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Peter Higgs (29 May 1929 – 8 April 2024) 
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Why the 
Higgs boson?

1.



A fundamental question
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How do 
elementary 

particles
get mass? 



This is not a QFT lecture…
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All microscopic phenomena seems to be well described by a remarkably simple theory 
(that we continue to call “model” only for historical reasons...)

<latexit sha1_base64="t7jABaN4vfTdPKJHm4B2gXRZMQ0="></latexit>

LSM = Lgauge( i, Aa) + LHiggs(H,Aa, i)

massless particles interact by 
exchanges of forces carried by 

massless gauge bosons. QFT 
describes free fields, interactions 
generated by gauge symmetries 

(thus renormalizable)  

mass terms cannot be directly 
added without breaking theory 

gauge invariance
 (i.e. mass is not a fundamental 

property, rather an emerging 
phenomenon)

Theory would not make sense 
without a Higgs field (or something 
similar) responsible for spontaneous 
symmetry breaking and mass 
generation…
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An idea 
from 1964

2.



What’s hot in in physics in 1964?
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Quark model



What’s hot in in physics in 1964?
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Observation of CP-violation



The Brout-Englert-Higgs mechanism is also proposed…
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14 citations in the 
first 5 years

18 citations in the 
first 5 years

11 citations in the 
first 5 years

23 citations in the 
first 5 years

… and 
barely 

noticed!



It would take 10 more years to become “mainstream”…
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1967

Photon remains massless

Electroweak Symmetry Breaking 
incorporated into 
Standard Model

1967

1971-72

Standard Model is renormalizable
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A closer look to 
the SM Lagrangian

3.
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“This equation neatly sums up our current understanding of fundamental particles and forces”

understanding 
= 

knowledge?

understanding 
= 

hypothesis?



Gauge sector
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This part is very well known (one could even say since the 
discovery of Maxwell equations in 1880), elegant and very 
well experimentally verified!

understanding = knowledge



Electro-weak symmetry breaking
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Still a gauge interaction (nothing new, one might be 
tempted to say…), only this time between bosons and a 
scalar field!

Nothing like this directly observed before 2012 (but tested 
before by precision electroweak interactions)

Experimentally observed in 2012 with Higgs boson 
discovery…

…this term 
could not exist 
without a v.e.v.



Fermion masses via 
Yukawa interaction
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Before 2012 this term was almost a conjecture… and even 
after the discovery in 2012, it remains an “anomalous” term 
(it’s not a gauge interaction, and no interaction with this 
structure has ever been observed in nature)

understanding = hypothesis

Is the Higgs boson 
responsible for the 

EW symmetry 
breaking also 

responsible for the 
masses of 
fermions? 

Is the Higgs boson 
responsible for the 

masses of all 
fermions? 



Higgs potential
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It defines all characteristics of Higgs field and defines Higgs self-
interaction properties. Nothing like this has ever been observed in 
nature

Is the shape of 
the Higgs 

potential that 
postulated by 
the Standard 

Model? 
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V (�) = �µ2�†�+ �(�†�)2



A couple of things about the Higgs potential…
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µ2 < 0
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� > 0

The potential is symmetric under 
rotations in Φ space 

It has a minimum 
which is not at 
<Φ>=0 known as 
the vacuum 
expectation value 
(vev) v that defines 
the electroweak scale

<latexit sha1_base64="31IS0dPFHrmngnacU6nYltdgeZc="></latexit>

⌫ =
µp
�
=

mW

g
= 246GeV

The mass of the 
Higgs boson is not 

predicted by the 
theory!

<latexit sha1_base64="w9Fmr3Xsu0VA/q0jNv8I5c43Vqw="></latexit>

mH =
p
2µ =

p
2�⌫
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A textbook 
discovery

4.



The Large Hadron Collider
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Higgs boson production at the LHC
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Probing Higgs Couplings at the LHC �4
The Higgs boson at the LHC.
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Decay branching fractions for mH = 125 GeV

Tag 2 top quarksMain production 
channel: gluon-

gluon fusion
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little central 

hadronic activity

Tag W and Z 
decays
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Run-2
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Vector Boson Fusion
2 well-separated forward 

jets

VH
tag W and Z 
boson decays

ttH
tag 2 top quarks

gluon-gluon fusion:
main production mode at 

LHC

Probing Higgs Couplings at the LHC �4
The Higgs boson at the LHC.
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The Higgs boson is an unstable particle
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Almost exactly 12 years ago…

Marco Delmastro Twelve years with the Higgs boson 23

End of 2011… … June 2012…
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5 σ!
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Fabiola Gianotti revealing the 
combined significance of the ATLAS 
Higgs searches on on July 4 2012



Higgs boson discovery channels
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ATLAS: PLB 716 (2012) 1-29 

CMS: PLB 716 (2012) 30 

W
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12 years of 
Higgs measurements

5.



A long way since the discovery…
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A long way since the discovery…

Marco Delmastro Twelve years with the Higgs boson 30

 [GeV]γγm

500

1000

1500

2000

2500

Su
m

 o
f W

ei
gh

ts
 / 

G
eV Data

Background
Signal + Background

ATLAS
-1 = 13 TeV, 139 fbs

 = 125.09 GeVHm

All categories
ln(1+S/B) weighted sum
S =� Inclusive

110 120 130 140 150 160
 [GeV]γγm

50−

0
50

100

 C
on

t. 
Bk

g.
−

D
at

a 

JHEP 07 (2023) 088

80 90 100 110 120 130 140 150 160 170

 [GeV]4lm

0

20

40

60

80

100

120

140

160

180

E
ve

n
ts

/2
.5

 G
e

V

Data

Higgs (125 GeV)

Z(Z*)

tXX, VVV 

tZ+jets, t

Uncertainty

ATLAS
 4lÆ ZZ* ÆH 

-1 = 13 TeV, 139 fbs

Eur. Phys. J. C 80 (2020) 942

YESTERDAY

https://link.springer.com/article/10.1007/JHEP07(2023)088
https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20201015


A long way since the discovery…
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PDG 2022



12 years with the Higgs boson, and the next 12+ years…
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Higgs 
discovery

Run 2
~140 fb-1 
@ 13 TeV

Run 3
~150-300 fb-1 
@ 13.6 TeV 
expected

TODAY

COVID

Schedules are meant to be adjusted…

HL-LHC
~3000 fb-1 
@ 14 TeV 
expected
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How well 
do we know 
the “basic” 
Higgs properties?

6.
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Higgs boson mass and width
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How well do we know the Higgs mass?
• mH Not predicted by theory
• All Higgs coupling properties depend on mH 
• Excellent measurements by ATLAS and CMS

ü Precision depends on energy (photons, electrons) and momentum (muons) calibration
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110 MeV
(0.09%)
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Higgs width: a problem difficult to tackle directly!
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Total Higgs natural width in SM is small! 
ü Too small to be accessed experimentally at 

LHC from resonance line-shape in analysis 
where peak can be reconstructed…

Direct measurement severely limited by 
detector resolution! One (old) example:

ΓH < 2.4 (3.1) GeV obs. (exp.) 

dominated by
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The Higgs boson as propagator: width from off-shell Higgs 
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• Interference impacts both total cross section and m(VV) line-shape

• Assuming on-shell and off-shell couplings are equal: 

ggF as an 
example
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Measurements of the Higgs width from off-shell production
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Measurements in 4l and 2l2𝝼 final states and for different production modes
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How well will we know the Higgs width?
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• Combined ATLAS + CMS width sensitivity with 3000 fb-1, based on the off-shell measurement

ü ΓH = 4.1± 0.8 MeV 
• More conservative assumptions on theoretical uncertainties than Run 2 results

– i.e. signal and background k-factors
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“YR18” systematics: uncertainties 
reduced wrt Run 2 according to 
the improvements expected to be 
reached at the end of HL-LHC 
e.g. theory uncertainties generally 
halved. See 
https://twiki.cern.ch/twiki/bin/view
/LHCPhysics/HLHELHCCommon
Systematics

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCCommonSystematics
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCCommonSystematics
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCCommonSystematics


Studies of the Higgs CP properties
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Spin is property of the particle, CP of the coupling…

coupling to EW vector bosons
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SM Higgs spin and CP properties
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• SM Higgs has spin 0 and positive (even) parity 
(JCP = 0++)

• At the end of Run 1 we knew Higgs had spin 0…
ü Spin 1 and 2 hypotheses excluded at > 99.9% CL 

using Hà𝛄𝛄, HàZZ* and HàWW*
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CP properties of Higgs-top coupling with ttH
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Effective Lagrangian for Yukawa coupling to top quarks parameterized by 
CP-Even and CP-odd components

Two examples:
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|𝑓𝐻𝑡𝑡| = 0.28 (< 0.55 at 1σ) |𝑓𝐻𝑡𝑡| = (sin α)2
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How well 
do we know 
the Higgs couplings?

7.



Couplings to…
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… gauge bosons

… fermions



STXS: Simplified Template Cross Sections
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• Cross sections per production mode in 
different regions of phase space
ü Reduce dependency on theory

ü Allow MVA analysis 
ü Exploit sensitivity of each channel specific region 

of phase space (designed for combination)

ü Inclusive in decays (for now)
ü Binning defined to allow better estimate of 

theoretical uncertainties, and easier merging 
when insufficient experimental sensitivity

ü Largely model-independent approach to test for 
BSM deviations in kinematic distributions
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STXS at work: H → 𝛄𝛄
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• Differential measurement of pTH in ttH
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• Closing in on tH production
ü ~10 ⨉ σtHSM excluded at 95% CL



H → 𝛄𝛄 as an example: Run 2 vs HL-LHC
• While STXS measurement remains main current goal, traditional “production-mode” results (a.k.a. “Stage 

0” STXS) still measured by more powerful decay channels and in combination

• Already at Run 2 some measurement limited by systematics: more and more true in the future!
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zoom on 
Higgs coupling to fermions

PDG 2012
PDG 2022

8.



Why is Yukawa interaction important?
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• Why is elementary mass important? Two ideas…
ü Mass of quark u and d is responsible for difference of mass between 

neutron and proton, thus of proton stability, thus of existence of 
hydrogen atoms…

ü Mass of electron determines Bohr radius, thus dimensions of atoms, 
thus all chemistry…

In SM Yukawa interaction between Higgs 
and fermions gives fermions their mass… <latexit sha1_base64="fhpCNAEU04Zb3fp5Aqq9LOaPNAo=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEgsVElVAQtSBQtjkehDaqLKcZ3Wqu0E20GKoqws/AoLAwix8gds/A1umwFajnSl43Pule89Qcyo0o7zbS0tr6yurZc2yptb2zu79t5+W0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gfD3xOw9EKhqJO53GxOdoKGhIMdJG6tuQ9ym8hKfQCyXCWWpenkjyzFP3Ume1PO/bFafqTAEXiVuQCijQ7Ntf3iDCCSdCY4aU6rlOrP0MSU0xI3nZSxSJER6jIekZKhAnys+ml+Tw2CgDGEbSlNBwqv6eyBBXKuWB6eRIj9S8NxH/83qJDi/8jIo40UTg2UdhwqCO4CQWOKCSYM1SQxCW1OwK8QiZSLQJr2xCcOdPXiTtWtU9q9Zv65XGVRFHCRyCI3ACXHAOGuAGNEELYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8wfDOJnL</latexit>
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Coupling to top quark: direct observation of ttH in 2018!
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Probing Higgs Couplings at the LHC �4
The Higgs boson at the LHC.
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arXiv:1804.02610 

CMS (Run 1 + 36 fb-1 Run 2): 5.2 σ (4.2 σ exp)

arXiv:1806.00425 

ATLAS:  (Run 1 + 36-80 fb-1 Run 2): 6.3 σ (5.1 σ exp)
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Coupling to bottom quark: observation of VH/Hàbb in 2018!

• Difficult channel despite large BR(58%) due to large backgrounds
ü VH production most sensitive à Observation in 2018!

• ATLAS: 5.4σ (5.5σ) 

• CMS: 5.5σ (5.6σ)
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Coupling to 3rd generation leptons: Hàττ
• Observation already in Run 1 ATLAS+CMS coupling combination

• Now more precise measurements, bringing sensitivity to regions 
of the phase space less well measured by e.g. H → γγ and H → 4l 

ü i.e. ggF high pTH and especially VBF
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couplings to 
bosons 

established

couplings to 
3rd generation 

fermions 
observed

couplings 
to 2nd 

generation 
fermion?

Is the Higgs boson 
responsible for the 
EW symmetry 
breaking also 
responsible for the 
masses of 
fermions? 

Is the Higgs boson 
responsible for the 
masses of all 
fermions? 



Coupling to 2nd generation leptons: Hàµµ evidence in 2020!
• Hàµµ very rare (BR ~ 2 10-4) with large resonant background from DYà µµ (S/B ~ 0.1%)
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JHEP 01 (2021) 148 PLB 812(2021) 135980 
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The next frontier: coupling to 2nd generation quarks Hàcc
• Very challenging channel: large backgrounds from multi-jets

ü c-tagging needed to discriminate H → bb
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One for all, 
all for one!
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How well do we know the Higgs couplings?
• Higgs couplings known to ~6-15%

ü Some channel not included yet, or with partial statistics
ü Expect more improvements in next ~2 years, also from 

ATLAS+CMS combination
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How well will we know the Higgs couplings?
• 2-4% precision expected with 2 x 3000 fb-1
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Can the 
Higgs boson 
tell us something 
about new phenomena?

10.



Can Higgs properties constrain BSM phenomena today?
• Most recent approach: Effective Field Theory (EFT) interpretation
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• Oi(n) affect rates and kinematics
• STXS measurements and Higgs BR reparametrized in terms of dimension-six Wilson coefficients ci in Warsaw basis

ü Correction for modified acceptance in H → 4l and H → lνlν
ü U(3)5 flavor symmetry assumed, linearized in Wilson coefficients contribution (linear contribution ∝ Λ−2, expected to be leading)



Can Higgs properties constrain BSM phenomena today?
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EFT interpretation of Higgs couplings: ci impact
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EFT interpretation of Higgs couplings
• Simultaneously constraining all coefficients impossible
• Fit performed in sensitive directions

ü linear combinations informed by principal component analysis 

• Examples
ü c[1]

HG,uG,uH: linear comb. with strong impact on gg → H 
ü c[1]

HW,HB,HWB,HDD,uW,uB,W: strong impact on H → 𝛄𝛄
ü c(3)

Hq: unique impact on VH
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The SM 
missing piece

11
.
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Can we access the Higgs self-coupling at the LHC?
• Main avenues toward self-coupling measurement at LHC

ü Direct: HH production
ü Indirect: constraints from single Higgs measurements

• HH production
ü Very low cross-section (~1000x smaller than single Higgs!)
ü Destructive interference between ggàHH processes
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How to measure di-Higgs production?
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Closing in on di-Higgs production!

• Limits on kλ are improving dramatically, and there is more to be exploited (VBF production, 
combination of all channels and between ATLAS and CMS, …)

• Di-Higgs studies will be a central aspect of the Run 3 (and of course HL-LHC)! 
Marco Delmastro Twelve years with the Higgs boson 76

Phys. Lett. B 843 (2024) 137745 Nature 607 (2022) 60

https://arxiv.org/abs/2211.01216


Closing in on di-Higgs production!

• Di-Higgs studies will be a central aspect of the Run 3 (and of course HL-LHC)! 
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arXiv:2211.01216 Nature 607 (2022) 60

-0.4 < κλ < 6.3 @ 95% CL -1.24 < κλ < 6.49 @ 95% CL 

https://arxiv.org/abs/2211.01216


When will we finding the missing piece of the SM?
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A word of hope…
We often do 
better than our 
projections!

… and one of caution
Sometimes projection are 
optimistic, and HL-LHC will 
present formidable 
challenges!

ATL-PHYS-PUB-2022-001

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-001/
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The road ahead

12.



We have a formidable tool to understand particle physics… 
• In 12 years we have measured with great precision many Higgs boson properties

ü Mass, width, CP properties…
ü Coupling properties and differential distributions…

ü Closing in on coupling to 2nd generation, rare decays, self-interaction…

ü Higgs as a tool to constrain New Physics...

• The LHC has restarted in 2022 for its Run 3 and will operate for a long time…
ü A unique opportunity to continue characterizing the Higgs sector!
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G. Giudice 
via F. Gianotti
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Peter Higgs following the Higgs 
announcement seminar on July 4 2012
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More material

ei𝛑.



The Standard Model
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Knowing the Higgs mass values…
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… allows to make precision predictions … questions us on vacuum (meta) stability
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p
2�⌫

Vanishing quartic coupling at the Planck scale? Potential not bounded?
… but interpretation more sensitive to precision on top quark mass

Running of the Higgs self coupling, 
assuming SM only at high scale 
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… but current mH precision has little impact

λ

https://arxiv.org/abs/1205.6497
https://doi.org/10.1140/epjc/s10052-018-6131-3


H𝜏𝜏

CP properties of Higgs-τ coupling with Hà𝜏𝜏
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exp. = 0 ± 21 ±(68.3% CL)

Observed: âHtt
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HVV couplings parameterized by tensor structures in scattering amplitude

fa3 parameterizes fractional 
contribution of CP-odd HZZ coupling

Multiple analyses constraining 
HVV couplings with ggH, VBF, 
VH, ttH, tH production and 
H→ττ, H→4l, H→γγ decay
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CP properties of HVV coupling (mult. prod. + Hà4l; offshell)
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CP properties of HVV coupling with VBF
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SM Lagrangian augmented with CP-odd dim-6 operators involving Higgs and EW 
gauge fields in EFT formalism

2 dedicated BDT’s (VBF vs ggF, VBF vs yy)

Approach pursued 
with various decay 
modes, here most 
recent ATLAS Hà𝛄𝛄, 
then combined with 
36 fb-1 Hà𝜏𝜏
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most stringent 
constraints on 
CP-properties of 
HVV coupling to 
date 
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Other information about the Higgs width?
• Part of Higgs width could be due to decays to undetectable particles (Hàinvisible)

ü Limits from direct searches in Hà invisible, explicitly requiring MET in the event
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ATLAS: BR(H à inv) < 0.11 (exp. 0.11) @ 95% CL

CMS: BR(H à inv) < 0.17 (exp. 0.11) @ 95% CL

ATLAS-CONF-2020-052
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STXS at work: H → ZZ*
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Eur. Phys. J. C 81 (2021) 488

Eur. Phys. J. C 80 (2020) 957

https://link.springer.com/article/10.1140/epjc/s10052-020-8227-9


STXS at work: H → WW*
• Precision measurements have become 

a possible also for those channels 
where reconstructing the final state is 
not possible, e.g. HàWW* 
(neutrinos, missing transverse energy)!
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H → 𝛄𝛄 and H → ZZ*: differential and fiducial cross-sections
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/


H → 𝛄𝛄 and H → ZZ*: inclusive cross-sections
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Reaching the highest pT
H with Hàbb

• Jets substructure with 1 or 2 b-tags
• Fiducial cross-section (mostly ggF)
• Can be recasted as STXS
• Highest pTH most sensitive to BSM effects
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arXiv:2111.08340

pT
H > 1 TeV 800 GeV < pTH < 1.2 TeV

JHEP12(2020)085 

https://arxiv.org/abs/2111.08340
https://link.springer.com/article/10.1007%2FJHEP12%282020%29085


Other rare Higgs decays within reach?
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Imma Riu @ LHCP 2021
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Other rare Higgs decays within reach? 
• SU(2)L symmetry relates the HWW, HZZ, Hyy and HZy interactions

ü If New Physics respects SU(2)L, effect correlated in all four channels
ü Important to observed and measure also HàZy
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µ = 2.4 ± 0.9
Significance: 2.7 σ 

(1.2 expected)

µ = 2.0 ± 0.9
Significance: 2.2 σ 

(1.2 expected)

JHEP 05 (2023) 233 Phys. Lett. B 809 (2020) 135754
Phys. Rev. Lett. 132 (2024) 021803

µ = 2.2 ± 0.7
Significance: 3.4 σ 

https://link.aps.org/doi/10.1103/PhysRevLett.132.021803


How well should we know the Higgs couplings?
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More tools at hand! Constraining κλ with single-Higgs
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• Single Higgs boson productions and decays as well as kinematics sensitive to the self-coupling through EW corrections

ar
Xi
v:
22
11
.0
12
16

https://arxiv.org/abs/2211.01216
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Direct Hàcc search is not the only tool…
• Charm quark contributes to ggF loop, modification to Higgs-charm coupling can alter pTH

• Analogous effect on quark-initiated production of the Higgs boson
• Shape of differential pTH cross-section can be interpreted in term of Higgs-charm coupling 
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ATLAS-CONF-2022-002arXiv:1606.09253

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

)[
p

b
/G

e
V

]
H T

p
/d

(
σ

d

ATLAS Preliminary

-1 = 13 TeV, 139 fbs

γγ Æ H*, ZZ Æ H

*ZZ Æ H

γγ Æ H

Combination
Systematic Uncertainty
Total Uncertainty

XH=1.47, +KMG5 FxFx 
XH=1.14, +KResBos2 

XH=1, +KSCETlib 

XH=1, +KRadiSH 
XH=1.1, +KNNLOPS 

tH+Hbb+Htt=VBF+VH+XH

0 10 20 30 45 60 80 120 200 300 650 1000

 [GeV]H

T
p

0.5
1

1.5
2

T
h

e
o

ry
/D

a
ta

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
https://arxiv.org/abs/1606.09253


Is it the Standard Model Higgs potential?
• How the Higgs potential is realized in Nature can provide important answers to many 

open points in our understanding of Nature…
ü e.g. BSM scenarios of Higgs sector, electroweak phase transition in the SM, baryogenesis…
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modified Higgs self-
coupling needed for 

strong 1st order transition 
in electroweak symmetry 

breaking which allows 
baryogenesis

Different models predicts different potential shape Evolution of Higgs potential could explain matter/antimatter 
asymmetry via electroweak baryogenesis

arXiv:1511.03969Phys. Rev. D 101, 075023 (2020) 

https://arxiv.org/abs/1511.03969v1
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.075023


Higgs at FC-ee
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L = 5 ab-1 

ZH = 106 
VBF = 2x104

L = 1.5 ab-1 
ZH = 2.5x105 
VBF = 5x104 


