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Chronologie

Evidences, Observations et Mesures

• Observation de  H ® gg, ZZ et WW

RUN I
~  5 fb-1 à √s = 7 TeV

~  10 fb-1 à √s = 8 TeV

Données

2011-2012

• Observation d’un boson à 125 GeV
• Détermination du spin et de la parité

ATLAS + CMS
• Observation de la production ggH et VBF
• Evidence pour les productions VH et ttH
• Mesure des propriétés du boson H

• Évidence pour H ® tt

RUN II Données

2016-2018

~  140 fb-1 à √s = 13 TeV

• Observation de H ® tt et H ® bb
• Observation des productions VH et ttH
• Évidence pour H ® µµ

• Mesures de la largeur intrinsèque
• Recherche de production de paires HH

Ici : emphase sur le sens physique illustré par quelques résultats

• Évidence pour H ® Zg, H ® llg



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



Une question de masse

La question de la nature et de l’origine de la masse :

• Est reliée à l’origine de la matière et des interactions

• Traverse toute l’histoire de la physique moderne

• Prend toute son ampleur avec l’interaction faible

• Bouleverse le récit de la naissance de l’Univers



Cinématique : masse inertielle Dynamique : masse gravitationnelle

𝐹 = 𝒎 𝑎

Newton

𝐹 =
𝐺 𝑀𝒎
𝑟!



Einstein

Espace-temps ó E = mc2

Relativité restreinte Relativité générale

La masse-énergie courbe l’espace-temps

Seule subsiste la masse inertielle dans le théâtre de l’espace-temps ! 



On injecte me et mp dans la théorie
Électrodynamique quantique

Noyau
Atomique  

𝑝!
Le calcul de 𝑚!
donne l’infini !

• 𝑚! ≫ Σ𝑚"

Chromodynamique quantique

g g = gluon
spin = 1

spin = 1/2• Le proton est constitué de quarks

𝑢 𝑢 𝑑𝑝ó
!2 3 !2 3 !−1
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ó masse d’origine dynamique !

La matière ordinaire

𝑝%

𝑒" Atome

𝛾 spin = 1

spin = 1/2



Toute la simplicité du monde

Fermions de 
matière  (spin 1/2)

Un vieux rêve réductionniste
Empédocle - Ve siècle av. J.C.Bosons vecteurs

d’interaction  (spin 1)

Force électromagnétique

Force nucléaire forte

Fondements conceptuels du modèle standard :
• Un mariage de la relativité et de la mécanique quantique
• Des interactions comme comme conséquences 

inévitables de symétries (ou invariance) de « jauge » !

• Il existe aussi une interaction faible
• Le neutrino n’interagit que par cette interaction faible



- Régulation de l’énergie produite par le Soleil !
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• Responsable d’une instabilité intrinsèque des particules de matière
p libre : stable    n libre : instable     noyaux lourds : radioactif  (p ou n instable) 

- Radioactivité
- Traitement du cancer

- 50% de la production de chaleur de la Terre !
Équivalent de ~ 50 000 réacteurs nucléaire ó mesuré grâce aux n’s

Marie Skłodowska-Curie

L’interaction faible



Fondations en péril

Toutes les particules doivent être de masses nulles !

- Impossible de préserver les fondements théoriques (les symétries)
pour une interaction véhiculée par des bosons vecteurs massifs

- L’interaction faible est de très courte portée (boson Z0 et W± massifs)

Une particule de masse nulle, comme les g de lumière, se déplace à 300000 km/s

Un électron sans masse ne serait pas piégé pour former un atome d'hydrogène

Pas d'atomes d'hydrogène signifierait pas d'étoiles et de galaxies et pas de vie !



Préserver l’essentiel

• Il faut préserver les fondements de la théorie et donc préserver les 
symétries (i.e. les principes d’invariance)

La masse des particules apparaît lorsque les champs d’interaction et
de matière sont plongés dans le « vide » physique !

• Il faut pouvoir admettre l’existence de particules massives compte 
tenu de l’interaction faible 

On conserve le contenu !

On change le contenant !



Espace

Temps

"Vrai" Vide ó
particules massives

Champ de l’ INFLATON Champ de HIGGS

< 𝑯 > ~ 𝟎 < 𝑯 > ≠ 𝟎



La brisure de symétrie :

Masse du photon = 0 
Masse des bosons Z0 et W± ≠ 0 

10-12 s, 1017 °K

Mécanisme de Brout-Englert-Higgs

Avant la brisure de symétrie :

Deux doublets complexes
4 composantes de champ H

Un champ scalaire H subsiste
< 𝑯 > ≠ 𝟎

Prédiction de l’existence d’un boson scalaire H



2011-2012
Recherche de signatures charactéristiques du boson de Higgs

H ® ggH ® ZZ* ® 4 µ

ATLAS CMS

g

g
µ µ

µ

µ

R.N./Y.S. – 18 mai 2022



Il existe un boson scalaire comme
conséquence du mécanisme BEH
de brisure spontanée de la symétrie
électrofaible ó Prix Nobel !

Mass = 125.09 ± 0.24

Découverte du boson H ó mécanisme BEH

04/10/21- Roberto Salerno -

The Higgs boson today

6

Using the LHC Run2 dataset (<5% of the final HL-LHC integrate luminosity)  

1) Precision era in the gauge sector has started (towards <10% uncertainties) 
2) Switch from discovery to properties measurements using the 3rd-generation couplings 
3) Focus on rare processes 

     evidence/observation of 2nd-generation coupling using LHC data  
      probe charm-H interaction and Higgs self-coupling

LHCP - May 23rd, 2019L. Cadamuro (UF) Higgs couplings and properties

ttH(!!) measurement

■ Both hadronic and leptonic tt final states

■ BDT based on the event object content and 

kinematics to identify high ttH purity regions

�12

CONF-2019-004 
PAS-HIG-18-018

110 120 130 140 150 160
 [GeV]γγm

0

5

10

15

20

25

30

Su
m

 o
f W

ei
gh

ts
 / 

 1
.3

75
 G

eV Data
Continuum Background
Total Background
Signal + Background

 PreliminaryATLAS
-1 = 13 TeV, 139 fbs

 = 125.09 GeVHm
All categories
ln(1+S/B) weighted sum

Figure 5: Weighted diphoton invariant mass spectrum for the sum of all BDT categories observed in 139 fb�1 of 13
TeV data. Events are weighted by ln(1 + S90/B90), where S90 (B90) for each BDT category is the expected signal
(background) in the smallest m�� window containing 90% of the expected signal. The error bars represent 68%
confidence intervals of the weighted sums. The solid red curve shows the fitted signal-plus-background model with
the Higgs boson mass constrained to 125.09±0.24 GeV. The non-resonant and total background components of the fit
are shown with the dotted blue curve and dashed green curve. Both the signal-plus-background and background-only
curves shown here are obtained from the weighted sum of the individual curves in each BDT category.

Table 3: Observed number of events in the di�erent categories for the cross section times branching ratio measurement,
using 13 TeV data corresponding to an integrated luminosity of 139 fb�1(“Data”). The observed yields are compared
with the sum of expected tt̄H signal, background from non-tt̄H Higgs boson production, and other background
sources. The numbers are counted in the smallest m�� window containing 90% of the expected signal. The
background yield is extracted from the fit with freely floating signal. The BDT bins are labeled such that the category
with the highest signal purity in each of the “Had” and “Lep” regions is labeled as category 1, while that with the
lowest signal purity is labeled with the largest number.

Category tt̄H Signal non-tt̄H Higgs Continuum Background Total (Expected) Data
tt̄H “Lep” Category 1 7.9 ± 1.5 0.42 ± 0.12 4.6 ± 0.9 12.9 ± 1.8 15
tt̄H “Lep” Category 2 3.9 ± 0.6 0.43 ± 0.15 7.5 ± 1.2 11.8 ± 1.3 11
tt̄H “Lep” Category 3 1.45 ± 0.24 0.49 ± 0.19 7.5 ± 1.2 9.5 ± 1.2 6
tt̄H “Had” Category 1 6.9 ± 1.6 0.8 ± 0.5 4.5 ± 0.9 12.2 ± 1.9 15
tt̄H “Had” Category 2 5.6 ± 1.0 1.1 ± 0.8 16.5 ± 1.7 23.2 ± 2.3 31
tt̄H “Had” Category 3 7.7 ± 1.3 3.1 ± 2.2 56.0 ± 3.0 67 ± 4 82
tt̄H “Had” Category 4 4.9 ± 0.8 5 ± 4 101 ± 4 111 ± 6 105
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4.9 σ observed significance  
(4.2 σ expected)

   Benefit of the full Run II datasetClean decay channel but very rare process (σ ⨉ BR ≈ 1.2 fb)
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Figure 7: The normalized fraction of events in bins of BDT score in the (a) “Had” and (b) “Lep” regions of: simulated
tt̄H signal events (red); simulated non-tt̄H Higgs boson events (blue); “Not Tight/Isolated” data events used as
the background sample in testing the BDTs (open stars); and data sideband events (filled black circles). The “Not
Tight/Isolated” (NTI) data events shown are those used in testing the BDTs, and, as such, they are required to pass
all cuts in the diphoton and tt̄H preselections, other than the identification and isolation criteria. The dashed line
denotes the BDT-score cut of the loosest category in each region.
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Figure 8: The number of data events in the di�erent analysis BDT bins, in the smallest diphoton mass window that
contains 90% of the tt̄H signal, shown with black points. The expected continuum background is extracted from the
diphoton mass fits in each category and is shown in purple. The non-tt̄H Higgs boson background is shown in green,
and the tt̄H signal (for a signal strength µ = �/�SM of 1.4) is shown in red. The lower panel shows the residuals
between the data and the background in black points, as well as the predicted tt̄H signal with µ = 1.4 as the red line.
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μ = 1.38+0.41-0.36
Updated CMS results with 2016+2017 data: 
μ = 1.7+0.6-0.5
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Figure 5: Post-fit distributions of the BDT score in the signal region of the 2L Low-pT(V), 2L
High-pT(V), 1L and 0L channels.
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H ® 4 leptons

SP ≠ 1
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• … mais sournoise !

La possibilité d’un île

• « La nature est généreuse » avec ce choix de masse pour le boson H
Accès à de très nombreux modes de production 𝑥 désintégration ! Fabiola Gianotti, 4 juillet 2012

Eur. Phys. J. C (2014) 74:2704 Page 3 of 27 2704

Fig. 1 The maximal value of the h boson mass as a function of Xt/MS
in the pMSSM when all other soft SUSY-breaking parameters and
tan β are scanned (left) and the contours for the Higgs mass range 123

< Mh < 127 GeV in the [MS, Xt ] plane for some selected range of
tan β values (right); from Ref. [35]

trum is extremely heavy, the so-called split SUSY [76–78] or
high-scale SUSY models [79,80]. Finally, a new parametri-
sation of the Higgs sector, which uses the crucial information
Mh = 125 GeV, is discussed [81].

2.2 Implications for the phenomenological MSSM

In an unconstrained MSSM, there is a large number of
soft SUSY-breaking parameters, O(100), but analyses can
be performed in the so-called “phenomenological MSSM”
(pMSSM) [63], in which CP conservation, flavour diago-
nal sfermion mass and coupling matrices and universality
of the first and second sfermion generations are imposed.
The pMSSM involves then 22 free parameters in addition to
those of the SM: besides tan β and MA, these are the higgsino
mass µ, the three gaugino masses M1,2,3, the diagonal left-
and right-handed sfermion mass parameters m f̃L ,R

and the
trilinear sfermion couplings A f .

As discussed above, an estimate of the upper bound on
Mh can be obtained by including the corrections that involve
only the parameters MS and Xt . However, to be more precise,
one could scan the full pMSSM 22 parameter space in order
to include the subleading corrections. To do so, one can use
RGE programs such as Suspect [82] which calculate the
Higgs and superparticle spectrum in the MSSM including
the most up-to-date information [25].

To obtain the value Mmax
h with the full radiative correc-

tions, a large scan of the pMSSM parameters in an uncorre-
lated way was performed [35,36] in the domains:

1 ≤ tan β ≤ 60, 50 GeV ≤ MA ≤ 3 TeV,

−9 TeV ≤ At , Ab, Aτ ≤ 9 TeV,

50 GeV ≤ m f̃L
, m f̃R

, M3 ≤ 3 TeV,

50 GeV ≤ M1, M2, |µ| ≤ 1.5 TeV. (7)

The results are shown in Fig. 1, where, in the left-hand
side, the obtained maximal value Mmax

h is displayed as a func-
tion of the ratio of parameters Xt/MS . The resulting values
are confronted to the mass range 123 GeV ≤ Mh ≤ 127 GeV
when the parametric uncertainties from the SM inputs such
as the top quark mass and the theoretical uncertainties in the
determination of Mh are included1.

For MS ! 1 TeV, only the scenarios with Xt/MS values
close to maximal mixing Xt/MS ≈

√
6 survive. The no-

mixing scenario Xt ≈ 0 is ruled out for MS ! 3 TeV, while
the typical mixing scenario, Xt ≈ MS , needs large MS and
moderate to large tan β values. From the scan, one obtains
a maximum Mmax

h = 136, 126 and 123 GeV with maximal,
typical and zero mixing, respectively.

What are the implications for the mass of the lightest stop
state t̃1? This is illustrated in the right-hand side of Fig. 1,
where the contours are shown in the [MS, Xt ] plane in which
one obtains 123 < Mh < 127 GeV from the pMSSM scan;
the regions in which tan β ! 3, 5 and 60 are highlighted.
One sees again that a large part of the parameter space is
excluded if the Higgs mass constraint is imposed. In partic-
ular, large MS values, in general corresponding to large mt̃1
are favoured. However, as MS = √mt̃1mt̃2 , the possibility
that mt̃1 is of the order of a few 100 GeV is still allowed,
provided that stop mixing (leading to a significant mt̃1, mt̃2
splitting) is large [36,57–59].

1 This uncertainty is obtained by comparing the outputs of SuSpect
and FeynHiggs [83] which use different schemes for the radiative
corrections: while the former uses the DR scheme, the latter uses the
on-shell scheme; the difference in the obtained Mh amounts to ≈ ±2–
3 GeV in general. To this, one has to add an uncertainty of ±1 GeV from
the top quark mass measurement at the Tevatron, mt = 173 ± 1 GeV
[85]. Note that it is not entirely clear whether this mass is indeed the
pole quark mass. A more rigorous determination of the pole mass from
the measured top-pair cross section at the Tevatron gives a lower value
with a larger uncertainty, mpole

t = 171 ± 3 GeV [84].
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• Toutes les pistes sont brouillées !
• Triomphe du découplage ?



• … et malicieuse !

La fragilité du vide
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Un Univers improbable ?  De la nouvelle physique ?

SUSY : mH calculable 
5 bosons : h, H, A, H±

• Le fait que mH soit arbitraire et non 
protégée dans la théorie introduit des 
problèmes de naturalité et de hiérarchie 

Les particules lourdes au LHC :
mtop = 173,29 ± 0,95 GeV
mH = 125,09 ± 0,24 GeV

ó métastabilité du vide !



Lissage global, GFITTER 2018

De la cohérence de la théorie

174.30 ± 0.64 Tevatron Combined (CDF, D0)
172.69 ± 0.48 ATLAS Run 1 Legacy
172.44 ± 0.48 CMS    Run 1 Legacy
171.77 ± 0.38 CMS    Run 2

mtop(6.5 MeV) and track momentum (2.3 MeV),
on the z coordinate measured in the COT
(0.8 MeV), and on QED radiative corrections
(3.1 MeV). Measurements of the Z boson
mass using the dielectron track momenta,
and comparisons of mass measurements using
radiative and nonradiative electrons, provide
consistent results. The final calibration of the
electron energy is obtained by combining the
E/p-based calibration with the Z → eeð Þmass-
based calibration, taking into account the cor-
related uncertainty on the radiative corrections.
The spectator partons in the proton and

antiproton, as well as the additional (≈3) p!p
interactions in the same collider bunch cross-
ing, contribute visible energy that degrades
the resolution of u

→
. These contributions are

measured from events triggered on inelastic
p!p interactions and random bunch cross-
ings, reproducing the collision environment
of theW and Z boson data. Because there are
no high-pT neutrinos in the Z boson data, the
p
→
T imbalance between thep

→‘‘

T andu
→
inZ → ‘‘

events is used to measure the calorimeter
response to, and resolution of, the initial-
state QCD radiation accompanying boson
production. The simulation of the recoil vector
u
→
also requires knowledge of the distribution of

the energy flow into the calorimeter towers
impacted by the leptons, because these towers
are excluded from the computation of u

→
. This

energy flow ismeasured from theW boson data
using the event-averaged response of towers
separated in azimuth from the lepton direction.

Extracting the W boson mass

Kinematic distributions of background events
passing the event selection are included in
the template fits with their estimated nor-
malizations. The W boson samples contain a
small contamination of background events
arising from QCD jet production with a hadron
misidentified as a lepton, Z → ‘‘ decays with
only one reconstructed lepton,W → tn→ ‘n!nn,
pion and kaon decays in flight to muons (DIF),

and cosmic-ray muons (t, tau lepton; !n, anti-
neutrino). The jet, DIF, and cosmic-ray back-
grounds are estimated from control samples
of data, whereas the Z → ‘‘ and W → tn
backgrounds are estimated from simulation.
Background fractions for the muon (electron)
datasets are evaluated to be 7.37% (0.14%)
from Z → ‘‘ decays, 0.88% (0.94%) from
W → tn decays, 0.01% (0.34%) from jets,
0.20% from DIF, and 0.01% from cosmic rays.
The fit results (Fig. 4) are summarized in

Table 1. The MW fit values are blinded during
analysis with an unknown additive offset in the
range of−50 to 50MeV, in the samemanner as,
but independent of, the value used for blinding
the Z bosonmass fits. As the fits to the different
kinematic variables have different sensitivities
to systematic uncertainties, their consistency
confirms that the sources of systematic uncer-
tainties are well understood. Systematic uncer-
tainties, propagated by varying the simulation
parameters within their uncertainties and re-
peating the fits to these simulated data, are
shown in Table 1. The correlated uncertainty in
the mT (p‘T , pnT ) fit between the muon and

electron channels is 5.8 (7.9, 7.4)MeV. Themass
fits are stable with respect to variations of the
fitting ranges.
Simulated experiments are used to evaluate

the statistical correlations between fits, which
are found to be 69% (68%) between mT and
p‘T (p

n
T) fit results and 28% between p‘

T and pnT
fit results (43). The six individual MW results
are combined (including correlations) by
means of the best linear unbiased estimator
(66) to obtain MW ¼ 80;433:5 T 9:4MeV ,
with c2/dof = 7.4/5 corresponding to a prob-
ability of 20%. The mT, p‘

T, and pn
T fits in the

electron (muon) channel contribute weights
of 30.0% (34.2%), 6.7% (18.7%), and 0.9%
(9.5%), respectively. The combined result is
shown in Fig. 1, and its associated systematic
uncertainties are shown in Table 2.

Discussion

The dataset used in this analysis is about four
times as large as the one used in the previous
analysis (41, 43). Although the resolution of the
hadronic recoil is somewhat degraded in the
new data because of the higher instantaneous
luminosity, the statistical precision of themea-
surement fromthe larger sample is still improved
by almost a factor of 2. To achieve a commen-
surate reduction in systematic uncertainties, a
number of analysis improvements have been
incorporated, as described in table S1. These im-
provements are based on using cosmic-ray and
collider data inwaysnot employedpreviously to
improve (i) the COT alignment and drift model
and the uniformity of the EM calorimeter re-
sponse, and (ii) the accuracy and robustness of
the detector response and resolution model in
the simulation. Additionally, theoretical inputs
to the analysis have been updated. Upon incor-
porating the improved understanding of PDFs
and track reconstruction, our previousmeasure-
ment is increased by 13.5MeV to 80,400.5MeV;
the consistency of the latter with the new mea-
surement is at the percent probability level.
In conclusion, we report a new measure-

ment of theW bosonmass with the complete
dataset collected by the CDF II detector at the
Fermilab Tevatron, corresponding to 8.8 fb−1

of integrated luminosity. This measurement,
MW ¼ 80;433:5 T 9:4MeV, is more precise
than all previous measurements ofMW com-
bined and subsumes all previous CDF mea-
surements from 1.96-TeV data (38, 39, 41, 43).
A comparison with the SM expectation of
MW ¼ 80;357 T 6MeV (10), treating the quoted
uncertainties as independent, yields a differ-
ence with a significance of 7.0s and suggests
the possibility of improvements to the SM
calculation or of extensions to the SM. This
comparison, along with past measurements, is
shown in Fig. 5. Using the method described
in (45), we obtain a combined Tevatron (CDF
and D0) result of MW ¼ 80;427:4 T 8:9MeV.
Assuming no correlation between the Tevatron
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Fig. 5. Comparison of this CDF
II measurement and past MW

measurements with the SM
expectation. The latter includes
the published estimates of the
uncertainty (4 MeV) due to
missing higher-order quantum
corrections, as well as the
uncertainty (4 MeV) from other
global measurements used as
input to the calculation, such as
mt. c, speed of light in a vacuum.

)2W boson mass (MeV/c
79900 80000 80100 80200 80300 80400 80500

CDF II    9±80433  
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ATLAS   19±80370  

SM

D0 II   23±80376  

SM

ALEPH   51±80440  

SM

OPAL   52±80415  

SM

L3   55±80270  

SM

DELPHI   67±80336  

SM

CDF I   79±80432  

SM
D0 I   83±80478  

SM

Table 2. Uncertainties on the combined
MW result.

Source Uncertainty (MeV)

Lepton energy scale 3.0
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton energy resolution 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Recoil energy scale 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Recoil energy resolution 1.8
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton efficiency 0.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton removal 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Backgrounds 3.3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

pZT model 1.8
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

pWT =p
Z
T model 1.3

. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Parton distributions 3.9
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

QED radiation 2.7
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

W boson statistics 6.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Total 9.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

RESEARCH | RESEARCH ARTICLE

D
ow

nloaded from
 https://w

w
w

.science.org on A
pril 08, 2022

mW

EPJC 2018                       Run 1

Science 2022

?

• Rôle privilégié du quark top (yt ~ 1)
• Modèle standard sur contraint
• Prédiction théorique précise de mW (mH,mtop)

• Juste une légère tension persistante ou la nouvelle « périhélie de mercure » ?
Vector-like quarks ? Nouveaux bosons ? Supersymétrie ? Matière noire ?  



Action du champs de Higgs

< 𝑯 > ≠ 𝟎< 𝑯 > ≠ 𝟎

246 GeV

125 GeV

• Propriété unique du champ scalaire de Higgs : 
< 𝑯 > ≠ 𝟎

• Le champ de Higgs imprègne tout l’Univers,
en permanence !

• Les particules de matière acquièrent une 
masse en interagissant sans cesse avec le
champ de Higgs !



La masse d’une particule de matière 
est la conséquence d’un mélange quantique 
induit par le champ de Higgs !

Run 1 :  1ère évidence 

𝜇 = ⁄𝜎 𝜎#$ 𝑀𝑆 ⟺ 𝜇 = 1

Seuil d’observation 
atteint en combinant 
les canaux H ® bb
et H ® tt

Découverte de l’origine de la masse des fermions

L’existence d’une 4e

famille de fermions
chiraux est exclue !



Découverte de l’origine de la masse des fermions

Run 2 :  Observation des désintégrations H ® tt, H ® bb et de la production ttH

L’interaction avec le champ de
Higgs est bien à l’origine de la
masse des fermions de matière
au moins pour la 3e famille !

7.2 Results of the dijet-mass analysis

For all channels combined the fitted value of the signal strength is

µbb
VH
= 1.06+0.36

�0.33 = 1.06 ± 0.20(stat.)+0.30
�0.26(syst.),

in good agreement with the result of the multivariate analysis. The observed excess has a significance
of 3.6 standard deviations, compared to an expectation of 3.5 standard deviations. Good agreement is
also found when comparing the values of signal strengths in the individual channels from the dijet-mass
analysis with those from the multivariate analysis.

The mbb distribution is shown in Figure 4 summed over all channels and regions, weighted by their
respective values of the ratio of fitted Higgs boson signal and background yields and after subtraction of
all backgrounds except for the W Z and Z Z diboson processes.
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Figure 4: The distribution of mbb in data after subtraction of all backgrounds except for the W Z and Z Z diboson
processes, as obtained with the dijet-mass analysis. The contributions from all lepton channels, p

V

T regions and
number-of-jets categories are summed and weighted by their respective S/B, with S being the total fitted signal and
B the total fitted background in each region. The expected contribution of the associated WH and ZH production
of a SM Higgs boson with mH = 125 GeV is shown scaled by the measured signal strength (µ = 1.06). The size of
the combined statistical and systematic uncertainty for the fitted background is indicated by the hatched band.

7.3 Results of the diboson analysis

As a validation of the Higgs boson search analysis, the measurement of V Z production based on the
multivariate analysis described in Section 6.3 returns a value of signal strength

µbb
VZ
= 1.20+0.20

�0.18 = 1.20 ± 0.08(stat.)+0.19
�0.16(syst.),

25

H ® bbH ® tt ttH, H ® gg



g, Z0, W±

Mécanisme BEH

Fermions
Interaction avec le champ de Higgs

• Mécanisme BEH (mZ mW) + interactions de Yukawa (ml, mq)

Interactions

Spin 0Spin ½ Spin 1

• La structure du vide (champ de Higgs) à l’origine de complexité de la matière ? 

Toute la richesse du monde

• Les interactions quantiques (spin 1)
ne distinguent pas les 3 familles !

e, µ et t identiques à la masse près 

• La propagation dans le vide révèle 
l’existence des familles



Candidats     H ® µµ



Familles et test de (non-)universalité

• Les 3 familles de fermions de même charge se mélangent (quarks ou neutrinos)
• Il existe 3 familles identiques (à la masse près) de leptons et de quarks 

• La saveur paraît strictement conservée dans la désintégration des leptons chargés (µ±, t±)
• Le champ de Higgs n’explique pas la structure en masse des fermions de matière
• Des « anomalies » sont observées par ailleurs (g-2 dans CDF, b ® s l+l- dans LHCb …)
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Figure 12. Left: the mµµ distribution for the weighted combination of VBF-SB and VBF-SR
events. Each event is weighted proportionally to the S/(S+B) ratio, calculated as a function of
the mass-decorrelated DNN output. The lower panel shows the residuals after subtracting the
background prediction from the S+B fit. The best fit H → µ+µ− signal contribution is indicated
by the blue line and histogram, while the grey band indicates the total background uncertainty
from the background-only fit. Right: the mµµ distribution for the weighted combination of all
event categories. The lower panel shows the residuals after background subtraction, with the best
fit SM H → µ+µ− signal contribution for mH = 125.38GeV indicated by the red line.

B(H → µ+µ−) are correlated across the 7, 8, and 13TeV analyses. Experimental uncertain-
ties affecting the measured properties of the various physics objects (muons, electrons, jets,
and b quark jets), the measurement of the integrated luminosity, and the modelling of the
pileup conditions are assumed to be uncorrelated between the 7+8 and 13TeV analyses. Ta-
ble 10 reports the observed and expected significances over the background-only expectation
at mH = 125.38GeV and the 95% CL ULs on µ in each production category, as well as for
the 13TeV and the 7+8+13TeV combined fits. The combination improves, relative to the
13TeV-only result, both the expected and the observed significance at mH = 125.38GeV
by about 1%. Figure 13 shows the observed (solid black) and the expected (dashed black)
local p-values derived from the 7+8+13TeV combined fit as a function of mH in a 5GeV
window around the expected Higgs boson mass. The expected p-value is computed on an
Asimov data set generated from the background expectation obtained from the S+B fit
with a mH = 125.38GeV signal injected. As in figure 10, the solid markers indicate the
mass points for which the observed p-values are computed. The best fit signal strength,
and the corresponding 68% CL interval, obtained from the 7+8+13TeV combination for
the Higgs boson with mass of 125.38GeV is 1.19+0.40

−0.39 (stat)+0.15
−0.14 (syst).

The results presented in this paper are the most precise measurement of the H → µ+µ−

decay rate reported to date, and provide the best constraint of the coupling between the
Higgs boson and the muon. The signal strength measured in the H → µ+µ− analysis
cannot be translated directly into a measurement of the Higgs boson coupling to muons

– 36 –
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Production category Observed (expected) signif. Observed (expected) UL on µ

VBF 2.40 (1.77) 2.57 (1.22)
ggH 0.99 (1.56) 1.77 (1.28)
ttH 1.20 (0.54) 6.48 (4.20)
VH 2.02 (0.42) 10.8 (5.13)
Combined √

s=13TeV 2.95 (2.46) 1.94 (0.82)
Combined √

s=7, 8, 13TeV 2.98 (2.48) 1.93 (0.81)

Table 10. Observed and expected significances for the incompatibility with the background-only
hypothesis for mH = 125.38GeV and the corresponding 95% CL upper limits on µ (in the absence
of H → µ+µ− decays) for each production category, as well as for the 13TeV and the 7+8+13TeV
combined fits.
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Figure 13. Observed (solid black) and expected (dashed black) local p-values as a function of mH ,
extracted from the combined fit performed on data recorded at √

s = 7, 8, and 13TeV, are shown.
The expected p-values are calculated using the background expectation obtained from the S+B fit
and injecting a signal with mH = 125.38GeV and µ = 1.

because it is also sensitive to the interactions between the Higgs boson and several SM
particles involved in the production processes considered, primarily the top quark and
vector boson couplings. These Higgs boson couplings to other particles are constrained by
combining the result of this analysis with those presented in ref. [10], based on pp collision
data recorded by the CMS experiment at √

s = 13TeV in 2016 corresponding to an
integrated luminosity of 35.9 fb−1. Under the assumption that there are no new particles
contributing to the Higgs boson total width, Higgs boson production and decay rates in
each category are expressed in terms of coupling modifiers within the κ-framework [107].
Six free coupling parameters are introduced in the likelihood function (κW , κZ , κt , κτ ,
κb , and κµ) and are extracted from a simultaneous fit across all event categories. In the
combined fit, the event categories of the √

s = 13TeV H → µ+µ− analysis described in
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Run 2 : 1ère évidence pour H ® µµ
ATLAS : 2.0 s
CMS : 3.0 s

Prochaine étape (Run 3) :

Observation de H ® µµ 

Objectif à terme (HL-LHC) :

Mesure précise du rapport
H ® µµ / H ® tt



Les observations sont en accord avec la 
prédiction du modèle standard pour un 
seul boson H associé au champ de Higgs

L’intensité de l’interactions entre le 
boson H et chaque particule du modèle 
standard doit être proportionnel à la 
masse

On comprend l’origine (quantique) de 
la  masse inertielle des particules de 
matière et d’interaction !

Runs 1 + 2

La masse est dite



Traquer l’invisible
Largeur intrinsèque ( Γ = %ℏ 𝜏 ) Run 2

• Mesuré indirectement pour la 1ère fois ! 
Γ" = 3.2# $.&

' (,* MeV

Compatible avec la théorie standard

Γ"+, = 4.1 MeV

7.7 ×10!"# < 𝜏$ < 1.3 ×10!"% 95% C.L.

Désintégrations fantômes
H ® invisible
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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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Contrainte sur la matière noire
(WIMPs)



Gravitation

Interaction Forte

Interaction Faible

Interaction Électromagnétique

Big
Bang

Échelle 
de Planck

Grande 
Unification ?

Transition de phase
(mécanisme BEH)

LHC

Unification
Électrofaible

Transition
de phase

10-42 s 10-35 s 10-12 s
1032 °K 1017 °K

Le vide n’est pas le néant
ou le récit des premiers instants de notre Univers



?
< 𝑯 > = 𝟎

10"%& s

< 𝑯 > ≠ 𝟎

> 10"'! s

Aujourd’hui



𝑣 = 0

𝑣 = 0

Faux vide

𝑣 ≠ 0

𝑣 ≠ 0
Vrai vide

Bulles de « vrai » vide dans un océan de « faux » vide !

Transition de premier ordre* ?

Asymatière-antimatière à l’échelle faible ?

Génération d’ondes gravitationnelles observables ?

* Implique de la nouvelle physique



La structure du vide dans l’Univers
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HH : a test of the SM

2

■ The scalar sector : the cornerstone of the SM

■ Properties of the scalar sector ⟺ potential shape, 

controlled by λ ⟺ strength of the self-coupling

■ Direct test of HHH vertex only with HH production

■ Still largely unexplored at the LHC
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HH : a test of the SM
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■ The scalar sector : the cornerstone of the SM

■ Properties of the scalar sector ⟺ potential shape, 

controlled by λ ⟺ strength of the self-coupling

■ Direct test of HHH vertex only with HH production

■ Still largely unexplored at the LHC
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L’auto-couplage du boson de H est lié à la forme du potentiel dans le vide !
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Why study the Higgs trilinear coupling?

➢ Probing the Higgs potential:

Since the Higgs discovery, the existence of the Higgs potential is 

confirmed, but at the moment we only know:

→ the location of the EW minimum: 

v = 246 GeV

→ the curvature of the potential around the EW minimum: 

m
h
 = 125 GeV

However we still don’t know the shape of the potential, away from EW 

minimum →  depends on λ
hhh

➢ λ
hhh

 determines the nature of the EWPT!

 � O(20%) deviation of λ
hhh

 from its SM prediction needed to have a 

strongly first-order EWPT → necessary for EWBG [Grojean, Servant, 

Wells ’04], [Kanemura, Okada, Senaha ’04]

➢ New in this talk: studying λ
hhh

 can also serve to constrain the parameter space of BSM models!

v. e. v.= ⁄𝑣 2 = 246 𝐺𝑒𝑉

𝜆$$$ lié à la nature 
+ ou - forte de la 
transition de phase !

07/02/22- Roberto Salerno -

Theoretically clean 
Very rare process (σ~40fb @ 14TeV)
Experimentally challenging 

H

H

H

λHHH

Expected results

arXiv:1902.00134 

6

The Higgs boson self-coupling before FCC-ee 
Direct measurements @ HL-LHC 
Profiting of on-shell production of two Higgs 
bosons

07/02/22- Roberto Salerno -

La production de paires HH



July 3rd, 2022Luca Cadamuro (IJCLab - CNRS/IN2P3) Experimental summary and outlook

The HH final states

■ A very rich set of final states

□ → broad and transversal experimental groups


■ Progressively covering more and more channels

■ Impressive set of results shown at this workshop

□ most channels are covered with a Run 2 analysis
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Prochaine étape (Run 3) :
Evidence pour la production HH
Objectif à terme (HL-LHC):
Mesure de 𝜆"""

Production de paire HH

On atteint ~  sHH < 2 x SM  (ATLAS+CMS) !
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Conclusion
• L’aventure du LHC ne fait que commencer ! ×2 au Run 3, ×10 à HL-LHC            

• Déjà une moisson remarquable de découvertes et d’avancées :

• Découverte du boson H - Mécanisme BEH

• Et l’ouverture de nouveaux portails vers le côté sombre de l’Univers 

• Exclusion définitive d’un 4e famille de fermions standards

• Couplage des particules de matière au champ de Higgs dans le vide
ó Origine de la masse (matière et interaction) !

• Limite contraignantes aux modes de désintégration invisible
ó Meilleures contraintes sur la matière noire (WIMPs) pour 𝑚8 < ⁄𝑚" 2

• Améliorations considérable de la sensibilité à l’auto-couplage
ó Accès à terme à la structure du vide avec possiblement des conséquences 
majeures (asymétrie matière-antimatière ? ondes gravitationnelles ?)
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fraction measurements is required. The coupling fit presented here 
is performed within the κ framework53 with a set of parameters κ that 
affect the Higgs boson coupling strengths without altering any kin-
ematic distributions of a given process.

Within this framework, the cross-section times the branching frac-
tion for an individual measurement is parameterized in terms of the 
multiplicative coupling strength modifiers κ. A coupling strength 
modifier κp for a production or decay process via the coupling to a 
given particle p is defined as κ σ σ= /p p p

2 SM or κ Γ Γ= /p p p
2 SM, respectively, 

where Γp is the partial decay width into a pair of particles p. The param-
eterization takes into account that the total decay width depends on 
all decay modes included in the present measurements, as well as cur-
rently undetected or invisible, direct or indirect decays predicted by 
the standard model (such as those to gluons, light quarks or neutrinos) 
and the hypothetical decays into non-standard model particles. The 
decays to non-standard model particles are divided into decays to 
invisible particles and other decays that would be undetected owing 
to large backgrounds. The corresponding branching fractions for the 
two are denoted by Binv. and Bu., respectively.

In the following, three classes of models with progressively fewer 
assumptions about coupling strength modifiers are considered. Stand-
ard model values are assumed for the coupling strength modifiers of 
first-generation fermions, and the modifiers of the second-generation 
quarks are set to those of the third generation, except where κc is left 
free-floating in the fit. Owing to their small sizes, these couplings are 
not expected to noticeably affect any of the results. The ggF produc-
tion and the H → γγ and H → Zγ decays are loop-induced processes. 
They are either expressed in terms of the more fundamental coupling 
strength scale factors corresponding to the particles that contribute 
to the loop-induced processes in the standard model, or treated using 
effective coupling strength modifiers κg, κγ and κZγ, respectively. The 
latter scenario accounts for possible loop contributions from par-
ticles beyond the standard model. The small contribution from the 
loop-induced gg → ZH process is always parameterized in terms of the 
couplings to the corresponding standard model particles.

The first model tests one scale factor for the vector bosons, 
κV = κW = κZ, and a second, κF, which applies to all fermions. In general, 
the standard model prediction of κV = κF = 1 does not hold in extensions 
of the standard model. For example, the values of κV and κF would be 

less than 1 in models in which the Higgs boson is a composite particle. 
The effective couplings corresponding to the ggF, H → γγ and H → Zγ 
loop-induced processes are parameterized in terms of the fundamental 
standard model couplings. It is assumed that there are no invisible or 
undetected Higgs boson decays beyond the standard model, that is, 
Binv. = Bu. = 0. As only the relative sign between κV and κF is physical and 
a negative relative sign has been excluded with a high level of confi-
dence20, κV ≥ 0 and κF ≥ 0 are assumed. Figure 4 shows the results of a 
combined fit in the (κV, κF) plane. The best-fit values and their uncer-
tainties from the combined fit are κV = 1.035 ± 0.031 and κF = 0.95 ± 0.05, 
compatible with the standard model predictions. A relatively large 
positive correlation of 39% is observed between the two fit parameters, 
because some of the most sensitive input measurements involve the 
ggF production process (that is, via couplings to fermions) with sub-
sequent Higgs boson decays into vector bosons.

In the second class of models, the coupling strength modifiers for 
W, Z, t, b, c, τ and µ are treated independently. All modifiers are assumed 
to be positive. It is assumed that only standard model particles con-
tribute to the loop-induced processes, and modifications of the fermion 
and vector boson couplings are propagated through the loop calcula-
tions. Invisible or undetected non-standard model Higgs boson decays 
are not considered. These models enable testing of the predicted scal-
ing of the couplings of the Higgs boson to the standard model particles 
as a function of their mass using the reduced coupling strength mod-
ifiers κ g κ m/2vev = ( /vev)V V V V  for weak bosons with a mass mV and 
κFgF = κFmF/vev for fermions with a mass mF, where gV and gF are the 
corresponding absolute coupling strengths and ‘vev’ is the vacuum 
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Fig. 4 | Negative log-likelihood contours corresponding to 68% and 95% CL 
in the (κV, κF) plane. The data are obtained from a combined fit assuming no 
contributions from invisible or undetected non-standard model Higgs boson 
decays. The p value for compatibility of the combined measurement and the 
standard model (SM) prediction is 14%. Data are from ATLAS Run 2.
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Fig. 5 | Reduced Higgs boson coupling strength modifiers and their 
uncertainties. They are defined as κFmF/vev for fermions (F = t, b, τ, µ) and 

κ m /vevV V  for vector bosons as a function of their masses mF and mV. Two fit 
scenarios with κc = κt (coloured circle markers), or κc left free-floating in the fit 
(grey cross markers) are shown. Loop-induced processes are assumed to have 
the standard model (SM) structure, and Higgs boson decays to non-SM particles 
are not allowed. The vertical bar on each point denotes the 68% confidence 
interval. The p values for compatibility of the combined measurement and the 
SM prediction are 56% and 65% for the respective scenarios. The lower panel 
shows the values of the coupling strength modifiers. The grey arrow points in 
the direction of the best-fit value and the corresponding grey uncertainty bar 
extends beyond the lower panel range. Data are from ATLAS Run 2.
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expectation value of the Higgs field. Figure 5 shows the results for two 
scenarios: one with the coupling to c quarks constrained by κc = κt in 
order to cope with the low sensitivity to this coupling; and the other 
with κc left as a free parameter in the fit. All measured coupling strength 
modifiers are found to be compatible with their standard model predic-
tion. When the coupling strength modifier κc is left unconstrained in 
the fit, an upper limit of κc < 5.7 (7.6) times the standard model predic-
tion is observed (expected) at 95% CL and the uncertainty in each of 
the other parameters increases because of the resulting weaker con-
straint on the total decay width. This improves the current observed 
(expected) limit of κc < 8.5 (12.4) at 95% CL from the individual measure-
ment of H cc→  decays41 despite the relaxed assumptions on other cou-
pling strength modifiers, through constraints coming from the 
parameterization of the total Higgs boson decay width that impacts 
all measurements.

The third class of models in the κ framework closely follows the previ-
ous one, but allows for the presence of non-standard model particles 
in the loop-induced processes. These processes are parameterized 
by the effective coupling strength modifiers κg, κγ and κZγ instead of 
propagating modifications of the standard model particle couplings 
through the loop calculations. It is also assumed that any potential 
effect beyond the standard model does not substantially affect the 
kinematic properties of the Higgs boson decay products. The fit results 
for the scenario in which invisible or undetected non-standard model 
Higgs boson decays are assumed not to contribute to the total Higgs 
decay width, that is, Binv. = Bu. = 0, are shown in Fig. 6 together with the 

results for the scenario allowing such decays. To avoid degenerate 
solutions, the latter constrains Bu. ≥ 0 and imposes the additional con-
straint κV ≤ 1 that naturally arises in various scenarios of physics beyond 
the standard model54,55. All measured coupling strength modifiers are 
compatible with their standard model predictions.

When allowing invisible or undetected non-standard model Higgs 
boson decays to contribute to the total Higgs boson decay width, the 
previously measured coupling strength modifiers do not change sig-
nificantly, and upper limits of Bu. < 0.12 (expected 0.21) and Binv. < 0.13 
(expected 0.08) are set at 95% CL on the corresponding branching 
fraction. The latter improves on the current best limit of Binv. < 0.145 
(expected 0.103) from direct ATLAS searches42.

In all tested scenarios, the statistical and the systematic uncer-
tainty contribute almost equally to the total uncertainty in most of 
the κ parameter measurements. The exceptions are the κµ, κZγ, κc and 
Bu. measurements, for which the statistical uncertainty still dominates.

Kinematic properties of Higgs boson production probing the inter-
nal structure of its couplings are studied in the framework of sim-
plified template cross-sections44,56–58. The framework partitions the 
phase space of standard model Higgs boson production processes 
into a set of regions defined by the specific kinematic properties of 
the Higgs boson and, where relevant, of the associated jets, W bosons, 
or Z bosons, as described in Methods. The regions are defined so as 
to provide experimental sensitivity to deviations from the standard 
model predictions, to avoid large theory uncertainties in these predic-
tions, and to minimize the model-dependence of their extrapolations 
to the experimentally accessible signal regions. Signal cross-sections 
measured in each of the introduced kinematic regions are compared 
with those predicted when assuming that the branching fractions 
and kinematic properties of the Higgs boson decay are described by 
the standard model.

The results of the simultaneous measurement in 36 kinematic regions 
are presented in Fig. 7. Compared to previous results with a smaller 
dataset22, a much larger number of regions are probed, particularly 
at high Higgs boson transverse momenta, where in many cases the 
sensitivity to new phenomena beyond the standard model is expected 
to be enhanced. All measurements are consistent with the standard 
model predictions.

Conclusion
In summary, the production and decay rates of the Higgs boson were 
measured using the dataset collected by the ATLAS experiment during 
Run 2 of the LHC from 2015 to 2018. The measurement results were 
found to be in excellent agreement with the predictions of the standard 
model. In different scenarios, the couplings to the three heaviest fer-
mions, the top quark, the b quark and the τ lepton, were measured with 
uncertainties ranging from about 7% to 12% and the couplings to the 
weak bosons (Z and W) were measured with uncertainties of about 5%.  
In addition, indications are emerging of the presence of very rare Higgs 
boson decays into second-generation fermions and into a Z boson 
and a photon. Finally, a comprehensive study of Higgs boson produc-
tion kinematics was performed and the results were also found to be 
compatible with standard model predictions. In the ten years since its 
discovery, the Higgs boson has undergone many experimental tests 
that have demonstrated that, so far, its nature is remarkably consistent 
with the predictions of the standard model. However, some of its key 
properties—such as the coupling of the Higgs boson to itself—remain 
to be measured. In addition, some of its rare decay modes have not yet 
been observed and there is ample room for new phenomena beyond the 
standard model to be discovered. Substantial progress on these fronts 
is expected in the future, given that detector upgrades are planned 
for the coming years, that systematic uncertainties are expected to 
be reduced considerably59, and that the size of the LHC’s dataset is 
projected to increase by a factor of 20.

NW

NP

NJ

0.8 1.0 1.2 1.4 1.6

Binv. = Bu. = 0 

Binv.free, Bu. ≥ 0, NV ≤ 1

SM prediction

Parameter value not allowed

0 0.05 0.10 0.15 0.20

Bu.

Binv.

NZ

NZJ

NW

Nt

Ng

Nb

u c

Z W

t

Leptons Quarks

e d s b

g H

Force carriers Higgs boson

Qe QP QW

P

J

W

Fig. 6 | Reduced coupling strength modifiers and their uncertainties per 
particle type with effective photon, Zγ and gluon couplings. The horizontal 
bars on each point denote the 68% confidence interval. The scenario in which 
Binv. = Bu. = 0 is assumed is shown as solid lines with circle markers. The p value 
for compatibility with the standard model (SM) prediction is 61% in this case. 
The scenario in which Binv. and Bu. are allowed to contribute to the total Higgs 
boson decay width while assuming that κV ≤ 1 and Bu. ≥ 0 is shown as dashed lines 
with square markers. The lower panel shows the 95% CL upper limits on Binv. and Bu.. 
Data are from ATLAS Run 2.
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