z → µ+µ− events; the impact of the
resulting systematic uncertainty on the four-lepton in-
variant mass is of the order of ∼0.5% for electrons and
negligible for muons. The impact of the photon energy
scale systematic uncertainty on the diphoton invariant
mass is approximately 0.6%.
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Figure 3: (a) The combined 95% CL upper limits on the signal
strength as a function of mH ; the solid curve indicates the observed
limit and the dotted curve illustrates the median expected limit in the
absence of a signal together with the ±1σ (dark) and ±2σ (light)
bands. (b) The local p0 as a function of the mH hypothesis. The
dashed curve indicates the median expected value for the hypothesis
of a SM Higgs boson signal at that mass. The four horizontal dashed
lines indicate the p0 values corresponding to significances of 2σ, 3σ,
4σ and 5σ. (c) The best-fit signal strength as a function of the mH
hypothesis. The band shows the interval around µ̂ corresponding to
region where −2 ln λ(µ) < 1.

The signal strength, µ, is defined as µ = σ/σSM,
where σ is the Higgs boson production cross section
being tested and σS M its SM value; it is a single fac-
tor used to scale all signal production processes for a
given mH hypothesis. The combination procedure of
Refs. [52, 57, 58] is based on the profile likelihood ratio
test statistic λ(µ) [59], which extracts the information
on the signal strength from the full likelihood including
all the parameters describing the systematic uncertain-
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The big five

High mass resolution decay modes:      H →ZZ     /  H →γγ  
Lower mass resolution decay modes:   H →WW /   H →bb  /  H→ττ  

13

Expected results 
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Discovery of a new particle 
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Discovery channel: H ! ��.

Small signal yield due to tiny branching fraction (0.2%)

Large background, dominated by nonresonant ��
Suppression of very large jet (⇡0 ! ��) backgrounds
challenging, suppression by factor of several 1000s
needed and achieved

Excellent invariant mass resolution (down to 1%)

[Phys. Lett. B 716 (2012) 1-29]

6 / 21

Discovery channel: H ! ZZ
⇤ ! 4`.

Tiny signal yield due to small Z ! `` branching fraction

Reconstruction and suppression of background for
low-energy electrons challenging

Small backgrounds, mainly from nonresonant ZZ
⇤

? Signal-to-background about 2:1 under peak

Excellent invariant mass resolution (about 1-2%)

“the golden channel”

[Phys. Rev. Lett. 110 (2013) 081803, Phys. Lett. B 716 (2012) 30]

8 / 21

H →γγ H →ZZ  
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Discovery of a new particle 
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The open boxes on July 4th 2012

 31

The opened boxes on 4 JulyThe opened boxes on 4 July
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Discovery of a new particle 
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 32

32

More than a billion people 
saw the news on TV, on five 
thousand broadcasts on a 
thousand TV stations

Ten thousand news articles in 
a hundred countries

More than a billion people saw the 
news on TV, on five thousand 
broadcasts on a thousand TV 

stations  
Ten thousand news articles in a 

hundred countries  
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Juillet 2013
Prix HEPP de la Société Européenne de Physique
ATLAS et CMS pour la découverte d’un boson de Higgs,
tel que prédit par le mécanisme BEH …

Octobre 2013
Prix Nobel
Découverte théorique d'un mécanisme qui contribue à notre
compréhension de l’ origine de la masse des particules …
confirmée par la découverte de ATLAS et CMS

July 2013  
European Physics Society HEPP Prize  

“Discovery of a Higgs boson, a scalar particle whose associated 
field breaks electroweak symmetry and generates mass”  
awarded to the ATLAS and CMS Collaborations

October 2013  
Nobel Prize  

“For the theoretical discovery of a mechanism that contributes to our 
understanding of the origin of mass of subatomic particles, and which 
recently was confirmed through the discovery of the predicted 
fundamental particle, by the ATLAS and CMS experiments at CERN's LHC”  
awarded jointly to François Englert and Peter W. Higgs
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The Higgs boson timeline at LHC
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“if the SM Higgs boson exists, is most likely 
to have a mass constrained to 115-130 GeV “

and Next-to-Leading Order (NLO) electroweak (EW)
corrections [26, 27]. These results are compiled in
Refs. [28–30]. The cross section for the vector-boson
fusion (qq′ → qq′H) process is estimated at NLO [31–
33] and approximate NNLO QCD [34]. The associated
WH/ZH production processes (qq̄ → WH/ZH) are
computed at NLO [35, 36] and NNLO [37]. The
associated production with a tt̄ pair (qq̄/gg → tt̄H) is
estimated at NLO [38–41]. The Higgs boson produc-
tion cross sections, decay branching ratios [42–45] and
their related uncertainties are compiled in Ref. [46].
The QCD scale uncertainties for mH=120 GeV amount
to +12
−8 % for the gg → H process, ±1% for the

qq′ → qq′H and associated WH/ZH processes, and
+3
−9% for the qq̄/gg → tt̄H process. The uncertainties
related to the parton distribution functions (PDF) for
low mH hypotheses typically amount to ±8% for the
predominantly gluon-initiated processes gg → H and
qq̄/gg → tt̄H, and ±4% for the predominantly quark-
initiated qq′ → qq′H and WH/ZH processes [47–50].
The theoretical uncertainty associated with the ex-
clusive Higgs boson production process with one
additional jet in the H → WW (∗) → ℓ+νℓ′−ν channel
amounts to ±20% and is treated according to the
prescription of Refs. [51–53]. Additional theoretical
uncertainty on the signal normalisation, to account
for effects related to off-shell Higgs boson production
and interference with other SM processes, is assigned
at high Higgs boson masses (mH ! 300 GeV) as
150%×(mH/TeV)3 [53–56].

The detector-related sources of systematic uncer-
tainty are modelled using the following classification:
trigger and identification efficiencies, energy scale and
energy resolution for electrons, photons and for muons;
jet energy scale (JES) and jet energy resolution, which
include a specific treatment for b-jets; contributions to
the EmissT uncertainties uncorrelated with the JES; b-
tagging and b-veto. The effect of these systematic un-
certainties depends on the topology of each final state,
but is typically small compared to that from the theo-
retical prediction of the production cross section. The
only exception is the jet energy scale uncertainty which
can reach ∼20% on the signal yield in channels such as
H → WW → ℓνqq′ and H → ZZ → ℓ+ℓ−qq. The elec-
tron and muon energy scales are directly constrained by
Z → e+e− and Z → µ+µ− events; the impact of the
resulting systematic uncertainty on the four-lepton in-
variant mass is of the order of ∼0.5% for electrons and
negligible for muons. The impact of the photon energy
scale systematic uncertainty on the diphoton invariant
mass is approximately 0.6%.

4. Exclusion Limits
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Figure 3: (a) The combined 95% CL upper limits on the signal
strength as a function of mH ; the solid curve indicates the observed
limit and the dotted curve illustrates the median expected limit in the
absence of a signal together with the ±1σ (dark) and ±2σ (light)
bands. (b) The local p0 as a function of the mH hypothesis. The
dashed curve indicates the median expected value for the hypothesis
of a SM Higgs boson signal at that mass. The four horizontal dashed
lines indicate the p0 values corresponding to significances of 2σ, 3σ,
4σ and 5σ. (c) The best-fit signal strength as a function of the mH
hypothesis. The band shows the interval around µ̂ corresponding to
region where −2 ln λ(µ) < 1.

The signal strength, µ, is defined as µ = σ/σSM,
where σ is the Higgs boson production cross section
being tested and σS M its SM value; it is a single fac-
tor used to scale all signal production processes for a
given mH hypothesis. The combination procedure of
Refs. [52, 57, 58] is based on the profile likelihood ratio
test statistic λ(µ) [59], which extracts the information
on the signal strength from the full likelihood including
all the parameters describing the systematic uncertain-
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and Next-to-Leading Order (NLO) electroweak (EW)
corrections [26, 27]. These results are compiled in
Refs. [28–30]. The cross section for the vector-boson
fusion (qq′ → qq′H) process is estimated at NLO [31–
33] and approximate NNLO QCD [34]. The associated
WH/ZH production processes (qq̄ → WH/ZH) are
computed at NLO [35, 36] and NNLO [37]. The
associated production with a tt̄ pair (qq̄/gg → tt̄H) is
estimated at NLO [38–41]. The Higgs boson produc-
tion cross sections, decay branching ratios [42–45] and
their related uncertainties are compiled in Ref. [46].
The QCD scale uncertainties for mH=120 GeV amount
to +12
−8 % for the gg → H process, ±1% for the

qq′ → qq′H and associated WH/ZH processes, and
+3
−9% for the qq̄/gg → tt̄H process. The uncertainties
related to the parton distribution functions (PDF) for
low mH hypotheses typically amount to ±8% for the
predominantly gluon-initiated processes gg → H and
qq̄/gg → tt̄H, and ±4% for the predominantly quark-
initiated qq′ → qq′H and WH/ZH processes [47–50].
The theoretical uncertainty associated with the ex-
clusive Higgs boson production process with one
additional jet in the H → WW (∗) → ℓ+νℓ′−ν channel
amounts to ±20% and is treated according to the
prescription of Refs. [51–53]. Additional theoretical
uncertainty on the signal normalisation, to account
for effects related to off-shell Higgs boson production
and interference with other SM processes, is assigned
at high Higgs boson masses (mH ! 300 GeV) as
150%×(mH/TeV)3 [53–56].

The detector-related sources of systematic uncer-
tainty are modelled using the following classification:
trigger and identification efficiencies, energy scale and
energy resolution for electrons, photons and for muons;
jet energy scale (JES) and jet energy resolution, which
include a specific treatment for b-jets; contributions to
the EmissT uncertainties uncorrelated with the JES; b-
tagging and b-veto. The effect of these systematic un-
certainties depends on the topology of each final state,
but is typically small compared to that from the theo-
retical prediction of the production cross section. The
only exception is the jet energy scale uncertainty which
can reach ∼20% on the signal yield in channels such as
H → WW → ℓνqq′ and H → ZZ → ℓ+ℓ−qq. The elec-
tron and muon energy scales are directly constrained by
Z → e+e− and Z → µ+µ− events; the impact of the
resulting systematic uncertainty on the four-lepton in-
variant mass is of the order of ∼0.5% for electrons and
negligible for muons. The impact of the photon energy
scale systematic uncertainty on the diphoton invariant
mass is approximately 0.6%.

4. Exclusion Limits
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Figure 3: (a) The combined 95% CL upper limits on the signal
strength as a function of mH ; the solid curve indicates the observed
limit and the dotted curve illustrates the median expected limit in the
absence of a signal together with the ±1σ (dark) and ±2σ (light)
bands. (b) The local p0 as a function of the mH hypothesis. The
dashed curve indicates the median expected value for the hypothesis
of a SM Higgs boson signal at that mass. The four horizontal dashed
lines indicate the p0 values corresponding to significances of 2σ, 3σ,
4σ and 5σ. (c) The best-fit signal strength as a function of the mH
hypothesis. The band shows the interval around µ̂ corresponding to
region where −2 ln λ(µ) < 1.

The signal strength, µ, is defined as µ = σ/σSM,
where σ is the Higgs boson production cross section
being tested and σS M its SM value; it is a single fac-
tor used to scale all signal production processes for a
given mH hypothesis. The combination procedure of
Refs. [52, 57, 58] is based on the profile likelihood ratio
test statistic λ(µ) [59], which extracts the information
on the signal strength from the full likelihood including
all the parameters describing the systematic uncertain-
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Higgs boson searches 

Higgs boson observation 

Juillet 2013
Prix HEPP de la Société Européenne de Physique
ATLAS et CMS pour la découverte d’un boson de Higgs,
tel que prédit par le mécanisme BEH …

Octobre 2013
Prix Nobel
Découverte théorique d'un mécanisme qui contribue à notre
compréhension de l’ origine de la masse des particules …
confirmée par la découverte de ATLAS et CMS
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“if the SM Higgs boson exists, is most likely 
to have a mass constrained to 115-130 GeV “

and Next-to-Leading Order (NLO) electroweak (EW)
corrections [26, 27]. These results are compiled in
Refs. [28–30]. The cross section for the vector-boson
fusion (qq′ → qq′H) process is estimated at NLO [31–
33] and approximate NNLO QCD [34]. The associated
WH/ZH production processes (qq̄ → WH/ZH) are
computed at NLO [35, 36] and NNLO [37]. The
associated production with a tt̄ pair (qq̄/gg → tt̄H) is
estimated at NLO [38–41]. The Higgs boson produc-
tion cross sections, decay branching ratios [42–45] and
their related uncertainties are compiled in Ref. [46].
The QCD scale uncertainties for mH=120 GeV amount
to +12
−8 % for the gg → H process, ±1% for the

qq′ → qq′H and associated WH/ZH processes, and
+3
−9% for the qq̄/gg → tt̄H process. The uncertainties
related to the parton distribution functions (PDF) for
low mH hypotheses typically amount to ±8% for the
predominantly gluon-initiated processes gg → H and
qq̄/gg → tt̄H, and ±4% for the predominantly quark-
initiated qq′ → qq′H and WH/ZH processes [47–50].
The theoretical uncertainty associated with the ex-
clusive Higgs boson production process with one
additional jet in the H → WW (∗) → ℓ+νℓ′−ν channel
amounts to ±20% and is treated according to the
prescription of Refs. [51–53]. Additional theoretical
uncertainty on the signal normalisation, to account
for effects related to off-shell Higgs boson production
and interference with other SM processes, is assigned
at high Higgs boson masses (mH ! 300 GeV) as
150%×(mH/TeV)3 [53–56].

The detector-related sources of systematic uncer-
tainty are modelled using the following classification:
trigger and identification efficiencies, energy scale and
energy resolution for electrons, photons and for muons;
jet energy scale (JES) and jet energy resolution, which
include a specific treatment for b-jets; contributions to
the EmissT uncertainties uncorrelated with the JES; b-
tagging and b-veto. The effect of these systematic un-
certainties depends on the topology of each final state,
but is typically small compared to that from the theo-
retical prediction of the production cross section. The
only exception is the jet energy scale uncertainty which
can reach ∼20% on the signal yield in channels such as
H → WW → ℓνqq′ and H → ZZ → ℓ+ℓ−qq. The elec-
tron and muon energy scales are directly constrained by
Z → e+e− and Z → µ+µ− events; the impact of the
resulting systematic uncertainty on the four-lepton in-
variant mass is of the order of ∼0.5% for electrons and
negligible for muons. The impact of the photon energy
scale systematic uncertainty on the diphoton invariant
mass is approximately 0.6%.

4. Exclusion Limits
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Figure 3: (a) The combined 95% CL upper limits on the signal
strength as a function of mH ; the solid curve indicates the observed
limit and the dotted curve illustrates the median expected limit in the
absence of a signal together with the ±1σ (dark) and ±2σ (light)
bands. (b) The local p0 as a function of the mH hypothesis. The
dashed curve indicates the median expected value for the hypothesis
of a SM Higgs boson signal at that mass. The four horizontal dashed
lines indicate the p0 values corresponding to significances of 2σ, 3σ,
4σ and 5σ. (c) The best-fit signal strength as a function of the mH
hypothesis. The band shows the interval around µ̂ corresponding to
region where −2 ln λ(µ) < 1.

The signal strength, µ, is defined as µ = σ/σSM,
where σ is the Higgs boson production cross section
being tested and σS M its SM value; it is a single fac-
tor used to scale all signal production processes for a
given mH hypothesis. The combination procedure of
Refs. [52, 57, 58] is based on the profile likelihood ratio
test statistic λ(µ) [59], which extracts the information
on the signal strength from the full likelihood including
all the parameters describing the systematic uncertain-
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and Next-to-Leading Order (NLO) electroweak (EW)
corrections [26, 27]. These results are compiled in
Refs. [28–30]. The cross section for the vector-boson
fusion (qq′ → qq′H) process is estimated at NLO [31–
33] and approximate NNLO QCD [34]. The associated
WH/ZH production processes (qq̄ → WH/ZH) are
computed at NLO [35, 36] and NNLO [37]. The
associated production with a tt̄ pair (qq̄/gg → tt̄H) is
estimated at NLO [38–41]. The Higgs boson produc-
tion cross sections, decay branching ratios [42–45] and
their related uncertainties are compiled in Ref. [46].
The QCD scale uncertainties for mH=120 GeV amount
to +12
−8 % for the gg → H process, ±1% for the

qq′ → qq′H and associated WH/ZH processes, and
+3
−9% for the qq̄/gg → tt̄H process. The uncertainties
related to the parton distribution functions (PDF) for
low mH hypotheses typically amount to ±8% for the
predominantly gluon-initiated processes gg → H and
qq̄/gg → tt̄H, and ±4% for the predominantly quark-
initiated qq′ → qq′H and WH/ZH processes [47–50].
The theoretical uncertainty associated with the ex-
clusive Higgs boson production process with one
additional jet in the H → WW (∗) → ℓ+νℓ′−ν channel
amounts to ±20% and is treated according to the
prescription of Refs. [51–53]. Additional theoretical
uncertainty on the signal normalisation, to account
for effects related to off-shell Higgs boson production
and interference with other SM processes, is assigned
at high Higgs boson masses (mH ! 300 GeV) as
150%×(mH/TeV)3 [53–56].

The detector-related sources of systematic uncer-
tainty are modelled using the following classification:
trigger and identification efficiencies, energy scale and
energy resolution for electrons, photons and for muons;
jet energy scale (JES) and jet energy resolution, which
include a specific treatment for b-jets; contributions to
the EmissT uncertainties uncorrelated with the JES; b-
tagging and b-veto. The effect of these systematic un-
certainties depends on the topology of each final state,
but is typically small compared to that from the theo-
retical prediction of the production cross section. The
only exception is the jet energy scale uncertainty which
can reach ∼20% on the signal yield in channels such as
H → WW → ℓνqq′ and H → ZZ → ℓ+ℓ−qq. The elec-
tron and muon energy scales are directly constrained by
Z → e+e− and Z → µ+µ− events; the impact of the
resulting systematic uncertainty on the four-lepton in-
variant mass is of the order of ∼0.5% for electrons and
negligible for muons. The impact of the photon energy
scale systematic uncertainty on the diphoton invariant
mass is approximately 0.6%.
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Figure 3: (a) The combined 95% CL upper limits on the signal
strength as a function of mH ; the solid curve indicates the observed
limit and the dotted curve illustrates the median expected limit in the
absence of a signal together with the ±1σ (dark) and ±2σ (light)
bands. (b) The local p0 as a function of the mH hypothesis. The
dashed curve indicates the median expected value for the hypothesis
of a SM Higgs boson signal at that mass. The four horizontal dashed
lines indicate the p0 values corresponding to significances of 2σ, 3σ,
4σ and 5σ. (c) The best-fit signal strength as a function of the mH
hypothesis. The band shows the interval around µ̂ corresponding to
region where −2 ln λ(µ) < 1.

The signal strength, µ, is defined as µ = σ/σSM,
where σ is the Higgs boson production cross section
being tested and σS M its SM value; it is a single fac-
tor used to scale all signal production processes for a
given mH hypothesis. The combination procedure of
Refs. [52, 57, 58] is based on the profile likelihood ratio
test statistic λ(µ) [59], which extracts the information
on the signal strength from the full likelihood including
all the parameters describing the systematic uncertain-
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“if the SM Higgs boson exists, is most likely 
to have a mass constrained to 115-130 GeV “

and Next-to-Leading Order (NLO) electroweak (EW)
corrections [26, 27]. These results are compiled in
Refs. [28–30]. The cross section for the vector-boson
fusion (qq′ → qq′H) process is estimated at NLO [31–
33] and approximate NNLO QCD [34]. The associated
WH/ZH production processes (qq̄ → WH/ZH) are
computed at NLO [35, 36] and NNLO [37]. The
associated production with a tt̄ pair (qq̄/gg → tt̄H) is
estimated at NLO [38–41]. The Higgs boson produc-
tion cross sections, decay branching ratios [42–45] and
their related uncertainties are compiled in Ref. [46].
The QCD scale uncertainties for mH=120 GeV amount
to +12
−8 % for the gg → H process, ±1% for the

qq′ → qq′H and associated WH/ZH processes, and
+3
−9% for the qq̄/gg → tt̄H process. The uncertainties
related to the parton distribution functions (PDF) for
low mH hypotheses typically amount to ±8% for the
predominantly gluon-initiated processes gg → H and
qq̄/gg → tt̄H, and ±4% for the predominantly quark-
initiated qq′ → qq′H and WH/ZH processes [47–50].
The theoretical uncertainty associated with the ex-
clusive Higgs boson production process with one
additional jet in the H → WW (∗) → ℓ+νℓ′−ν channel
amounts to ±20% and is treated according to the
prescription of Refs. [51–53]. Additional theoretical
uncertainty on the signal normalisation, to account
for effects related to off-shell Higgs boson production
and interference with other SM processes, is assigned
at high Higgs boson masses (mH ! 300 GeV) as
150%×(mH/TeV)3 [53–56].

The detector-related sources of systematic uncer-
tainty are modelled using the following classification:
trigger and identification efficiencies, energy scale and
energy resolution for electrons, photons and for muons;
jet energy scale (JES) and jet energy resolution, which
include a specific treatment for b-jets; contributions to
the EmissT uncertainties uncorrelated with the JES; b-
tagging and b-veto. The effect of these systematic un-
certainties depends on the topology of each final state,
but is typically small compared to that from the theo-
retical prediction of the production cross section. The
only exception is the jet energy scale uncertainty which
can reach ∼20% on the signal yield in channels such as
H → WW → ℓνqq′ and H → ZZ → ℓ+ℓ−qq. The elec-
tron and muon energy scales are directly constrained by
Z → e+e− and Z → µ+µ− events; the impact of the
resulting systematic uncertainty on the four-lepton in-
variant mass is of the order of ∼0.5% for electrons and
negligible for muons. The impact of the photon energy
scale systematic uncertainty on the diphoton invariant
mass is approximately 0.6%.
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Figure 3: (a) The combined 95% CL upper limits on the signal
strength as a function of mH ; the solid curve indicates the observed
limit and the dotted curve illustrates the median expected limit in the
absence of a signal together with the ±1σ (dark) and ±2σ (light)
bands. (b) The local p0 as a function of the mH hypothesis. The
dashed curve indicates the median expected value for the hypothesis
of a SM Higgs boson signal at that mass. The four horizontal dashed
lines indicate the p0 values corresponding to significances of 2σ, 3σ,
4σ and 5σ. (c) The best-fit signal strength as a function of the mH
hypothesis. The band shows the interval around µ̂ corresponding to
region where −2 ln λ(µ) < 1.

The signal strength, µ, is defined as µ = σ/σSM,
where σ is the Higgs boson production cross section
being tested and σS M its SM value; it is a single fac-
tor used to scale all signal production processes for a
given mH hypothesis. The combination procedure of
Refs. [52, 57, 58] is based on the profile likelihood ratio
test statistic λ(µ) [59], which extracts the information
on the signal strength from the full likelihood including
all the parameters describing the systematic uncertain-
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The signal strength, µ, is defined as µ = σ/σSM,
where σ is the Higgs boson production cross section
being tested and σS M its SM value; it is a single fac-
tor used to scale all signal production processes for a
given mH hypothesis. The combination procedure of
Refs. [52, 57, 58] is based on the profile likelihood ratio
test statistic λ(µ) [59], which extracts the information
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✔ The Higgs boson mass is not a prediction of the theory but the Higgs 
boson mass is free input parameter of the theory 
 
✔ The Higgs boson mass measurement is not a test of the SM but the Higgs 
boson mass is an important1) ingredient in SM predictions of many  
“mH-dependent” SM observables:  

• Higgs boson observables : couplings, branching ratios, width 
• Electroweak observables : mass of the W boson, mass of the top quark, effective weak 
mixing angle, …. 
 

26



U. Milano-Bicocca - 27/02/2023 - Roberto Salerno - 

The Higgs boson mass:  “is not” vs. “is” 

✔ The Higgs boson mass is not a prediction of the theory but the Higgs 
boson mass is free input parameter of the theory 
 
✔ The Higgs boson mass measurement is not a test of the SM but the Higgs 
boson mass is an important1) ingredient in SM predictions of many  
“mH-dependent” SM observables:  

• Higgs boson observables : couplings, branching ratios, width 
• Electroweak observables : mass of the W boson, mass of the top quark, effective weak 
mixing angle, …. 
 

27



U. Milano-Bicocca - 27/02/2023 - Roberto Salerno - 

The Higgs boson mass:  “is not” vs. “is” 

✔ The Higgs boson mass is not a prediction of the theory but the Higgs 
boson mass is free input parameter of the theory 
 
✔ The Higgs boson mass measurement is not a test of the SM but the Higgs 
boson mass is an important1) ingredient in SM predictions of many  
“mH-dependent” SM observables:  

• Higgs boson observables : couplings, branching ratios, width 
• Electroweak observables : mass of the W boson, mass of the top quark, effective weak 
mixing angle, …. 
 

28
1) I would argue that is the most important



U. Milano-Bicocca - 27/02/2023 - Roberto Salerno - 

The Higgs boson mass:  “is not” vs. “is” 

✔ The Higgs boson mass is not a prediction of the theory but the Higgs 
boson mass is free input parameter of the theory 
 
✔ The Higgs boson mass measurement is not a test of the SM but the Higgs 
boson mass is an important1) ingredient in SM predictions of many  
“mH-dependent” SM observables:  

• Higgs boson observables : couplings, branching ratios, width 
• Electroweak observables : mass of the W boson, mass of the top quark, effective weak 
mixing angle, …. 
 

29
1) I would argue that is the most important

✔ The Higgs boson mass value is connected to the Fermi and the Planck 
scales and ultimately with the vacuum stability
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100 283.41 35.89 7.23 1.27 28.56 0.64 −1.27 −0.16

200 307.35 35.89 7.23 1.27 30.02 0.35 −2.11 −0.09

300 323.27 35.89 7.23 1.27 31.10 0.23 −2.77 −0.03

600 353.01 35.89 7.23 1.27 32.68 0.05 −4.10 −0.09

1000 376.27 35.89 7.23 1.27 32.36 −0.41 −5.04 −1.04

Table 1: The numerical values (×104) of the different contributions to ∆r specified in
eq. (1) are given for different values of MH and MW = 80.426 GeV (the W and Z masses
have been transformed so as to correspond to the real part of the complex pole). The
other input parameters are listed in eq. (5).

calculation into the mass parameter defined according to the real part of the complex
pole, which corresponds to a Breit–Wigner parametrisation with a constant decay width,
see Ref. [8]. It is understood that MW in this paper always refers to the conventional
definition according to a Breit–Wigner parametrisation with running width. The change
of parametrisations is achieved with the one loop QCD corrected value of the W-boson
width as described in Ref. [8].

Table 1 shows that the two-loop QCD correction, ∆r(ααs), and the fermionic elec-

troweak two-loop correction, ∆r(α
2)

ferm are of similar size. They both amount to about 10%
of the one-loop contribution, ∆r(α), entering with the same sign. The most important
correction beyond these contributions is the three-loop QCD correction, ∆r(αα

2
s ), which

leads to a shift in MW of about −11 MeV. For large values of MH also the contribu-

tion ∆r(G
2
µαsm4

t
) becomes sizable. The purely bosonic two-loop contribution, ∆r(α

2)
bos , and

the leading electroweak three-loop correction, ∆r(G
3
µm

6
t
), and leading QCD four-loop cor-

rection, ∆r(αα
3
sm

2
t
), give rise to shifts in MW which are significantly smaller than the

experimental error envisaged for a future Linear Collider, δM exp,LC
W = 7 MeV [16].

Since ∆r is evaluated in Table 1 for a fixed value of MW, the contributions ∆r(ααs)

and ∆r(αα
2
s ) are MH-independent. In the iterative procedure for evaluating MW according

to eq. (3), on the other hand, also these contributions become MH-dependent through the
MH-dependence of the inserted MW value.

The result for MW based on eqs. (3), (4) can be approximated by the following simple
parametrisation (see Ref. [22] for an earlier parametrisation of MW),

MW = M0
W − c1 dH− c2 dH

2 + c3 dH
4 + c4(dh− 1)− c5 dα + c6 dt− c7 dt

2

− c8 dHdt + c9 dh dt− c10 dαs + c11 dZ, (6)

3

Approximated parametrisation for the mass of W boson (mW)  :  

δMW(full result)/ MeV δMW(eqs. (6)–(8))/ MeV

δMH = 100 GeV −41.3 −41.4

δmt = 5.1 GeV 31.0 31.0

δMZ = 2.1 MeV 2.6 2.6

δ
(

∆α(5)
had

)

= 0.00036 −6.5 −6.5

δαs(MZ) = 0.0027 −1.7 −1.7

Table 2: Shifts in MW caused by varying MH by 100 GeV and the other input parameters
by 1σ around their experimental central values [14]. The first column shows the full result
for MW, while the second column is based on the simple parametrisation of eqs. (6)–(8).
The shifts δMW are relative to the value MW = 80.3799 GeV which is the result for
MH = 100 GeV and the central values of the other input parameters as specified in
eq. (5).

where
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− 1,

dZ =
MZ

91.1875 GeV
− 1, dα =
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0.05907
− 1, dαs =

αs(MZ)

0.119
− 1, (7)

and the coefficients M0
W, c1, . . . , c11 take the following values

M0
W = 80.3779 GeV, c1 = 0.05427 GeV, c2 = 0.008931 GeV,

c3 = 0.0000882 GeV, c4 = 0.000161 GeV, c5 = 1.070 GeV,

c6 = 0.5237 GeV, c7 = 0.0679 GeV, c8 = 0.00179 GeV,

c9 = 0.0000664 GeV, c10 = 0.0795 GeV, c11 = 114.9 GeV. (8)

The parametrisation given in eqs. (6)–(8) approximates the full result for MW to better
than 0.5 MeV over the whole range of 10 GeV ≤ MH ≤ 1 TeV if all other experimental
input values vary within their combined 2σ region around their central values given in
eq. (7).

In Table 2 the full result for MW and the parametrisation of eqs. (6)–(8) are com-
pared with each other. The table shows the shifts in MW (relative to the value MW =
80.3799 GeV, which is the result for MH = 100 GeV and the central values of the other
input parameters as specified in eq. (5)) induced by varying MH by 100 GeV and the other
input parameters by 1σ around their experimental central values [14]. In the example of
Table 2, where only one parameter has been varied in each row and all others have been
kept at their central values, the maximum deviation between the full result for MW and
the parametrisation of eqs. (6)–(8) is below 0.1 MeV.

The parametrisation of eqs. (6)–(8) yields a good approximation of the full result for
MW even for values of MH much smaller than the experimental 95% C.L. lower bound
on the Higgs-boson mass, MH = 114.4 GeV [23]. If one restricts to the region MH >

4

where
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“Mass Peaks”                           
using high resolution channels (4l+𝜸𝜸) 

(background) in that category. The normalisation of the reducible background is constrained based on
estimates made from data using minimal input from simulation following the methodology described in
Ref. [16]. The normalisation of the tX X + VVV background is constrained according to the uncertainties
in the theory prediction.

6 Results

The mass measurement is based on maximising the profile likelihood ratio [93, 94]

�(mH ) =
L
�
mH,

ˆ̂✓(mH )
�

L
�
m̂H, ✓̂

� , (4)

where m̂H and ✓̂ denote the unconditional-maximum likelihood estimates of the parameters of the likelihood
function L, while ˆ̂✓ is the conditional maximum-likelihood estimate of the parameters ✓ for a fixed value of
the parameter of interest mH . Systematic uncertainties and their correlations are modelled by introducing
nuisance parameters ✓ described by Gaussian or log-normal functions associated with the estimate of the
corresponding e�ect.

The estimate of mH is extracted by performing a simultaneous profile likelihood fit to the sixteen analysis
categories. The free parameters of the fit are mH , the normalisation modifiers in each BDT category
for the signal and Z Z

⇤ background (defined in Section 5), and the nuisance parameters associated with
systematic uncertainties. The measured value of mH when accounting for the per-event resolution is found
to be m

ZZ
⇤

H
= 124.92 ± 0.19 (stat)+0.09

�0.06 (syst) GeV = 124.92+0.21
�0.20 GeV. Figure 4 shows the inclusive m4`

distribution of the data together with the result of the fit to the H ! Z Z
⇤ ! 4` candidates.
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using high resolution channels (4l+𝜸𝜸) 
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�(mH ) =
L
�
mH,

ˆ̂✓(mH )
�

L
�
m̂H, ✓̂

� , (4)

where m̂H and ✓̂ denote the unconditional-maximum likelihood estimates of the parameters of the likelihood
function L, while ˆ̂✓ is the conditional maximum-likelihood estimate of the parameters ✓ for a fixed value of
the parameter of interest mH . Systematic uncertainties and their correlations are modelled by introducing
nuisance parameters ✓ described by Gaussian or log-normal functions associated with the estimate of the
corresponding e�ect.

The estimate of mH is extracted by performing a simultaneous profile likelihood fit to the sixteen analysis
categories. The free parameters of the fit are mH , the normalisation modifiers in each BDT category
for the signal and Z Z

⇤ background (defined in Section 5), and the nuisance parameters associated with
systematic uncertainties. The measured value of mH when accounting for the per-event resolution is found
to be m

ZZ
⇤

H
= 124.92 ± 0.19 (stat)+0.09

�0.06 (syst) GeV = 124.92+0.21
�0.20 GeV. Figure 4 shows the inclusive m4`

distribution of the data together with the result of the fit to the H ! Z Z
⇤ ! 4` candidates.
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at the High-Luminosity LHC with the CMS detector

m4` expected uncertainty ( MeV) inclusive 4µ 4e 2e2µ 2µ2e
Optimistic

Total 26 30 105 60 67
Syst impact 16 11 64 31 32

Stat only 22 28 83 51 59
Pessimistic

Total 30 32 206 107 112
Syst impact 20 15 189 94 95

Stat only 22 28 83 51 59

Expected mH measurement uncertainty, 
given in MeV, in the two different scenarios: 

Optimistic and Pessimistic

Stat>Syst but same magnitude 
125.1 125.2 125.3 125.4 125.5 125.6

 [GeV]Hm
0

1

2

3

4

5

6

7

8

9

10

 ln
 L

Δ
-2

 4I→ * ZZ→H 

 (14 TeV)-13000 fbCMS Phase-2 Projection Preliminary

Stat only
Stat+Syst

High 
Luminosity 
LHC

4l

hopes & wishes



U. Milano-Bicocca - 27/02/2023 - Roberto Salerno - 

Projections on mH

39

at the High-Luminosity LHC with the CMS detector
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A crucial parameter for BSM searches, in SM  
c𝞽H = 48 fm, small width ΓH =4.1 MeV

ΓH =4.1 MeV

mH =125 GeV

We have long experience with heavy EW bosons 
(W and Z). However, their width is ΓH ∼2 GeV !
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A crucial parameter for BSM searches, in SM  
c𝞽H = 48 fm, small width ΓH =4.1 MeV

ΓH =4.1 MeV

mH =125 GeV

We have long experience with heavy EW bosons 
(W and Z). However, their width is ΓH ∼2 GeV !

The direct measurements it is extremely hard! In addition, the total width is the sum of 
all the partial widths, on the contrary of LEP, at LHC only σxBR can be measured.
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Direct measurements  
   on-shell line shape  
   lifetime  

Indirect measurements  
   couplings 
   off-shell production  
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43
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Indirect measurement 

The fixed-width Breit-Wigner scheme 
is generally good in describe the 
inclusive differential (dσ/dm2) Higgs 
boson production

… but …
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From off-shell production

45

Indirect measurement 

The fixed-width Breit-Wigner scheme 
is generally good in describe the 
inclusive differential (dσ/dm2) Higgs 
boson production

… as soon as we restrict to VV decay channel there is a large off-shell 
contribution above the VV threshold (high Higgs virtuality), it means that two 
q2 propagators compensate and the cross section is enhanced.    

… but …
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From off-shell production

46

Indirect measurement 

H

g

g

q

V

V

q̄

q

V

V

g

g

q

V

V

Figure 1. Representative Feynman graphs for the Higgs signal process (left) and the qq̄- (center)
and gg-initiated (right) continuum background processes at LO.

calculations have been presented in Refs. [26, 27]. The accuracy of the Mt → ∞ approxi-

mation at NNLO has been investigated in Refs. [28–33].2 In addition to higher-order QCD

corrections, electroweak (EW) corrections have been computed up to two loops [35–42] and

found to be at the 1–5% level. Mixed QCD-EW effects have also been calculated [43]. Re-

fined calculations/updated cross sections for gg → H have been presented in Refs. [44–48].

Kinematic distributions and NNLO cross sections with experimental selection cuts have

also been studied extensively for gg → H → V V → 4 leptons (V = W,Z) [49, 50] and all

other important decay modes (see Ref. [51] and references therein). NLO EW corrections

to H → V V → 4 leptons have been calculated in Refs. [52, 53].

The proper theoretical description of the Higgs boson line shape is an essential ingre-

dient for heavy Higgs searches and has been studied in detail in Ref. [54]. A comparison of

the zero-width approximation (ZWA, see below) and finite-width Higgs propagator schemes

for inclusive Higgs production and decay can also be found in Refs. [46, 47, 55].3 In the

light Higgs mass range the on-shell width of the SM Higgs boson is more than four orders

of magnitude smaller than its mass, for instance 4.03MeV for a mass of 125GeV.4 The

ZWA a.k.a. narrow-width approximation, which factorizes the Higgs cross section into

on-shell production and on-shell decay when ΓH approaches zero, is expected to be excel-

lent well below the WW and ZZ thresholds with an error estimate of O(ΓH/MH). For

Higgs production in gluon fusion, we show in Sections 2 and 3 that this is not always the

case. For gg → H → V V , we find that the deviation between ZWA and off-shell results

is particularly large. We therefore take into account the resonance-continuum interference

(see Fig. 1, left and right), which was studied in Refs. [60–65] and for related processes in

Refs. [66–68]. For studies of the continuum background (see Fig. 1, center and right), we

refer the reader to Refs. [69–72] and references therein.

The paper is organised as follows: In Section 2, we briefly review the zero-width

approximation and why it can be inadequate. We then present and discuss inclusive results

in ZWA and with off-shell effects for the processes gg → H → all and gg → H → ZZ with

MH = 125GeV including Higgs-continuum interference effects. In Section 3, we extend our

ZWA v. off-shell analysis by considering experimental Higgs search procedures, selection

criteria and transverse mass observables for all gg → H → V V → 4 leptons search channels.

2Scale, PDF, strong coupling and heavy-top-limit uncertainties have recently been reappraised in Ref.

[34].
3The accuracy of the ZWA in the context of beyond-the-SM physics has been studied in Refs. [56–59].
4Width computed with HTO, see Section 2.
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Figure 6: Observed (solid) and expected (dashed) likelihood scans of GH. Left plot: Results of
the SM-like couplings analysis are shown using the data only from 2016 and 2017 (black) or
from the combination of Run 1 and Run 2 (red), which do not include 2015 data. Right plot:
Results of the combined Run 1 and Run 2 data analyses, with 2015 data included in the on-shell
case, for the SM-like couplings or with three unconstrained anomalous coupling parameters,
fa3 cos (fa3) (red), fa2 cos (fa2) (blue), and fL1 cos (fL1) (violet). The dashed horizontal lines
show the 68% and 95% CL regions.

fusion (±0.2 and ±0.4 MeV), the muon efficiency uncertainty (±0.1 and ±0.4 MeV), and the
electron efficiency uncertainty (±0.1 and ±0.3 MeV).

The width constraints could also be reinterpreted as an off-shell signal strength with a change
of parameters. For this interpretation, we perform an SM-like analysis of only the off-shell
events, where the signal strength is modified by the parameter µoff-shell common to all pro-
duction mechanisms in Eqs. (1) and (10), with GH = G0 = GSM

H and the SM expectation corre-
sponding to µoff-shell = 1. In addition, we also perform a fit of the off-shell events with two
unconstrained parameters µoff-shell

F and µoff-shell
V , which express the signal strengths in the gluon

fusion and EW processes, respectively. These constraints are summarized in Table 10.

7 Summary
Studies of on-shell and off-shell H boson production in the four-lepton final state are presented,
using data from the CMS experiment at the LHC that correspond to an integrated luminosity
of 80.2 fb�1 at a center-of-mass energy of 13 TeV. Joint constraints are set on the H boson total
width and parameters that express its anomalous couplings to two electroweak vector bosons.
These results are combined with those obtained from the data collected at center-of-mass ener-
gies of 7 and 8 TeV, corresponding to integrated luminosities of 5.1 and 19.7 fb�1, respectively.
Kinematic information from the decay particles and the associated jets are combined using ma-
trix element techniques to identify the production mechanism and increase sensitivity to the H
boson couplings in both production and decay. The constraints on anomalous HVV couplings
are found to be consistent with the standard model expectation in both on-shell and off-shell
regions, as presented in Tables 6 and 7. Under the assumption of a coupling structure similar
to that in the standard model, the H boson width is constrained to be 3.2+2.8

�2.2 MeV while the
expected constraint based on simulation is 4.1+5.0

�4.0 MeV, as shown in Table 8. The constraints on
the width remain similar with the inclusion of the tested anomalous HVV interactions and are
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Figure 3: Scan of the negative log-likelihood, �2 ln �, for the (a) o�-shell Higgs signal strength, µo�-shell (b) �H/�SM
H

ratio (c) Rgg = 2g,o�-shell/2g,on-shell. The solid lower black (upper blue) line represents the observed (expected) value
including all systematic uncertainties, while the dashed lower black (upper blue) line is for the observed (expected)
value without systematic uncertainties (lower and upper refer here to the position of the lines in the legend). The
double minimum structure of the scan when the parameter of interest approaches zero is the consequence of the
parametrisation as shown in Eqs. (1).
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1

The discovery of a new boson consistent with the standard model (SM) Higgs boson by the AT-
LAS and CMS Collaborations was recently reported [1–3]. The mass of the new boson (mH) was
measured to be near 125 GeV, and the spin-parity properties were further studied by both ex-
periments, favouring the scalar, JPC = 0++, hypothesis [4–7]. The measurements were found to
be consistent with a single narrow resonance, and an upper limit of 3.4 GeV at a 95% confidence
level (CL) on its decay width (GH) was reported by the CMS experiment in the four-lepton de-
cay channel [7]. A direct width measurement at the resonance peak is limited by experimental
resolution, and is only sensitive to values far larger than the expected width of around 4 MeV
for the SM Higgs boson [8, 9].

It was recently proposed [10] to constrain the Higgs boson width using its off-shell production
and decay to two Z bosons away from the resonance peak [11]. In the dominant gluon fu-
sion production mode the off-shell production cross section is known to be sizable. This arises
from an enhancement in the decay amplitude from the vicinity of the Z-boson pair produc-
tion threshold. A further enhancement comes, in gluon fusion production, from the top-quark
pair production threshold. The zero-width approximation is inadequate and the ratio of the
off-shell cross section above 2mZ to the on-shell signal is of the order of 8% [11, 12]. Further
developments to the measurement of the Higgs boson width were proposed in Refs. [13, 14].

The gluon fusion production cross section depends on GH through the Higgs boson propagator

dsgg!H!ZZ

dm
2
ZZ

⇠
g

2
ggHg

2
HZZ

(m2
ZZ � m

2
H)

2 + m
2
HG2

H
, (1)

where gggH and gHZZ are the couplings of the Higgs boson to gluons and Z bosons, respectively.
Integrating either in a small region around mH, or above the mass threshold mZZ > 2mZ, where
(mZZ � mH) � GH, the cross sections are, respectively,

son-shell
gg!H!ZZ⇤ ⇠

g
2
ggHg

2
HZZ

mHGH
and soff-shell

gg!H⇤!ZZ ⇠
g

2
ggHg

2
HZZ

(2mZ)2 . (2)

From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in
the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
while the off-shell production cross section increases linearly with this scaling factor.

The dominant contribution for the production of a pair of Z bosons comes from the quark-
initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.
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Figure 2. The NNLO ZZ (black) and WW (red) invariant mass distributions in gg → V V for
µH = 125GeV.

mass distribution is shown in Fig. 2. It confirms that, above the peak, the distribution is

decreasing until the effects of the V V threshold become effective with a visible increase

followed by a plateau, by another jump at the tt̄-threshold, beyond which the signal distri-

bution decreases almost linearly (on a logarithmic scale). For gg → H → γγ the effect is

drastically reduced and confined to the region Mγγ between 157GeV and 168GeV, where

the distribution is already five orders of magnitude below the peak.

What is the net effect on the total cross-section? We show it for ZZ in Table 1 where

the contribution above the ZZ -threshold amounts to 7.6%. We have checked that the effect

does not depend on the propagator function, complex-pole propagator or Breit-Wigner

distribution. The size of the effect is related to the shape of the distribution function. The

complex-mass scheme can be translated into a more familiar language by introducing the

Bar-scheme [54]. Performing the well-known transformation

M
2
H = µ2

H + γ2H , µH ΓH = MH γH . (2.10)
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Figure 1. Representative Feynman graphs for the Higgs signal process (left) and the qq̄- (center)
and gg-initiated (right) continuum background processes at LO.

calculations have been presented in Refs. [26, 27]. The accuracy of the Mt → ∞ approxi-

mation at NNLO has been investigated in Refs. [28–33].2 In addition to higher-order QCD

corrections, electroweak (EW) corrections have been computed up to two loops [35–42] and

found to be at the 1–5% level. Mixed QCD-EW effects have also been calculated [43]. Re-

fined calculations/updated cross sections for gg → H have been presented in Refs. [44–48].

Kinematic distributions and NNLO cross sections with experimental selection cuts have

also been studied extensively for gg → H → V V → 4 leptons (V = W,Z) [49, 50] and all

other important decay modes (see Ref. [51] and references therein). NLO EW corrections

to H → V V → 4 leptons have been calculated in Refs. [52, 53].

The proper theoretical description of the Higgs boson line shape is an essential ingre-

dient for heavy Higgs searches and has been studied in detail in Ref. [54]. A comparison of

the zero-width approximation (ZWA, see below) and finite-width Higgs propagator schemes

for inclusive Higgs production and decay can also be found in Refs. [46, 47, 55].3 In the

light Higgs mass range the on-shell width of the SM Higgs boson is more than four orders

of magnitude smaller than its mass, for instance 4.03MeV for a mass of 125GeV.4 The

ZWA a.k.a. narrow-width approximation, which factorizes the Higgs cross section into

on-shell production and on-shell decay when ΓH approaches zero, is expected to be excel-

lent well below the WW and ZZ thresholds with an error estimate of O(ΓH/MH). For

Higgs production in gluon fusion, we show in Sections 2 and 3 that this is not always the

case. For gg → H → V V , we find that the deviation between ZWA and off-shell results

is particularly large. We therefore take into account the resonance-continuum interference

(see Fig. 1, left and right), which was studied in Refs. [60–65] and for related processes in

Refs. [66–68]. For studies of the continuum background (see Fig. 1, center and right), we

refer the reader to Refs. [69–72] and references therein.

The paper is organised as follows: In Section 2, we briefly review the zero-width

approximation and why it can be inadequate. We then present and discuss inclusive results

in ZWA and with off-shell effects for the processes gg → H → all and gg → H → ZZ with

MH = 125GeV including Higgs-continuum interference effects. In Section 3, we extend our

ZWA v. off-shell analysis by considering experimental Higgs search procedures, selection

criteria and transverse mass observables for all gg → H → V V → 4 leptons search channels.

2Scale, PDF, strong coupling and heavy-top-limit uncertainties have recently been reappraised in Ref.

[34].
3The accuracy of the ZWA in the context of beyond-the-SM physics has been studied in Refs. [56–59].
4Width computed with HTO, see Section 2.
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Figure 6: Observed (solid) and expected (dashed) likelihood scans of GH. Left plot: Results of
the SM-like couplings analysis are shown using the data only from 2016 and 2017 (black) or
from the combination of Run 1 and Run 2 (red), which do not include 2015 data. Right plot:
Results of the combined Run 1 and Run 2 data analyses, with 2015 data included in the on-shell
case, for the SM-like couplings or with three unconstrained anomalous coupling parameters,
fa3 cos (fa3) (red), fa2 cos (fa2) (blue), and fL1 cos (fL1) (violet). The dashed horizontal lines
show the 68% and 95% CL regions.

fusion (±0.2 and ±0.4 MeV), the muon efficiency uncertainty (±0.1 and ±0.4 MeV), and the
electron efficiency uncertainty (±0.1 and ±0.3 MeV).

The width constraints could also be reinterpreted as an off-shell signal strength with a change
of parameters. For this interpretation, we perform an SM-like analysis of only the off-shell
events, where the signal strength is modified by the parameter µoff-shell common to all pro-
duction mechanisms in Eqs. (1) and (10), with GH = G0 = GSM

H and the SM expectation corre-
sponding to µoff-shell = 1. In addition, we also perform a fit of the off-shell events with two
unconstrained parameters µoff-shell

F and µoff-shell
V , which express the signal strengths in the gluon

fusion and EW processes, respectively. These constraints are summarized in Table 10.

7 Summary
Studies of on-shell and off-shell H boson production in the four-lepton final state are presented,
using data from the CMS experiment at the LHC that correspond to an integrated luminosity
of 80.2 fb�1 at a center-of-mass energy of 13 TeV. Joint constraints are set on the H boson total
width and parameters that express its anomalous couplings to two electroweak vector bosons.
These results are combined with those obtained from the data collected at center-of-mass ener-
gies of 7 and 8 TeV, corresponding to integrated luminosities of 5.1 and 19.7 fb�1, respectively.
Kinematic information from the decay particles and the associated jets are combined using ma-
trix element techniques to identify the production mechanism and increase sensitivity to the H
boson couplings in both production and decay. The constraints on anomalous HVV couplings
are found to be consistent with the standard model expectation in both on-shell and off-shell
regions, as presented in Tables 6 and 7. Under the assumption of a coupling structure similar
to that in the standard model, the H boson width is constrained to be 3.2+2.8

�2.2 MeV while the
expected constraint based on simulation is 4.1+5.0

�4.0 MeV, as shown in Table 8. The constraints on
the width remain similar with the inclusion of the tested anomalous HVV interactions and are
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Figure 3: Scan of the negative log-likelihood, �2 ln �, for the (a) o�-shell Higgs signal strength, µo�-shell (b) �H/�SM
H

ratio (c) Rgg = 2g,o�-shell/2g,on-shell. The solid lower black (upper blue) line represents the observed (expected) value
including all systematic uncertainties, while the dashed lower black (upper blue) line is for the observed (expected)
value without systematic uncertainties (lower and upper refer here to the position of the lines in the legend). The
double minimum structure of the scan when the parameter of interest approaches zero is the consequence of the
parametrisation as shown in Eqs. (1).
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1

The discovery of a new boson consistent with the standard model (SM) Higgs boson by the AT-
LAS and CMS Collaborations was recently reported [1–3]. The mass of the new boson (mH) was
measured to be near 125 GeV, and the spin-parity properties were further studied by both ex-
periments, favouring the scalar, JPC = 0++, hypothesis [4–7]. The measurements were found to
be consistent with a single narrow resonance, and an upper limit of 3.4 GeV at a 95% confidence
level (CL) on its decay width (GH) was reported by the CMS experiment in the four-lepton de-
cay channel [7]. A direct width measurement at the resonance peak is limited by experimental
resolution, and is only sensitive to values far larger than the expected width of around 4 MeV
for the SM Higgs boson [8, 9].

It was recently proposed [10] to constrain the Higgs boson width using its off-shell production
and decay to two Z bosons away from the resonance peak [11]. In the dominant gluon fu-
sion production mode the off-shell production cross section is known to be sizable. This arises
from an enhancement in the decay amplitude from the vicinity of the Z-boson pair produc-
tion threshold. A further enhancement comes, in gluon fusion production, from the top-quark
pair production threshold. The zero-width approximation is inadequate and the ratio of the
off-shell cross section above 2mZ to the on-shell signal is of the order of 8% [11, 12]. Further
developments to the measurement of the Higgs boson width were proposed in Refs. [13, 14].

The gluon fusion production cross section depends on GH through the Higgs boson propagator

dsgg!H!ZZ

dm
2
ZZ

⇠
g

2
ggHg

2
HZZ

(m2
ZZ � m

2
H)

2 + m
2
HG2

H
, (1)

where gggH and gHZZ are the couplings of the Higgs boson to gluons and Z bosons, respectively.
Integrating either in a small region around mH, or above the mass threshold mZZ > 2mZ, where
(mZZ � mH) � GH, the cross sections are, respectively,

son-shell
gg!H!ZZ⇤ ⇠

g
2
ggHg

2
HZZ

mHGH
and soff-shell

gg!H⇤!ZZ ⇠
g

2
ggHg

2
HZZ

(2mZ)2 . (2)

From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in
the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
while the off-shell production cross section increases linearly with this scaling factor.

The dominant contribution for the production of a pair of Z bosons comes from the quark-
initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.

1

The discovery of a new boson consistent with the standard model (SM) Higgs boson by the AT-
LAS and CMS Collaborations was recently reported [1–3]. The mass of the new boson (mH) was
measured to be near 125 GeV, and the spin-parity properties were further studied by both ex-
periments, favouring the scalar, JPC = 0++, hypothesis [4–7]. The measurements were found to
be consistent with a single narrow resonance, and an upper limit of 3.4 GeV at a 95% confidence
level (CL) on its decay width (GH) was reported by the CMS experiment in the four-lepton de-
cay channel [7]. A direct width measurement at the resonance peak is limited by experimental
resolution, and is only sensitive to values far larger than the expected width of around 4 MeV
for the SM Higgs boson [8, 9].

It was recently proposed [10] to constrain the Higgs boson width using its off-shell production
and decay to two Z bosons away from the resonance peak [11]. In the dominant gluon fu-
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From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in
the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
while the off-shell production cross section increases linearly with this scaling factor.

The dominant contribution for the production of a pair of Z bosons comes from the quark-
initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.
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Figure 2. The NNLO ZZ (black) and WW (red) invariant mass distributions in gg → V V for
µH = 125GeV.

mass distribution is shown in Fig. 2. It confirms that, above the peak, the distribution is

decreasing until the effects of the V V threshold become effective with a visible increase

followed by a plateau, by another jump at the tt̄-threshold, beyond which the signal distri-

bution decreases almost linearly (on a logarithmic scale). For gg → H → γγ the effect is

drastically reduced and confined to the region Mγγ between 157GeV and 168GeV, where

the distribution is already five orders of magnitude below the peak.

What is the net effect on the total cross-section? We show it for ZZ in Table 1 where

the contribution above the ZZ -threshold amounts to 7.6%. We have checked that the effect

does not depend on the propagator function, complex-pole propagator or Breit-Wigner

distribution. The size of the effect is related to the shape of the distribution function. The

complex-mass scheme can be translated into a more familiar language by introducing the

Bar-scheme [54]. Performing the well-known transformation

M
2
H = µ2

H + γ2H , µH ΓH = MH γH . (2.10)
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Figure 6: Observed (solid) and expected (dashed) likelihood scans of GH. Left plot: Results of
the SM-like couplings analysis are shown using the data only from 2016 and 2017 (black) or
from the combination of Run 1 and Run 2 (red), which do not include 2015 data. Right plot:
Results of the combined Run 1 and Run 2 data analyses, with 2015 data included in the on-shell
case, for the SM-like couplings or with three unconstrained anomalous coupling parameters,
fa3 cos (fa3) (red), fa2 cos (fa2) (blue), and fL1 cos (fL1) (violet). The dashed horizontal lines
show the 68% and 95% CL regions.

fusion (±0.2 and ±0.4 MeV), the muon efficiency uncertainty (±0.1 and ±0.4 MeV), and the
electron efficiency uncertainty (±0.1 and ±0.3 MeV).

The width constraints could also be reinterpreted as an off-shell signal strength with a change
of parameters. For this interpretation, we perform an SM-like analysis of only the off-shell
events, where the signal strength is modified by the parameter µoff-shell common to all pro-
duction mechanisms in Eqs. (1) and (10), with GH = G0 = GSM

H and the SM expectation corre-
sponding to µoff-shell = 1. In addition, we also perform a fit of the off-shell events with two
unconstrained parameters µoff-shell

F and µoff-shell
V , which express the signal strengths in the gluon

fusion and EW processes, respectively. These constraints are summarized in Table 10.

7 Summary
Studies of on-shell and off-shell H boson production in the four-lepton final state are presented,
using data from the CMS experiment at the LHC that correspond to an integrated luminosity
of 80.2 fb�1 at a center-of-mass energy of 13 TeV. Joint constraints are set on the H boson total
width and parameters that express its anomalous couplings to two electroweak vector bosons.
These results are combined with those obtained from the data collected at center-of-mass ener-
gies of 7 and 8 TeV, corresponding to integrated luminosities of 5.1 and 19.7 fb�1, respectively.
Kinematic information from the decay particles and the associated jets are combined using ma-
trix element techniques to identify the production mechanism and increase sensitivity to the H
boson couplings in both production and decay. The constraints on anomalous HVV couplings
are found to be consistent with the standard model expectation in both on-shell and off-shell
regions, as presented in Tables 6 and 7. Under the assumption of a coupling structure similar
to that in the standard model, the H boson width is constrained to be 3.2+2.8

�2.2 MeV while the
expected constraint based on simulation is 4.1+5.0

�4.0 MeV, as shown in Table 8. The constraints on
the width remain similar with the inclusion of the tested anomalous HVV interactions and are
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Figure 3: Scan of the negative log-likelihood, �2 ln �, for the (a) o�-shell Higgs signal strength, µo�-shell (b) �H/�SM
H

ratio (c) Rgg = 2g,o�-shell/2g,on-shell. The solid lower black (upper blue) line represents the observed (expected) value
including all systematic uncertainties, while the dashed lower black (upper blue) line is for the observed (expected)
value without systematic uncertainties (lower and upper refer here to the position of the lines in the legend). The
double minimum structure of the scan when the parameter of interest approaches zero is the consequence of the
parametrisation as shown in Eqs. (1).
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The discovery of a new boson consistent with the standard model (SM) Higgs boson by the AT-
LAS and CMS Collaborations was recently reported [1–3]. The mass of the new boson (mH) was
measured to be near 125 GeV, and the spin-parity properties were further studied by both ex-
periments, favouring the scalar, JPC = 0++, hypothesis [4–7]. The measurements were found to
be consistent with a single narrow resonance, and an upper limit of 3.4 GeV at a 95% confidence
level (CL) on its decay width (GH) was reported by the CMS experiment in the four-lepton de-
cay channel [7]. A direct width measurement at the resonance peak is limited by experimental
resolution, and is only sensitive to values far larger than the expected width of around 4 MeV
for the SM Higgs boson [8, 9].

It was recently proposed [10] to constrain the Higgs boson width using its off-shell production
and decay to two Z bosons away from the resonance peak [11]. In the dominant gluon fu-
sion production mode the off-shell production cross section is known to be sizable. This arises
from an enhancement in the decay amplitude from the vicinity of the Z-boson pair produc-
tion threshold. A further enhancement comes, in gluon fusion production, from the top-quark
pair production threshold. The zero-width approximation is inadequate and the ratio of the
off-shell cross section above 2mZ to the on-shell signal is of the order of 8% [11, 12]. Further
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From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in
the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
while the off-shell production cross section increases linearly with this scaling factor.

The dominant contribution for the production of a pair of Z bosons comes from the quark-
initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.

1

The discovery of a new boson consistent with the standard model (SM) Higgs boson by the AT-
LAS and CMS Collaborations was recently reported [1–3]. The mass of the new boson (mH) was
measured to be near 125 GeV, and the spin-parity properties were further studied by both ex-
periments, favouring the scalar, JPC = 0++, hypothesis [4–7]. The measurements were found to
be consistent with a single narrow resonance, and an upper limit of 3.4 GeV at a 95% confidence
level (CL) on its decay width (GH) was reported by the CMS experiment in the four-lepton de-
cay channel [7]. A direct width measurement at the resonance peak is limited by experimental
resolution, and is only sensitive to values far larger than the expected width of around 4 MeV
for the SM Higgs boson [8, 9].

It was recently proposed [10] to constrain the Higgs boson width using its off-shell production
and decay to two Z bosons away from the resonance peak [11]. In the dominant gluon fu-
sion production mode the off-shell production cross section is known to be sizable. This arises
from an enhancement in the decay amplitude from the vicinity of the Z-boson pair produc-
tion threshold. A further enhancement comes, in gluon fusion production, from the top-quark
pair production threshold. The zero-width approximation is inadequate and the ratio of the
off-shell cross section above 2mZ to the on-shell signal is of the order of 8% [11, 12]. Further
developments to the measurement of the Higgs boson width were proposed in Refs. [13, 14].

The gluon fusion production cross section depends on GH through the Higgs boson propagator

dsgg!H!ZZ

dm
2
ZZ

⇠
g

2
ggHg

2
HZZ

(m2
ZZ � m

2
H)

2 + m
2
HG2

H
, (1)

where gggH and gHZZ are the couplings of the Higgs boson to gluons and Z bosons, respectively.
Integrating either in a small region around mH, or above the mass threshold mZZ > 2mZ, where
(mZZ � mH) � GH, the cross sections are, respectively,

son-shell
gg!H!ZZ⇤ ⇠

g
2
ggHg

2
HZZ

mHGH
and soff-shell

gg!H⇤!ZZ ⇠
g

2
ggHg

2
HZZ

(2mZ)2 . (2)

From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in
the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
while the off-shell production cross section increases linearly with this scaling factor.

The dominant contribution for the production of a pair of Z bosons comes from the quark-
initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.

# < 14.4 MeV (15.2 exp.) @ 95% C.L. 
Run 2, H → ZZ* → 4ℓ + 2ℓ2$

# < 9.16 MeV (13.7 exp.) @ 95% C.L. 
Run1 + Run2, H → ZZ* → 4ℓ Starting to also place 

a lower bound on # !
Idea: make the ratio between the 
two cross sections and measure ΓH

The NNLO ZZ (black) and WW (red) invariant mass 
distributions in gg→VV for mH =125GeV  
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No off-shell scenario (μoff-shell=0) excluded >99.9% CL  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Higgs couplings.

After 10 years, five main production channels and
five main decay channels observed and being
used for measurements

0 0.5 1 1.5 2 2.5

γZ

µµ

bb

ττ

WW

ZZ

γγ

ggH
 0.08± = 0.97 

ggH
µ

0.11− 
0.12+ 1.08

0.13− 
0.14+ 0.93

0.10− 
0.11+ 0.90

 0.21±0.66 

2.54− 
2.97+ 5.31

0.70− 
0.74+ 0.33

1.23− 
1.39+ 3.86

0 1 2 3

γZ

µµ

bb

ττ

WW

ZZ

γγ

VBF
 0.12± = 0.80 

VBF
µ

0.32− 
0.35+ 1.00

0.32− 
0.48+ 0.32

0.24− 
0.28+ 0.73

0.16− 
0.17+ 0.86

0.73− 
0.86+ 1.55

2.89− 
3.82+ -4.43

0 1 2 3 4

γZ

µµ

bb

ττ

WW

ZZ

γγ

WH
0.25− 
0.26+  = 1.49

WH
µ

0.47− 
0.54+ 1.43

1.55+ 0.00

0.70− 
0.72+ 2.41

0.57− 
0.61+ 1.33

0.41− 
0.42+ 1.26

0 1 2 3 4

γZ

µµ

bb

ττ

WW

ZZ

γγ

ZH
0.23− 
0.24+  = 1.29

ZH
µ

0.62− 
0.71+ 1.19

5.69− 
6.59+ 12.24

0.67− 
0.75+ 1.76

0.56− 
0.65+ 1.89

0.34− 
0.36+ 0.90

0 0.5 1 1.5 2 2.5 3

γZ

µµ

bb

ττ

WW

ZZ

γγ

ttH+tH
0.17− 
0.18+  = 1.13

ttH+tH
µ

0.29− 
0.34+ 1.38

0.73+ 0.00

 0.32±1.44 

0.37− 
0.44+ 0.35

0.44− 
0.46+ 0.90

2.21− 
2.63+ 3.07

γZ
0.96− 
1.07+  = 2.59γZµ

µµ
0.42− 
0.45+  = 1.21µµµ

bb
0.21− 
0.22+  = 1.05bbµ

ττ
 0.10± = 0.85 ττµ

WW
 0.09± = 0.97 WWµ

ZZ
0.11− 
0.12+  = 0.97ZZµ

γγ
 0.09± = 1.13 γγµ

1 SD±Observed 1 SD± combined 
i
µ   

CMS  (13 TeV)-1138 fb
f
i
µ

0 2 4 6 8
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

3.36− 
3.04+ 5.63

1 2

4−10

3−10

2−10

1−10

1

ve
v 
V

m 
V

κ
 o

r 
ve

v 
F

m 
F

κ

 Run 2ATLAS

µ

c

τ
b

W

Z
t

tκ = cκ

 is a free parametercκ

SM prediction

1−10 1 10 210

Particle mass [GeV]

0.8

1

1.2

1.4V
κ

 o
r 

F
κ

eν µν τν u c t

Leptons Quarks

e µ τ d s b

g γ Z W H

Force carriers Higgs boson

Global signal strength
µ = 1.05 ± 0.06 (6%) (ATLAS) µ = 1.00 ± 0.06 (6%) (CMS)

Relationship between mass and coupling as predicted by
SM within current uncertainties and assuming total width
dominated by SM decays

Hot topic: studying the couplings of second generation
fermions ! more in André’s talk

[Nature 607, 52–59 (2022), Nature 607, 60-68 (2022)]
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After 10 years many signal strength modifiers1) measured 
5 main production channels and 5 main decay channels are observed 

1)  scale cross sections and branching fractions relative to the SM  μ
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used for measurements
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Coupling vs mass
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Follows pattern expected in SM

Higgs-charm coupling: see A. Marini's talk after the coffee break
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Remarkable agreement with the predictions  
of the BEH mechanism over 3 orders of 
magnitude of mass! 

Coupling modifier kj :  parameterisation of inclusive production and decay rates  
e.g. kj2 =  σ/σSM
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Coupling vs mass
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Remarkable agreement with the predictions  
of the BEH mechanism over 3 orders of 
magnitude of mass! 

 ~5% precision on kV 

   Observation (>5σ) of coupling with  3rd gen.  

   Evidence (>3σ) of coupling with 2nd gen.

Coupling modifier kj :  parameterisation of inclusive production and decay rates  
e.g. kj2 =  σ/σSM
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Coupling vs mass
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magnitude of mass! 

 ~5% precision on kV 

   Observation (>5σ) of coupling with  3rd gen.  

   Evidence (>3σ) of coupling with 2nd gen.

Observation of fundamental interaction  
(the Yukawa) is important as observation  
of a fundamental particle. 

They were never seen until L
HC Run2 !

Coupling modifier kj :  parameterisation of inclusive production and decay rates  
e.g. kj2 =  σ/σSM
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High 
Luminosity 
LHC

Conclusion.
Precision of measured Higgs couplings increased
strongly from discovery to now

? Number of Higgs bosons produced at LHC
increased by a factor of 36 since discovery

? Next step of improvement when combining
ATLAS and CMS results

But: many beyond SM scenarios predict only
%-level deviations from SM

About 20⇥ more Higgs bosons expected from
Run3 and High-Luminosity LHC

? Harsher experimental conditions require
upgrades of our detectors

See the talks in the afternoon for the newest results and
more details!
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Many beyond SM scenarios predict only %-level 
deviations from SM ! 

About 20× more Higgs bosons expected from 
Run3 and High-Luminosity LHC  

 Harsher experimental conditions require 
upgrades of our detectors 
→

hopes & wishes
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A self-interacting Higgs (as SM predicts) would be unlike anything yet seen in nature. 
All other interactions change particle identity. 
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The Higgs boson cubic ( ) and quartic ( ) couplings are 
the keys to check the EWSB.  The Higgs boson potential is : 
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Direct test of cubic coupling only with HH production
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Deviations from SM Higgs boson self-coupling cause a 
modified potential that allows first-order electroweak phase 
transition and hence an explanation of the observed matter 
vs anti-matter asymmetry!
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The thermal history of the Universe
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Figure 8. Modification of the self-coupling �H3/�H3,0 as a function of the coe�cients �j from the di↵erent
UV potentials given in Eq.(11). Blue lines represent first-order phase transitions and red dotted lines
second-order phase transitions. The cuto↵ is ⇤ = 2 TeV.

constant �H3 . Alternatively, we can fix �c/Tc for di↵erent UV potentials and find that a decrease
in �H3 corresponds to a decrease also in �H4 or an increase in Tc.

Finally, Fig. 8 explicitly shows the connection between the strength of the observable e↵ect
at LHC scales, measured by �H3/�H3,0 and the size of the new physics contribution �V at the
microscopic scale ⇤, measured by the value of the dimensionless coe�cients �j . The nature of the
electroweak phase transition is encoded in the coloring of the lines. The onset of the first-order
phase transition is at values that can also be read o↵ from Fig. 7: for logarithmic modifications
we find the lowest value of �H3/�H3,0 ⇡ 1.4, for the �

6 modification �H3/�H3,0 ⇡ 1.5, and for
exponential modifications �H3/�H3,0 ⇡ 1.9. This size of all modifications can be probed in the
high-luminosity run at the LHC. Importantly, the Higgs self-couplings grow continuously as a
function of �j while �c/Tc remains zero till the onset of the first-order phase transition and only
then starts to grow continuously.

IV. OUTLOOK

Higgs pair production or the measurement of the Higgs self coupling is an extraordinarily
interesting LHC analysis. We find that it is well motivated by modified Higgs potentials which
allow for a strong first-order electroweak phase transition and hence an explanation of the observed
matter vs anti-matter asymmetry. We have studied a wide range of such modifications to the
Higgs potential, especially potentials that cannot be expanded as an e↵ective field theory. We used
the functional renormalization group to describe the dependence on the field value � and on the
temperature T . For all classes of potentials considered here, there exists an appropriate choice of
model parameters, for which the phase transition is of first order and su�ciently strong, �c/Tc & 1.

Our numerical analysis indicates that the requirement �c/Tc = 1 corresponds to a critical scale
of the order of 10 TeV for all our potentials, where the potentials become strongly coupled. Below
this scale we can rely on our assumed potentials to describe LHC signals. We then found that a
strong first-order phase transition universally predicts an enhancement of the Higgs self-couplings
�H3 & 1.5�H3,0 and �H4 & 4�H4,0. Extending earlier studies, we systematically established this
connection between a first-order transition and a measurable deviation of the Higgs self couplings,
employing a method that can describe systems with multiple physical scales in a controlled manner.
While it might be possible that a new physics model features a strong first-order transition with all
e↵ects on �

H3/4 canceling accidentally [9], none of our examples falls into this class. We conclude
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1.1. Overview of production modes 7
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Figure 1.2: Total production cross sections for Higgs pairs within the SM via gluon fusion,
vector-boson fusion, double Higgs-strahlung and double Higgs bremsstrahlung off top quarks.
PDF4LHC15 parton densities have been used with the scale choices according to Table 1.1. The size
of the bands shows the total uncertainties originating from the scale dependence and the PDF+Æs
uncertainties.

Figure 1.3: Higgs pair invariant mass distribution at leading order for the different contributions to
the gluon fusion production mechanism and their interference.
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Figure 1.3: Higgs pair invariant mass distribution at leading order for the different contributions to
the gluon fusion production mechanism and their interference.
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where σ is the production cross-section and B is the branching fraction. 
Perfect agreement with SM expectations would yield all µ equal to one.

A first test of compatibility is performed by fitting all data from pro-
duction modes and decay channels with a common signal-strength 
parameter, µ. At the time of discovery, the common µ was found 
to be 0.87 ± 0.23. The new combination of all the Run 2 data yields 
µ = 1.002 ± 0.057, in excellent agreement with the SM expectation. 
The uncertainties in the new measurement correspond to an improve-
ment by a factor of 4.5 in precision compared with what was achieved 
at the time of discovery. At present, the theoretical uncertainties in the 
signal prediction, and the experimental statistical and the systematic 
uncertainties separately contribute at a similar level, and they are 0.036, 
0.029 and 0.033, respectively.

Relaxing the assumption of a common signal-strength parameter, 
and introducing different µi and µf, our measurements are shown in 
Fig. 2. The production modes ggH, VBF, WH, ZH and ttH are all observed 
with a significance of 5 s.d. or larger.

The κ framework for coupling modifiers
BSM physics is expected to affect the production modes and decay 
channels in a correlated way if they are governed by similar interac-
tions. Any modification in the interaction between the Higgs boson 
and, for example, the W bosons and top quarks would affect not only 
the H → WW (Fig. 1g) or H → γγ (Fig. 1i,j) decay rates but also the pro-
duction cross-section for the ggH (Fig. 1a), WH (Fig. 1c) and VBF (Fig. 1b) 
modes. To probe such deviations from the predictions of the SM, the 
κ framework38 is used. The quantities, such as σi, Γ f and ΓH, computed 
from the corresponding SM predictions, are scaled by κi

2, as indicated 
by the vertex labels in Fig. 1. As an example, for the decay H → γγ pro-
ceeding via the loop processes of Fig. 1i,j, the branching fraction is 
proportional to κ γ

2 or κ κ(1.26 − 0.26 )W t
2. In the SM, all κ values are equal 

to one.

A first such fit to Higgs boson couplings introduces two parameters, 
κV and κf, scaling the Higgs boson couplings to massive gauge bosons 
and to fermions, respectively. With the limited dataset available at the 
time of discovery, such a fit provided first indications for the existence 
of both kinds of coupling. The sensitivity with the present data is much 
improved, and both coupling modifiers are measured to be in agree-
ment, within an uncertainty of 10%, with the predictions from the SM, 
as shown in Fig. 3 (left).

A second fit is performed to extract the coupling modifiers κ for the 
heavy gauge bosons (κW and κZ) and the fermions probed in the present 
analyses (κt, κb, κτ and κµ). Predictions for processes that in the SM occur 
via loops of intermediate virtual particles, for example, Higgs boson 
production via ggH, or Higgs boson decay to a pair of gluons, photons 
or Zγ, are computed in terms of the κi above. The result is shown in 
Fig. 3 (right), as a function of the mass of the probed particles. The 
remarkable agreement with the predictions of the BEH mechanism 
over three orders of magnitude of mass is a powerful test of the valid-
ity of the underlying physics. Statistical and systematic uncertainties 
contribute at the same level to all measurements, except for κµ, which 
still is dominated by the statistical uncertainty.

In extensions of the SM with new particles, the loop-induced pro-
cesses may receive additional contributions. A more general fit for 
deviations in the Higgs boson couplings can then be defined by intro-
ducing additional modifiers for the effective coupling of the Higgs 
boson to gluons (κg), photons (κγ) and Zγ (κZγ). The results for this fit 
are shown in Fig. 4 (left). Coupling modifiers are probed at a level of 
uncertainty of 10%, except for κb and κµ (about 20%) and κZγ (about 
40%), and all measured values are compatible with the SM expectations, 
to within 1.5 s.d. These measurements correspond to an increase in 
precision by a factor of about five compared with what was possible 
with the discovery dataset. Figure 4 (right) and Extended Data Fig. 8 
(left) illustrate the evolution of several κ measurements and their 
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uncertainties using the dataset: at the time of discovery ( July 2012)2,3; 
for the full Run 1 (end of 2012)35; for results presented in this paper; and 
expected to be accumulated by the end of the HL-LHC running69, cor-
responding to = 3, 000 fb−1L . The statistical uncertainties have been 
scaled by 1/ L, the experimental systematic ones by L1/  where pos-
sible, or fixed at values suggested in ref. 69, whereas the theoretical 
uncertainties have been halved.

A sizeable improvement is expected after HL-LHC operation. The 
H → µµ measurements were not available for the first two datasets owing 
to the lack of sensitivity. The evolution of several signal-strength meas-
urements µ are shown in Extended Data Fig. 7.

If new particles exist with masses smaller than mH, other decay chan-
nels may be open. Examples of such decays could be into new neutral 
long-lived particles or into dark-matter particles, neither leaving a 
trace in the CMS detector. We refer to these as ‘invisible’ Higgs boson 
decays, which could be inferred from the presence of large pT

miss in the 
direction of the Higgs boson momentum. The events are selected based 
on other particles accompanying the Higgs boson. Dedicated searches 
for such decays70–72 yielded < 0.16Inv.B  at 95% CL, where Inv.B  is the 
branching fraction to invisible decays.

Results from the search for Higgs boson pair 
production
The cross-section for Higgs boson pair production in the SM is 
extremely small, thus escaping detection at the LHC so far. The results of 
the search are therefore expressed as an upper limit on the production 
cross-section. Figure 5 (left) shows the expected and observed limits 
on Higgs boson pair production, expressed as ratios with respect to the 
SM expectation, in searches using the different final states and their 
combination. With the current dataset, and combining data from all 
currently studied modes and channels, the Higgs boson pair produc-
tion cross-section is found to be less than 3.4 times the SM expecta-
tion at 95% CL. Figure 5 (right) shows the evolution of the limits from 
the three most sensitive modes and the overall combination for: the 
first comprehensive set of measurements using early LHC Run 2 data 
(35.9 fb−1)73, the present measurements using the full LHC Run 2 data 
(138 fb−1) and the projections for the HL-LHC (3,000 fb−1)69. The HL-LHC 

projections are also expressed as limits, assuming that there is no Higgs 
boson pair production. The fact that the combined limit is expected to 
be below unity shows that the sensitivity is sufficient to establish the 
existence of the SM HH production.

Figure 6 presents the expected and observed experimental limits 
on the HH production cross-section as functions of the Higgs boson 
self-interaction coupling modifier κλ and the quartic VVHH coupling 
modifier κ2V. Cross-section values above the solid black lines are 
experimentally excluded at 95% CL. The red lines show the predicted 
cross-sections as functions of κλ or κ2V, which exhibit a characteristic 
dip in the vicinity of the SM values (κ = 1) owing to the destructive inter-
ference of the contributing production amplitudes, as highlighted in 
‘Higgs boson pair production’. The experimental limits on the Higgs 
boson pair production cross-section (black lines) also show a strong 
dependence on the assumed values of κ. This is because the interfer-
ence between different subprocesses, besides changing the expected 
cross-sections, also changes the differential kinematic properties of 
the two Higgs bosons, which in turn affects strongly the efficiency for 
detecting signal events. With the current dataset, we can ascertain at 
the 95% CL that the Higgs boson self-interaction coupling modifier κλ 
is in the range of −1.24 to 6.49, whereas the quartic κ2V coupling modi-
fier is in the range of 0.67 to 1.38. Figure 6 (right) shows that κ2V = 0 is 
excluded, with a significance of 6.6 s.d., establishing the existence of 
the quartic coupling VVHH depicted in Fig. 1n.

Current knowledge and future prospects
The discovery of the Higgs boson in 2012 completed the particle con-
tent of the SM of elementary particle physics, a theory that explains 
visible matter and its interactions in exquisite detail. The completion 
of the SM spanned 60 years of theoretical and experimental work. In 
the ten years following the discovery, great progress has been made 
in painting a clearer portrait of the Higgs boson.

In this paper, the CMS Collaboration reports the most up-to-date 
combination of results on the properties of the Higgs boson, based on 
data corresponding to an L of up to 138 fb−1, recorded at 13 TeV. Many 
of its properties have been determined with accuracies better than 
10%. All measurements made so far are found to be consistent with the 
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Putting all together : VVHH interaction
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Key role of (HH→bbbb) boosted searches and ML for H→bb decay ID
Establishing the existence of the quartic coupling VVHH 
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The future : HL-LHC and beyond 
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where σ is the production cross-section and B is the branching fraction. 
Perfect agreement with SM expectations would yield all µ equal to one.

A first test of compatibility is performed by fitting all data from pro-
duction modes and decay channels with a common signal-strength 
parameter, µ. At the time of discovery, the common µ was found 
to be 0.87 ± 0.23. The new combination of all the Run 2 data yields 
µ = 1.002 ± 0.057, in excellent agreement with the SM expectation. 
The uncertainties in the new measurement correspond to an improve-
ment by a factor of 4.5 in precision compared with what was achieved 
at the time of discovery. At present, the theoretical uncertainties in the 
signal prediction, and the experimental statistical and the systematic 
uncertainties separately contribute at a similar level, and they are 0.036, 
0.029 and 0.033, respectively.

Relaxing the assumption of a common signal-strength parameter, 
and introducing different µi and µf, our measurements are shown in 
Fig. 2. The production modes ggH, VBF, WH, ZH and ttH are all observed 
with a significance of 5 s.d. or larger.

The κ framework for coupling modifiers
BSM physics is expected to affect the production modes and decay 
channels in a correlated way if they are governed by similar interac-
tions. Any modification in the interaction between the Higgs boson 
and, for example, the W bosons and top quarks would affect not only 
the H → WW (Fig. 1g) or H → γγ (Fig. 1i,j) decay rates but also the pro-
duction cross-section for the ggH (Fig. 1a), WH (Fig. 1c) and VBF (Fig. 1b) 
modes. To probe such deviations from the predictions of the SM, the 
κ framework38 is used. The quantities, such as σi, Γ f and ΓH, computed 
from the corresponding SM predictions, are scaled by κi

2, as indicated 
by the vertex labels in Fig. 1. As an example, for the decay H → γγ pro-
ceeding via the loop processes of Fig. 1i,j, the branching fraction is 
proportional to κ γ

2 or κ κ(1.26 − 0.26 )W t
2. In the SM, all κ values are equal 

to one.

A first such fit to Higgs boson couplings introduces two parameters, 
κV and κf, scaling the Higgs boson couplings to massive gauge bosons 
and to fermions, respectively. With the limited dataset available at the 
time of discovery, such a fit provided first indications for the existence 
of both kinds of coupling. The sensitivity with the present data is much 
improved, and both coupling modifiers are measured to be in agree-
ment, within an uncertainty of 10%, with the predictions from the SM, 
as shown in Fig. 3 (left).

A second fit is performed to extract the coupling modifiers κ for the 
heavy gauge bosons (κW and κZ) and the fermions probed in the present 
analyses (κt, κb, κτ and κµ). Predictions for processes that in the SM occur 
via loops of intermediate virtual particles, for example, Higgs boson 
production via ggH, or Higgs boson decay to a pair of gluons, photons 
or Zγ, are computed in terms of the κi above. The result is shown in 
Fig. 3 (right), as a function of the mass of the probed particles. The 
remarkable agreement with the predictions of the BEH mechanism 
over three orders of magnitude of mass is a powerful test of the valid-
ity of the underlying physics. Statistical and systematic uncertainties 
contribute at the same level to all measurements, except for κµ, which 
still is dominated by the statistical uncertainty.

In extensions of the SM with new particles, the loop-induced pro-
cesses may receive additional contributions. A more general fit for 
deviations in the Higgs boson couplings can then be defined by intro-
ducing additional modifiers for the effective coupling of the Higgs 
boson to gluons (κg), photons (κγ) and Zγ (κZγ). The results for this fit 
are shown in Fig. 4 (left). Coupling modifiers are probed at a level of 
uncertainty of 10%, except for κb and κµ (about 20%) and κZγ (about 
40%), and all measured values are compatible with the SM expectations, 
to within 1.5 s.d. These measurements correspond to an increase in 
precision by a factor of about five compared with what was possible 
with the discovery dataset. Figure 4 (right) and Extended Data Fig. 8 
(left) illustrate the evolution of several κ measurements and their 
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
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corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
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be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly

36/75

Key legacy of HL-LHC:  
unmatched precision over the next ≥30 years

CMS: Nature 607, 60-68 (2022)  
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Going differential.
In addition to looking at total rates, study
kinematics in Higgs production

Effects of physics beyond the SM can be
enhanced in tails of distributions

Combining H ! �� and H ! ZZ
⇤ ! 4` pT

measurement and H ! bb̄ and H ! cc̄ (see
André’s talk)

c ⇢ [�2.5, 2.5] at 95% CL
(assuming V = t = 1 and no non-SM decays)

[CMS-PAS-HIG-19-016, ATLAS-CONF-2022-002, CERN-EP-2022-143]

19 / 21

CA Lee, HL/HE-LHC Jamboree, 1 March 2019

The EFT Approach: QGCs

• A useful way to look for the effects of new physics in a model-independent framework is to use an EFT description of 
the SM

• Define a scale of new physics !, and add higher-dimension operators to the SM Lagrangian:

• Dimension-8 operators are the lowest-dimension operators inducing only QGCs without TGC vertices: 18 
independent C,P conserving aQGC (dim 8) operators:

•

�17

S: Pure Higgs field, pure longitudinal 
M: Mixed Higgs-field-strength, mixed 

long-transverse 
T: Pure field-strength tensor, pure 

transverse

Allowed by SM

𝚲 define the scale of new physics

Higgs boson in BSM searches
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The role of H in searches for BSM
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Searching for H125 exotic 
decays  

Searching for H125 invisible  
and undetected decays  

A
H±

Searching for additional particle of  
an extended sector 

Searching for H125 flavour 
violating decays

?

?

H …

H125

Few examples 
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The role of H in searches for BSM
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The role of H in searches for BSM
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H125 exotic decays  H125 invisible  
and undetected decays  
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Higgs boson to invisible decay
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The expected SM H branching fraction to invisible decay ( ) is 0.12% due to  
Several BSM scenario  anomalous and sizeable values,  is significantly enhanced.

ℬinv H → ZZ* → νν̄νν̄
⇒ ℬinv



U. Milano-Bicocca - 27/02/2023 - Roberto Salerno - 

Higgs boson to invisible decay
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The expected SM H branching fraction to invisible decay ( ) is 0.12% due to  
Several BSM scenario  anomalous and sizeable values,  is significantly enhanced.

ℬinv H → ZZ* → νν̄νν̄
⇒ ℬinv

In one class of models H decay in a pair of stable WIMPs.  
They represent a simple extension of the SM to provide a Dark 
Matter (DM) candidate and are able to predict the observed relic 
DM density via 𝑠-channel  annihilation.χχ → ff̄

H

χ

χ

λHχχ

The solution of the DM problem could be found within the Higgs sector.
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The expected SM H branching fraction to invisible decay ( ) is 0.12% due to  
Several BSM scenario  anomalous and sizeable values,  is significantly enhanced.

ℬinv H → ZZ* → νν̄νν̄
⇒ ℬinv

In one class of models H decay in a pair of stable WIMPs.  
They represent a simple extension of the SM to provide a Dark 
Matter (DM) candidate and are able to predict the observed relic 
DM density via 𝑠-channel  annihilation.χχ → ff̄

H

χ

χ

λHχχ

The solution of the DM problem could be found within the Higgs sector.

Common signature : significant missing transverse momentum from the Higgs boson decay.  
Identify the event : profit of visible particles recoiling against the Higgs boson.
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Search for Higgs boson to invisible decay
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ggH boosted VBF Associated production

ATLAS and CMS probe all production mechanisms

2

3

4

5

ttH

arXiv:2202.07953

Phys.Rev.D 105 (2022) 092007

Eur.Phys.J.C 82 (2022) 2, 105
Phys.Rev.D 103 (2021) 11, 112006

JHEP 11 (2021) 153 JHEP 11 (2021) 153 

Phys.Lett.B 829 (2022) 137066
	 Eur.Phys.J.C 81 (2021)
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ggH boosted VBF Associated production

ATLAS and CMS probe all production mechanisms

2

3

4

5

ttH

arXiv:2202.07953

Phys.Rev.D 105 (2022) 092007

Eur.Phys.J.C 82 (2022) 2, 105
Phys.Rev.D 103 (2021) 11, 112006

JHEP 11 (2021) 153 JHEP 11 (2021) 153 

Phys.Lett.B 829 (2022) 137066
	 Eur.Phys.J.C 81 (2021)

ATLAS-CONF-2022-007 

χ

χ
χ

χ

χ

χ

χ

χ
H

HH

H

 R
un

2 
an

al
ys

es

The VBF production mechanism drives the overall 
sensitivity in the direct search for invisible decays of 
the Higgs boson, thanks to its large production cross 
section and distinctive event topology
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VBF Higgs boson to invisible decay
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2 jets with large angular separation  and large invariant mass   
Veto on other objects (leptons/photons) 
High missing transverse momentum (trigger constraint) → reject QCD  
Low  → reject QCD 

 Main remaining backgrounds:  and  (strong and VBF productions)

Δηjj mjj

|Δϕjj |

⇒ Z(νν) + jets W(lν) + jets

Strategy

arXiv:2202.07953

Phys.Rev.D 105 (2022) 092007
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83

2 jets with large angular separation  and large invariant mass   
Veto on other objects (leptons/photons) 
High missing transverse momentum (trigger constraint) → reject QCD  
Low  → reject QCD 

 Main remaining backgrounds:  and  (strong and VBF productions)

Δηjj mjj

|Δϕjj |

⇒ Z(νν) + jets W(lν) + jets

One analysis category

Strategy

arXiv:2202.07953

Phys.Rev.D 105 (2022) 092007
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2 jets with large angular separation  and large invariant mass   
Veto on other objects (leptons/photons) 
High missing transverse momentum (trigger constraint) → reject QCD  
Low  → reject QCD 

 Main remaining backgrounds:  and  (strong and VBF productions)

Δηjj mjj

|Δϕjj |

⇒ Z(νν) + jets W(lν) + jets

One analysis category

obs(ext) UL on 
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ℬinv

Results
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Interpretations
Upper limits on the spin-independent WIMP–nucleon cross section 
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Figure 13: Upper limits on the spin-independent WIMP–nucleon cross section using Higgs portal interpretations of
Binv at 90% CL vs <WIMP. For the vector-like WIMP hypothesis, the dependence on the mass <2 of the new scalar
particle, which is often predicted by renormalisable models, is shown for three di�erent values covering a wide range
taken from Ref. [149]. For comparison with direct searches for DM, the plot shows results from Refs. [144–146]. The
neutrino floor for coherent elastic neutrino–nucleus scattering is taken from Refs. [151, 152] and assumes germanium
as the target over the whole WIMP mass range. The dependence on the choice of target nucleus is relatively small,
given the large range of cross sections shown.

ranging from 3 · 10�43 cm2 to 1 · 10�45 cm2 are excluded for masses between 1 GeV and 60 GeV. For the
Majorana fermion WIMP interpretation, cross sections exceeding values ranging from 4 · 10�47 cm2 to
7 · 10�45 cm2 are excluded for the same mass range, and for a vector-like WIMP the exclusion limit ranges
from 5 · 10�51 cm2 to 3 · 10�46 cm2. Adding a renormalisable mechanism for generating the vector-like
WIMP masses could modify the above-mentioned correlation substantially [147–149]. Many UV-complete
models predict a new scalar particle that mixes with the Higgs boson. This adds at least two free parameters
to the model, for example its mass <2 and the mixing angle U. The dependence of the exclusion limit for
the vector-like WIMP hypothesis on the mass <2 is shown in Figure 13. The uncertainty band in the plot
uses the latest computation of the nucleon form factors [150]. The overlay shows the complementarity in
coverage by the direct-detection experiments and the searches at colliders, such as the presented analysis.

The results are further interpreted as a search for invisible decays of heavy scalar particles acting as
mediators to dark matter. The considered masses range from 50 GeV to 2 TeV, and the upper limit on the
product of cross section and branching ratio to invisible particles (fVBF

· Binv) is shown in Figure 14. The
derived limits become stronger for heavier mediator masses due to an accumulation of the signal events at
larger values of <jj, where the background yields are smaller. The 95% CL upper limit on f

VBF
· Binv is

1.0 pb at a mediator mass of 50 GeV and strengthens to 0.1 pb for a mediator mass of 2 TeV.
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Figure 13: Upper limits on the spin-independent WIMP–nucleon cross section using Higgs portal interpretations of
Binv at 90% CL vs <WIMP. For the vector-like WIMP hypothesis, the dependence on the mass <2 of the new scalar
particle, which is often predicted by renormalisable models, is shown for three di�erent values covering a wide range
taken from Ref. [149]. For comparison with direct searches for DM, the plot shows results from Refs. [144–146]. The
neutrino floor for coherent elastic neutrino–nucleus scattering is taken from Refs. [151, 152] and assumes germanium
as the target over the whole WIMP mass range. The dependence on the choice of target nucleus is relatively small,
given the large range of cross sections shown.
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from 5 · 10�51 cm2 to 3 · 10�46 cm2. Adding a renormalisable mechanism for generating the vector-like
WIMP masses could modify the above-mentioned correlation substantially [147–149]. Many UV-complete
models predict a new scalar particle that mixes with the Higgs boson. This adds at least two free parameters
to the model, for example its mass <2 and the mixing angle U. The dependence of the exclusion limit for
the vector-like WIMP hypothesis on the mass <2 is shown in Figure 13. The uncertainty band in the plot
uses the latest computation of the nucleon form factors [150]. The overlay shows the complementarity in
coverage by the direct-detection experiments and the searches at colliders, such as the presented analysis.
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product of cross section and branching ratio to invisible particles (fVBF

· Binv) is shown in Figure 14. The
derived limits become stronger for heavier mediator masses due to an accumulation of the signal events at
larger values of <jj, where the background yields are smaller. The 95% CL upper limit on f
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1.0 pb at a mediator mass of 50 GeV and strengthens to 0.1 pb for a mediator mass of 2 TeV.
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 are forbidden in the SM but takes place through the LFV 
Yukawa couplings  arising in two Higgs doublet models, extra 
dimensions, models with flavor symmetries, models of compositeness, …

H → eμ/μτ/eτ
Yij ≠ (mi/v)δij

Yee

Yμμ

Yττ

Yeμ Yeτ

Yμτ

flavour violating decays
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Figure 2: BDT discriminant distributions for the data and background processes in the H !
µth channel. A B(H ! µt) = 20% is assumed for the signal. The channel categories are 0 jets
(upper row left), 1 jet (upper row right), 2 jets ggH (lower row left), and 2 jets VBF (lower row
right). The lower panel in each plot shows the ratio of data and estimated background. The
uncertainty band corresponds to the background uncertainty in which the post-fit statistical
and systematic uncertainties are added in quadrature.

Channels: , , ,  

Jet categories: 0j, 1j, 2j (ggH), VBF  
BDTs to discriminate signal 
Joint fit to BDT outputs

eτh eτμ μτh μτe

Most sensitive category
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Figure 8: Expected (red line) and observed (black solid line) 95% CL upper limits on the LFV
Yukawa couplings, |Yµt | vs. |Ytµ | (left) and |Yet | vs. |Yte | (right). The |Yµt | or |Yet | couplings
correspond to left chiral muon or electron and right chiral t lepton, while |Ytµ | or |Yte | cou-
plings correspond to left chiral t lepton and right chiral muon or electron. In the left plot, the
expected limit is covered by the observed limit as they have similar values. The flavor diagonal
Yukawa couplings are approximated by their SM values. The green and yellow bands indicate
the range that is expected to contain 68% and 95% of all observed limit variations from the
expected limit. The shaded regions are constraints obtained from null searches for t ! 3µ or
t ! 3e (dark blue) [92] and t ! µg or t ! eg (purple) [93]. The blue diagonal line is the
theoretical naturalness limit |YijYji| = mimj/v

2 [11].

Table 4: Observed and expected upper limits at 95% CL and best fit branching fractions for
each individual jet category, and their combinations, in the H ! µt channel.

Expected limits (%)
0-jet 1-jet 2-jets VBF Combined

µte <0.34 <0.57 <1.13 <0.83 <0.27
µth <0.33 <0.43 <0.49 <0.30 <0.18
µt <0.15

Observed limits (%)
0-jet 1-jet 2-jets VBF Combined

µte <0.31 <0.36 <0.77 <0.58 <0.19
µth <0.37 <0.40 <0.50 <0.39 <0.24
µt <0.15

Best fit branching fractions (%)
0-jet 1-jet 2-jets VBF Combined

µte �0.03 ± 0.17 �0.40 ± 0.28 �0.66 ± 0.56 �0.41 ± 0.39 �0.14 ± 0.13
µth +0.05 ± 0.17 �0.05 ± 0.22 +0.02 ± 0.25 +0.10 ± 0.16 +0.07 ± 0.09
µt +0.00 ± 0.07

The upper limits on  and 
 are used to put constraints 

on  and 

ℬ(H → eτ)
ℬ(H → μτ)

Yeτ Yμτ

Better than constraints from other 
experiments and for  within the 
naturalness limit 

Yμτ

|YμτYτμ | <
mμmτ

v2
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ℬ(H → eτ) < 0.22 %ℬ(H → μτ) < 0.15 %
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A fundamentally different kind of particle, a new player in our team 
probing Nature.  

We have steadily accrued knowledge about this Higgs boson.  
The Higgs boson remains compatible with SM predictions.   

The coming decades are crucial to understand it and make use of it in 
exploring nature.  

we have only started with the Higgs boson 
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