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The Brout-Englert-Higgs Mechanism

The BEH complex scalar field  

• Permeates the entire universe

• Gives mass to the elementary 

particles

To verify its existence, we must find 

the associated Higgs boson
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The long road of the Higgs boson
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LEP: mH < 114.4 GeV 

Tevatron: 156 < mH < 177 GeV

ATLAS and CMS combined:

141 < mH < 476 GeV excluded

2011

~2010: Start of LHC
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2012: Higgs boson discovery!

https://pdg.lbl.gov/2013/reviews/rpp2013-rev-higgs-boson.pdf
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The long road of the Higgs boson

Run 1 Run 2 Run 3

10 fb-1 25 fb-1 36 fb-1 80 fb-1 140 fb-1 60 fb-1

pp → H 

ZZ, WW, γγ 𝜏𝜏 bb
μμ
Zγ

mass, spin, CP, couplings 

to SM particles

width, lifetime, fiducial and 

differential cross-sections

STXS

Production modes

Decay modes

Properties

ggH, VBF ttH VH
(evidence) ??

7-8 TeV 13 TeV 13.6 TeV

Nature 607, 60-68 (2022)

Production modes Decay modes

https://www.nature.com/articles/s41586-022-04892-x
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Production modes Decay modes

The measurement of the Higgs boson 

properties is crucial to 

• Better understand this special particle

• Search for deviations from predictions that 

would point to new physics processes 

https://www.nature.com/articles/s41586-022-04892-x


Higgs boson properties
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• Electric charge

• Spin angular momentum

• Parity-Charge conjugation

• Mass

• Width

• Cross-sections, branching 

ratios and signal strength

• Couplings
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Higgs boson properties
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• Electric charge Q = 0

• Spin angular momentum

• Parity-Charge conjugation

• Mass

• Width

• Cross-sections, branching 

ratios and signal strength

• Couplings



Higgs boson spin and parity
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• Probed via angular correlations in diboson decays (WW, ZZ, γγ)

• Many alternative spin-parity hypotheses tested

• Data compatible with spin zero and even parity, as predicted by SM

Phys. Rev. D 92 (2015) 012004

Phys. Rev. D 92 (2015) 012004

JP
SM = 0+

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.012004


Higgs boson mass
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• Only free SM parameter, it defines production and decay rates

• Measured with H → γγ and H → ZZ → 4l, thanks to their high resolution

• Precision dominated by statistics and experimental systematics
• Precise photons, electrons and muons energy scale and 

resolution are crucial

• CMS measurement most precise up to now (0.11% of uncertainty), 

still based on partial Run 2 dataset (36 fb-1)

Phys. Lett. B 805 (2020) 135425 Phys. Lett. B 843 (2023) 137880 

https://www.sciencedirect.com/science/article/pii/S037026932030229X
https://www.sciencedirect.com/science/article/pii/S0370269323002149?via=ihub


Higgs boson mass
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New H → γγ measurement using full 

Run 2 data:
• Increased data sample (~4x)

• Improved estimation of photon 

energy scale with significantly 

reduced (~3x) uncertainties 

• Optimized event classification 

strategy

Most precise 

measurement from 

a single channel!

ATLAS-CONF-2023-036

ATLAS-CONF-2023-036



Higgs boson mass
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• ATLAS full-Run 2 measurement, combining  H → ZZ → 4l and H → γγ

• 0.09% of uncertainty

New most precise 

measurement!

ATLAS-CONF-2023-037

ATLAS-CONF-2023-037 ATLAS-CONF-2023-037



CMS-HIG-21-013

Higgs boson width
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• Standard Model predicts ΓH ~ 4 MeV

• Direct measurement strongly limited by experimental resolution

• Assuming equal on-shell and off-shell couplings:
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NP 18 (2022) 1329

A real breakthrough after the 

discovery of the Higgs boson!

http://dx.doi.org/10.1038/s41567-022-01682-0


Higgs boson width
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• Indirect measurement from the on-shell/off-shell Higgs boson 

production

• Measured in the H → ZZ → 4l and H → ZZ → 2l2ν decay channels

• First evidence of off-shell Higgs boson production

CMS-HIG-21-013

NP 18 (2022) 1329

CMS-HIG-21-013

HIGG-2018-32

ATLAS:
ΓH = 4.5      MeV

+3.3

-2.5

CMS:
ΓH = 3.2      MeV

+2.4

-1.7

http://dx.doi.org/10.1038/s41567-022-01682-0
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-32/


Higgs decays to bosons and fermions
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Bosons Fermions

In the SM, the Higgs boson interaction is proportional to mV and mf

Phys. Lett. B 812 (2021) 135980 Eur. Phys. J. C 82 (2022) 717 Nature 607, 52-59 (2022)

Nature 607, 60-68 (2022)Nature 607, 60-68 (2022) Nature 607, 60-68 (2022)Nature 607, 60-68 (2022)

2

https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub
https://link.springer.com/article/10.1140/epjc/s10052-022-10588-3
https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04892-x


Higgs to Zγ
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• Very small signal: ℬ(H → Zγ) ~ 1.5 × 10-3

• Z leptonic decay ensures a clean signature (mll > 50 GeV)

• Photon requested to be well isolated

Phys. Lett. B 809 (2020) 135754 JHEP 05 (2023) 233

ATLAS:  2.2(1.2)σ CMS: 2.7(1.2)σ

https://www.sciencedirect.com/science/article/pii/S0370269320305578?via=ihub
http://dx.doi.org/10.1007/JHEP05(2023)233


Higgs to Zγ – ATLAS and CMS combination
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• Similar strategy adopted

• Main differences: bkg uncertainties evaluation and Higgs mass value

• First evidence of the decay process

CMS-PAS-HIG-23-002, ATLAS-CONF-2023-025 CMS-PAS-HIG-23-002, ATLAS-CONF-2023-025

μ = 2.2 ± 0.7  with local significance 3.4(1.6)σ

https://cds.cern.ch/record/2859713
https://cds.cern.ch/record/2860129
https://cds.cern.ch/record/2859713
https://cds.cern.ch/record/2860129


Cross-sections and branching fractions
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• Inclusive cross-section 

first quantity to measure

when establishing a 

channel

• Signal strength modifiers 

μ scale cross-sections 
and branching fractions 

relative to the SM

μf

Nature 607, 60-68 (2022)

𝜇𝑖 =
𝜎𝑖

𝜎𝑖
𝑆𝑀

𝜇𝑓 =
ℬ𝑓

ℬ𝑓
𝑆𝑀

Nature 607, 60-68 (2022)

μi

Nature 607, 52-59 (2022)

https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04893-w
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channel

• Signal strength modifiers 

μ scale cross-sections 
and branching fractions 

relative to the SM

μf

Nature 607, 60-68 (2022)

𝜇𝑖 =
𝜎𝑖

𝜎𝑖
𝑆𝑀

𝜇𝑓 =
ℬ𝑓

ℬ𝑓
𝑆𝑀

Nature 607, 60-68 (2022)

μi

Nature 607, 52-59 (2022)

ATLAS-CONF-2022-067

VH H→ WW

https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04893-w
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-067/
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Nature 607, 60-68 (2022)

μi

CMS-PAS-HIG-22-009 

μ = 1.01 +0.55
-0.46

VBF H→ bb

Cross-sections and branching fractions

https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04892-x
https://cds.cern.ch/record/2839932/files/HIG-22-009-pas.pdf


First cross-sections at 13.6 TeV
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• First measurement of Higgs boson 

production cross-section at 13.6 TeV by 
ATLAS in H → ZZ → 4l and H → γγ channels

• Same analysis strategy as in Run 2

• Around 30 fb-1 used (collected in 2022)

ATLAS-CONF-2023-032

ATLAS-CONF-2023-032

σfid = 76     (67.6 ± 3.7) fb+14
-13

γγ
σfid = 2.80 ± 0.74(3.67 ± 0.19) fb

4l

σtot = 58.2 ± 8.7(59.9 ± 2.6) pb

ATLAS-CONF-2023-032

https://arxiv.org/abs/2306.11379
https://arxiv.org/abs/2306.11379
https://arxiv.org/abs/2306.11379


The Simplified Template Cross-Section
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• Maximize sensitivity to isolate 

BSM effects while reducing 

theory dependence

• Exploit many variables 

simultaneously

VH H→ bb

Nature 607, 52-59 (2022)

• Inclusive over the Higgs decays - 

easier combination of the many 

channels explored

• Cross-sections in mutually 

exclusive regions of phase space 

(separated into prod. modes)CMS-PAS-HIG-20-001

https://www.nature.com/articles/s41586-022-04893-w
https://cds.cern.ch/record/2827421/files/HIG-20-001-pas.pdf


Differential distributions
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• Higgs production at LHC  

described by kinematic variables 

and jet multiplicity, which help 

understanding QCD effects 

HIGG-2020-25

VBF H → WW

• Differential cross-section 
measurements in several 

channels

CMS-PAS-HIG-19-016

CMS-HIG-21-009

H→ ZZ → 4l

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-25/
http://arxiv.org/abs/2305.07532


Higgs boson couplings
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• σ(ii → H) and ℬ(H →ff) at LO are proportional to 

the square of effective Higgs boson couplings 

to the corresponding particle

• To test SM deviations, modified couplings are 

defined, denoted by scale factors κ

• The coupling modifier framework parametrizes 
production and decay modes inclusively

𝜎𝑖 ∝ 𝑔𝑖
2 Γ𝑓 ∝ 𝑔𝑓

2

𝜎𝑖 ×  ℬ𝑓 =  𝜎𝑖
𝑆𝑀 × ℬ𝑓

𝑆𝑀 × 𝜅𝑖
2 × 𝜅𝑓

2

𝜅𝑖
2 =

𝜎𝑖

𝜎𝑖
𝑆𝑀 𝜅𝑓

2 =
Γ𝑓

Γ𝑓
𝑆𝑀

𝜎𝑖 × ℬ𝑓 =
𝜎𝑖 × Γ𝑓

Γ𝐻

In case of loops:

Resolved loop
Effective coupling 

modifier

OR



The κ framework

25

CMS-PAS-HIG-19-016 CMS-PAS-HIG-19-016

Nature 607, 60-68 (2022)Nature 607, 52-59 (2022)

https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04893-w


The κ framework
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CMS-PAS-HIG-19-016

• Scale all vector boson couplings 

with κV, all fermion couplings with κf

• Notice improvement with time, 

from discovery to run 1 to run 2

CMS-PAS-HIG-19-016

The Higgs boson couples 

with the particle mass!

Nature 607, 60-68 (2022)

Nature 607, 52-59 (2022)

https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04893-w


CMS-HIG-21-006
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• Through the study of κ parameters, 

effects of CP mixing can be explored

Anomalous interactions

𝐴 𝐻 → 𝑉𝑉  ~ ( 𝐴1 + 𝐴1
𝐵𝑆𝑀 )𝑚𝑉

2 + 𝐴2  + 𝐴3

𝐴 𝐻 → 𝑓𝑓 = −
𝑚𝑓

𝑣
ത𝜓𝑓(𝜅𝑓 + 𝑖 𝜅𝑓𝛾5)𝜓𝑓

• CP structure of Higgs couplings probed 

for t, 𝜏, g, Z, W, with a variety of 

production and decay modes

• Two approaches: anomalous coupling 

and EFT interpretations

• Measurement globally agrees with SM 0+

0+ 0
-

Tree-level loop

CMS-HIG-21-006

HIGG-2018-30

CMS-HIG-20-007
𝑓𝑎3 ~

|𝐴0−|2

|𝐴0+|2 + |𝐴0−|2

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-30/
https://arxiv.org/pdf/2205.05120.pdf


Higgs self-coupling

28

• The potential energy of the Higgs field is

• H self-interaction can be measured via 

Higgs boson pair production 

• 103 times rarer than single H processes

• Many channels analysed

• Sensitivity better than 3 times the SM

𝑉 Φ =
1

2
𝑚𝐻

2 𝜙2 +
𝜆

2
𝑚𝐻𝜙3 +

1

4
𝜆𝜙4

𝜆 =
𝑚𝐻

2

2𝑣2
𝜅𝜆 =

𝜆

𝜆𝑆𝑀

CMS-HIG-21-006

CMS-HIG-21-006

Phys. Lett. B 843 (2023) 137745 

Nature 607, 60-68 (2022)

ATLAS: -0.4 < 𝜅𝜆 < 6.3 at 95% C.L.
CMS:  -1.24< 𝜅𝜆 < 6.49 at 95% C.L.

https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub
https://www.nature.com/articles/s41586-022-04892-x


Conclusions

29

• The Higgs boson is a profoundly different kind of particle

• Its discovery is of un-measurable value and it has been only 

possible thanks to the work of thousands of people

• During the last 11 years, ATLAS and CMS have deeply investigated 

its nature, going from observation to precise measurements  

• All measurements made so far are found to be consistent with the 

SM, but many BSM scenarios predict only %-level deviations

• Run 3 era just began: next years will be crucial to shed light on 

New Physics phenomena 



Related talks at Lepton-Photon
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• “Higgs boson mass measurement at CMS”, Andrey Korytov

• “Probing the nature of electroweak symmetry breaking with Higgs 

boson pairs in ATLAS”, Yu Nakahama Higuchi

• “Measurements of Higgs boson properties (mass, width, and 

Spin/CP) with the ATLAS detector”, Trevor Vickey

• “Measurements of Higgs boson production and decay rates and 

their interpretation with the ATLAS experiment”, Andrew Mehta

…And many more!

https://indico.cern.ch/event/1114856/timetable/?view=standard#217-higgs-boson-mass-measureme
https://indico.cern.ch/event/1114856/timetable/?view=standard#25-probing-the-nature-of-elect
https://indico.cern.ch/event/1114856/timetable/?view=standard#25-probing-the-nature-of-elect
https://indico.cern.ch/event/1114856/timetable/?view=standard#29-measurements-of-higgs-boson
https://indico.cern.ch/event/1114856/timetable/?view=standard#29-measurements-of-higgs-boson
https://indico.cern.ch/event/1114856/timetable/?view=standard#28-measurements-of-higgs-boson
https://indico.cern.ch/event/1114856/timetable/?view=standard#28-measurements-of-higgs-boson
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