
HiĀĀs Physics at 
XIX Mexican Workshop on Particles & Fields 

Arely CORTES GONZALEZ



arelycĀ@cern.ch

LHC
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● proton-proton collider at CERN.
● 27 km oÿ circumÿerence.
● Several experiments:

○ ATLAS & CMS: Āeneral purpose detectors.
○ ALICE (studyinĀ heavy ion collisions),
○ LHCb (flavour physics). 

● Collisions enerĀy: 7 TeV → 13.6 TeV
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ATLAS
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ElectromaĀnetic and hadronic 
Calorimeters provide enerĀy 

measurements

Muon spectrometer

CharĀed particles trackinĀ at 
the inner detector

Solenoid and toroidal maĀnets

TriĀĀer: hardware based Level 1  
(100 kHz) and soÿtware based 
HiĀh-level (1-3 kHz)
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HiĀĀs boson in the SM
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The HiĀĀs boson in the Standard Model:
● Elementary particle
● StrenĀth oÿ interaction with other particles are 

relative to their mass.
● Interacts with itselÿ.
● SM does not predict mass.

○ At the start oÿ the LHC the HiĀĀs mass was 
the only missinĀ SM parameter to predict 
production and decay rates. 

● Unique in the SM!
○ Scalar (spin 0).
○ It makes the SM complete (i.e. explains mass 

oÿ particles)

Discovered by the ATLAS and CMS Collaborations in 
2012 (see 10th year anniversary Scientific Symposium).

https://indico.cern.ch/event/1135177/timetable/
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Standard Model processes
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ATLAS Public Results

SM 
SinĀle HiĀĀs 
production

SM 
Z production
x1000

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
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HiĀĀs boson at the LHC
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Main production mechanisms in pp collisions. 

ĀĀF ~88%
Āluon-Āluon ÿusion

VBF ~7%
vector-boson ÿusion

VH ~4%
vector boson 

associated production

ttH ~1%
tt associated 
production

tH
top quark associated 

production

Handbook oÿ LHC HiĀĀs Cross Sections
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG#CERN_Reports_Handbook_of_LHC_Hig
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HiĀĀs boson at the LHC
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Main decay mechanisms: branchinĀ ratios dependant on the HiĀĀs mass. Handbook oÿ LHC HiĀĀs Cross Sections

How do we choose which channels to search ÿor?
● HiĀh branchinĀ ratio.
● Clean siĀnature (Āood detector resolution).

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG#CERN_Reports_Handbook_of_LHC_Hig
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HiĀĀs 

discovery!

● A larĀe search proĀram in all decays channels ÿrom the 
start oÿ the LHC Run 1. 

● Main channels leadinĀ to the discovery:
○ H→ZZ*→4ℓ, H→ɣɣ, H→WW→ℓvℓv.

ATLAS discovery paper

8

Run 1: 7 TeV, ~5 ÿb-1

Run 2: 8 TeV, ~6 ÿb-1

We ÿound a HiĀĀs! 

https://www.sciencedirect.com/science/article/pii/S037026931200857X#fg0060
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The LHC dataset now
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Luminosity collected by ATLAS
● Run 1: 5 ÿb-1 at 7 TeV & 20 ÿb-1 at 8 TeV
● Run 2: 140 ÿb-1 at 13 TeV
● Run 3: ~300 ÿb-1 at 13.6 TeV 

○ endinĀ in 2026. 

Pileup conditions are much more challenĀinĀ!
● Efficiency and resolution oÿ objects 

reconstruction requires more work. 
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CharacterisinĀ the HiĀĀs boson
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● Crucial input to predict HiĀĀs production cross sections 
and decay rates

● Measurement in decay channels with Āood resolution:
○ H→ZZ*→4ℓ and H→ɣɣ (ÿully reconstructable final states)
○ Relies on precise momentum calibration oÿ muons, 

electrons and photons. 

Mass measurement
The mass is the only ÿree parameter in the HiĀĀs mechanism.

Phys. Lett. B 843 (2023) 137880

Phys. Lett. B 847 (2023) 138315

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-16/
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CharacterisinĀ the new boson
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● First precision measurement at the LHC!
○ Current precision at 0.09%!

● Compare to Run 1, Run 2 combined 
measurement (H→ZZ*→4ℓ and H→ɣɣ) is 
equally limited by statistical and 
systematic uncertainties. 

● Precise calibration oÿ enerĀy/momentum 
scale oÿ leptons and photons.

Phys. Rev. Lett. 131 (2023) 251802

Mass measurement

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-20/
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HiĀĀs CouplinĀs
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Aÿter more than 10 years: five main production channels and main decay channels 
have been observed and are beinĀ used ÿor measurements.

Run 2: ATLAS-CONF-2025-06

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/
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HiĀĀs CouplinĀs
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Aÿter more than 10 years: five main production channels and main decay channels 
have been observed and are beinĀ used ÿor measurements.

Run 2: ATLAS-CONF-2025-06

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/
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HiĀĀs CouplinĀs
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Relationship between mass and couplinĀ as 
predicted by SM within current uncertainties. 

Run 2: ATLAS-CONF-2025-06

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/
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HiĀĀs CouplinĀs
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Run 2: ATLAS-CONF-2025-06
arXiv:2507.03595

With Run 3 data we can improve our measurements in 
more challenĀinĀ siĀnatures!

3.4σ Evidence ÿor H→µµ 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-11/
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We can Āo beyond…
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JHEP 05 (2023) 028

● We can also study kinematic distributions in HiĀĀs production (beyond the measurements oÿ total rates).
● Physics beyond the Standard Model may be enhanced in the tails oÿ these distributions. 

ATLAS-CONF-2025-002

Run 3
13.6 TeV

Run 2
13 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-04/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-002/
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Our universe lives in the 
minimum:

Standard Model 
Higgs potential 

mass

Trilinear HiĀĀs CouplinĀ
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minimum oÿ the 
potential
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Our universe lives in the 
minimum:

Standard Model 
Higgs potential 

mass self-
coupling
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we can probe this via 
the HH production

Trilinear HiĀĀs CouplinĀ
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mass self-
coupling
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Our universe lives in the 
minimum:

Standard Model 
Higgs potential 

HiĀĀs Potential
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mass self-
coupling

In the Standard 
Model:

Non-resonant HH production searches probe the shape of 
the Higgs potential by measuring the Higgs self coupling: 𝝹𝝺.

20

Our universe lives in the 
minimum:

Standard Model 
Higgs potential 

HiĀĀs Potential
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mass self-
coupling

Non-resonant HH production searches probe the shape of 
the Higgs potential by measuring the Higgs self coupling: 𝝹𝝺.

𝝹𝝺 ≠ 1 could indicate beyond Standard Model physics. 

In the Standard 
Model:

21

Our universe lives in the 
minimum:

Standard Model 
Higgs potential 

HiĀĀs Potential
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mass self-
coupling
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Our universe lives in the 
minimum:

Standard Model 
Higgs potential 

HiĀĀs Potential

Moreover, in the SM: 

We can use HHH searches to independently constrain 𝝺4  
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Electroweak phase transition
Measurements oÿ the HiĀĀs selÿ-couplinĀ can Āive insiĀht about our universe!

BaryoĀenesis requires a first order electroweak phase transition, 
which would lead to a modification to the HiĀĀs potential ...

SM: 2nd order phase transition. Continuous 
cross-over ÿrom one phase to the other. BSM: 1st order phase transition. 

tunnelinĀ
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current
minimum

Stable universe
● Current minimum is the absolute minimum.
● HiĀĀs fields will remain like this ÿorever.

current 
minimum

Metastable universe
● Current minimum is a ÿalse vacuum.
● Liÿetime is larĀer than the aĀe oÿ the universe, but 

eventually it will decay to the new minimum…

st
ab
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tunnelinĀ
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Stability oÿ the Universe
Measurements oÿ the HiĀĀs selÿ-couplinĀ can Āive insiĀht about our universe!
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current 
minimum

Metastable universe
● Current minimum is a ÿalse vacuum.
● Liÿetime is larĀer than the aĀe oÿ the universe, but 

eventually it will decay to the new minimum…

st
ab

le

Precision on top mass is also ÿundamental 
to answer the question on the 
metastability oÿ the universe.
arXiv:1205.6497 

Stability oÿ the Universe
Measurements oÿ the HiĀĀs selÿ-couplinĀ can Āive insiĀht about our universe!

tunnelinĀ

m
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e

https://arxiv.org/pdf/1205.6497
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HH production
Search ÿor non-resonant di-HiĀĀs production allows us to probe the shape oÿ the HiĀĀs potential by 

measurinĀ the trilinear selÿ-couplinĀ 𝝹𝝺 oÿ the HiĀĀs boson.

There is destructive interÿerence between the box and trianĀle diaĀrams, 
thus the cross section is suppressed (~103 times smaller than sinĀle HiĀĀs x-section). 

Deviations ÿrom SM can increase this cross section.

● mHH distribution depends on 𝝹𝝺.
● For values oÿ 𝝹𝝺 ≠ 1, x-section can be enhanced.
● For larĀe values oÿ 𝝹𝝺 the trianĀle diaĀram dominates. 
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Standard Model processes
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SM 
SinĀle HiĀĀs 
production
x1000

SM
Di-HiĀĀs 
production
33 ÿb-1

SM 
Z production
x1000

ATLAS Public Results

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
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● Channels with larĀe decay ÿractions 
may lead to challenĀinĀ siĀnatures.

● ExplorinĀ a mixture oÿ different hiĀĀs 
decay channels to increase the 
sensitivity.

● Different analysis strateĀies developed. 

28

Combination 
is key in this search!

Search channels
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● [bbbb] LarĀest decay ÿraction, exploit 
data driven techniques to estimate 
dominant multijet backĀround.

● [bb𝞃𝞃] Medium decay ÿraction, Āood 
siĀnal selection purity. 

● [bbɣɣ] Lower decay ÿraction, but 
excellent mɣɣ mass resolution.
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Phys. Rev. D 108 (2023) 052003

Phys. Rev. D 110 (2024) 032012

JHEP 01 (2024) 066

Resolved

Submitted to Phys. Lett. BBoosted VBF

Eur. Phys. J. C 83 (2023) 519VHH

JHEP 07 (2023) 040

Phys. Rev. D 106 (2022) 052001

Search channels

https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012
https://link.springer.com/article/10.1007/JHEP01(2024)066
https://arxiv.org/abs/2404.17193
https://link.springer.com/article/10.1140/epjc/s10052-023-11559-y
https://link.springer.com/article/10.1007/JHEP07(2023)040
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
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● [bbℓℓ + MET] TarĀetinĀ multiple decay 
ÿractions, with one HiĀĀs not decayinĀ 
into bb (bbWW/bb𝞃𝞃/bbZZ).

● [(ɣɣ) multi-lepton] CoverinĀ multiple 
decay modes, where both HiĀĀs don’t 
decay into bb (and bbZZ(4ℓ)).

30

JHEP 02 (2024) 037

Submitted to JHEP

Combination!
Phys. Rev. Lett. 133 (2024) 101801

Search channels

PAS-HIG-20-011

#SpoilerAlert Stay tunned ÿor next week at HIGGS2025

https://link.springer.com/article/10.1007/JHEP02(2024)037
https://arxiv.org/abs/2405.20040
https://arxiv.org/abs/2406.09971
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/index.html
https://indico.cern.ch/event/1532417/
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   bb𝞃𝞃 31
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Phys. Rev. D 110 (2024) 032012

main challenĀes
● MC modellinĀ and statistics.
● Tau-ÿakes estimation. 
● CateĀorisation is key:

○ TriĀĀer selection ÿor different decay channels: 
■ H→𝞃lep𝞃had: sinĀle-lepton (SLT) or lepton+tau (SLT+DLT) triĀĀers,
■ H→𝞃had𝞃had: combination oÿ sinĀle-tau (STT) and di-tau triĀĀers.

○ VBF and ĀĀF siĀnal separation:
■ In each channel a BDT is trained to separate VBF and ĀĀF

○ SiĀnal-BackĀround discrimination: train a BDT per cateĀory.
■ ĀĀF: define two low and hiĀh mHH cateĀories.  
■ VBF: sinĀle cateĀory.

Select 2 b-taĀĀed PFlow jets and 2 OS taus (𝞃had𝞃had and 𝞃lep𝞃had).

HH → bb𝞃𝞃

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012
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  bbɣɣ 33   bbɣɣ
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main challenĀes
● Analysis limited by statistics.
● LarĀe impact oÿ sinĀle HiĀĀs production normalisation. 
● Events cateĀorised into hiĀh and low m*bb𝛄𝛄  reĀions (low mass reĀions retain sensitivity ÿor larĀe 𝝹𝝺). 
● For each mass cateĀory BDTs are trained (and ÿurther cateĀories are defined based on BDT score).
● Model siĀnal and backĀround m𝛄𝛄 shapes with analytic ÿunctions. Final backĀround prediction 

comes ÿrom m𝛄𝛄 fit.

JHEP 01 (2024) 066
Select 2 b-taĀĀed PFlow jets and 2 hiĀh pT photons.

HH → bbɣɣ

https://link.springer.com/article/10.1007/JHEP01(2024)066
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● ATLAS combination ÿor searches oÿ HiĀĀs 
boson pair production!

●

● Best expected sensitivity to date on HH 
cross section:

○ µHH < 2.9 (2.4 exp.)
○ µHH < 2.9 (44.3) ÿor ĀĀF (VBF) production
○ σHH < 85.8 (71.1 exp) ÿb

● HH theory cross section uncertainty 
becomes relevant ÿor the sensitivity. 

ATLAS Combination
Phys. Rev. Lett. 133 (2024) 101801

https://arxiv.org/abs/2406.09971


arelycĀ@cern.ch

ATLAS Combination
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Most strinĀent expected 
constraints to the HiĀĀs boson 

selÿ-couplinĀ
-1.2 < 𝝹𝝺  < 7.2 (-1.6 < 𝝹𝝺  < 7.2 exp) 95% 

CL

Phys. Rev. Lett. 133 (2024) 101801

https://arxiv.org/abs/2406.09971
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ATLAS & CMS
Phys. Rev. Lett. 133 (2024) 101801PAS-HIG-20-011

https://arxiv.org/abs/2406.09971
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/index.html
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HH → bbɣɣ
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arXiv:2507.03495

Run 3 results!
includinĀ up to 2024 data

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/
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HH → bbɣɣ
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arXiv:2507.03495

Run 3 results!
includinĀ up to 2024 data

5σ (3σ) ÿor observation (evidence) oÿ the HH production!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/


arelycĀ@cern.ch 4
0

Towards LHC Run 3 and HL-LHC
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More data, better triĀĀers, better taĀĀers, better perÿormance!

LHC Run 3
TRIG-2022-02

bbbb triĀĀer

FTAG-2023-07b-taĀĀinĀ

SiĀnificant improvements usinĀ state-oÿ-the-art machine 
learninĀ architectures on identification techniques. 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TRIG-2022-02/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-07/
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LHC / HL-LHC Plan

What will be our sensitivity to observe 
Di-HiĀĀs production with the HL-LHC dataset 
(i.e. to what precision will be measure 𝝹𝝺?)

H/T N.CraiĀ, R. Petrossian-Byrne

From LHC 
to HL-LHC
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ATLAS HiĀĀs measurements at HL-LHC
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ATL-PHYS-PUB-2025-014

We will soon be dominated by 
theoretical uncertainties! Statistically limited channels will profit immediately 

profit ÿrom Run 3 results.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-014/
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ATLAS + CMS HH at HL-LHC ATL-PHYS-PUB-2025-018

● A >5σ observation will be possible already with 2000 ÿb-1 
combininĀ both experiments in the baseline scenario (S2).

○ 3000 ÿb-1 may allow a sinĀle-experiment observation.

● IncludinĀ 5% improvement in the b-taĀĀinĀ identification 
and tau-identification (S3) will increase the precision by 5%.

𝝹𝝺 is expected to be measured as                 .

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018
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ATLAS + CMS HH at HL-LHC
MeasurinĀ the selÿ-couplinĀ can provide discrimination 

between different scenarios, or different models. 
See talk by Patrick Meade.

BSM scenarios where new heavy particles lie beyond a larĀe 
enerĀy scale cut-off, so cannot be produced at the LHC. The 
potential is then expressed as a deÿamation oÿ the SM EWSB 
potential. 
Scenarios considered are in the context oÿ SMEFT (dim 6 and 
8) and modifications oÿ the low-enerĀy SM HiĀĀs potential by 
small term (loĀarithmic or exponential).

These scenarios predict a stronĀ first-order phase transition 
in the early universe ÿor 𝝹𝝺 > 𝝹min.

ATL-PHYS-PUB-2025-018

https://indico.cern.ch/event/1359386/#1-understanding-the-higgs-pote
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018
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● We have a very broad and rich HiĀĀs physics proĀram in ATLAS!
○ Very important precision measurements are beinĀ updated with the larĀer dataset oÿ LHC Run 3.
○ Rare decays and production processes are now becominĀ accessible: H→µµ, H→Z𝛄, etc.

● Oÿ particular interest ÿor our community is the di-HiĀĀs production. 
○ Multiple searches are perÿormed simultaneously: ultimate Āoal ÿor the HH physics proĀram is the 

combination oÿ all searches! 

● For both sinĀle HiĀĀs precision measurements and di-HiĀĀs searches, there are many areas to 
improve on (in addition to addinĀ more data)”
○ We can explore different siĀnatures (e.Ā. boosted topoloĀies).
○ New triĀĀers, object reconstruction and identification (e.Ā. improved taĀĀers),
○ novel analysis techniques (includinĀ broader use oÿ machine learninĀ).

● Great prospective ÿor HiĀĀs measurements and Di-HiĀĀs searches at the LHC and HL-LHC.
○ Important to reach this milestone HH discovery in these hadron accelerators. 

Final remarks
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¡Gracias!

47
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Other resources

● ATLAS Lectures
○ Great resource ÿor different topics oÿ the work we do in ATLAS.
○ Chronicles oÿ the HiĀĀs boson by Haider Abidi.
○ SeeinĀ double (HiĀĀs bosons) by Katharine Leney.
○ ProbinĀ new physics with the HiĀĀs boson by Tatjana Lenz. 

● Physics reports (collectinĀ latest measurements and searches ÿrom ATLAS Run 2):
○ A detailed map oÿ HiĀĀs boson interactions by the ATLAS experiment ten years aÿter the discovery
○ CharacterisinĀ the HiĀĀs boson with ATLAS data ÿrom Run 2 oÿ the LHC
○ ATLAS searches ÿor additional scalars and exotic HiĀĀs boson decays with the LHC Run 2 dataset

● More on HH:
○ LHC seminar: RevealinĀ the Potential oÿ the HiĀĀs field by Rui ZhanĀ.
○ ATLAS HH workshop invited talk: UnderstandinĀ the HiĀĀs potential by Patrick Meade.

● HiĀhliĀhts oÿ the HL-LHC physics projections by ATLAS and CMS 
● 10th anniversary oÿ the HiĀĀs boson discovery

https://indico.cern.ch/category/17441/
https://indico.cern.ch/event/1418288/
https://indico.cern.ch/event/1389632
https://indico.cern.ch/event/1552231/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2023-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-15/
https://indico.cern.ch/event/1403072/
https://indico.cern.ch/event/1359386/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018/
https://indico.cern.ch/event/1135177/timetable/
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ATLAS

49
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SM problems
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Problem?
● In SM without HiĀĀs: mass term chanĀe 

under symmetry rotation → SM can’t 
have massive bosons.

Problem?
● Diboson scatterinĀ: VV→VV violates 

unitarity at sqrt(s) ~ 1 TeV .
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HiĀĀs Mechanism
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Electroweak symmetry breakinĀ (EWSB):
● HiĀĀs mechanism is necessary both ÿor ĀauĀe boson and ÿermion masses!
● Assumption: A scalar field permeates the universe & couples to other particles

○ Non-zero “vacuum expectation value” (VEV)
○ StrenĀth oÿ particle interaction controls the particle mass
○ HiĀĀs boson is an “excitation” oÿ this field.

Our universe lives in 
the minimum:

Standard Model 
HiĀĀs potential 

EWSB

EWSB: ChanĀes the 
potential minima to a 
non zero value.
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HiĀĀs Mechanism
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Once we have introduced the HiĀĀs boson to the SM: 
● Addition oÿ a ÿundamental scalar spin-0 boson - Mass oÿ this particle is a ÿree parameter
● New Feynman vertices that need to be included in calculations

 
HiĀĀs - ÿermions couplinĀ HiĀĀs - vector boson couplinĀ HiĀĀs selÿ-couplinĀ

Multi HiĀĀs and boson couplinĀ

Note that all the couplinĀs oÿ the HiĀĀs boson to Standard Model particles
(except itselÿ) were known beÿore the discovery.
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HiĀĀs boson in the SM
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Nucl. Phys. B 106 , 2 (1976) 292-340

http://cds.cern.ch/ejournals.py?publication=Nucl.+Phys.+B&volume=106&year=1976&page=292
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HiĀĀs Solution!
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Problem?
● In SM without HiĀĀs: mass term chanĀe 

under symmetry rotation → SM can’t 
have massive bosons.

Solution
● SM + HiĀĀs LaĀranĀian is symmetric 

under SU(2)xU(1)

Problem?
● Diboson scatterinĀ: VV→VV violates 

unitarity at sqrt(s) ~ 1 TeV .

Solution
● VV→VV unitarity violation is canceled by 

new Feynman diaĀrams.

This imposes an upper limit on the HiĀĀs boson oÿ ~1 TeV.

https://arxiv.org/pdf/0806.4145
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We ÿound a HiĀĀs! 

HiĀĀs 

discovery!

● A larĀe search proĀram in all decays channels ÿrom the start 
oÿ the LHC Run 1. 

● Optimise over a wide mass ranĀe (we didn’t know the mass!)
● The HiĀĀs was discovered with 

○ Run 1: 7 TeV, ~5 ÿb-1

○ Run 2: 8 TeV, ~6 ÿb-1

● Main channels leadinĀ to the discovery:
○ H→ZZ*→4ℓ, H→ɣɣ, H→WW→ℓvℓv.

ATLAS discovery paper

such a small ÿraction oÿ 
today’s collected data!

55

Z→µµ event with 20 pileup 
events ÿrom 2008.

Pileup conditions ÿor different 
years oÿ data takinĀ

https://www.sciencedirect.com/science/article/pii/S037026931200857X#fg0060
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H→ZZ(*)→4ℓ
ATLAS discovery paper
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● The “Āolden channel”.
● Relies on precise enerĀy/momentum calibration oÿ muons 

and electrons.
● Small backĀrounds, mainly ÿrom nonresonant ZZ*

○ MC is normalised to the data-driven backĀround 
estimations.

● Small branchinĀ ratio, but excellent mass resolution (1-2%).

https://www.sciencedirect.com/science/article/pii/S037026931200857X#fg0060
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H→ɣɣ
ATLAS discovery paper

57

● Relies on precise enerĀy/momentum calibration oÿ photons.
● LarĀe backĀround: continuum ɣɣ backĀround.

○ Use a data-driven prediction.
● Tiny branchinĀ ratio ~0.2% but Āreat ɣɣ mass resolution (~1%).

https://www.sciencedirect.com/science/article/pii/S037026931200857X#fg0060
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H→WW→ℓvℓv
ATLAS discovery paper

58

● Relies on precise enerĀy/momentum calibration oÿ 
leptons.

● LarĀe siĀnal yield (sizeable branchinĀ ratio). 
● LarĀe backĀround ÿrom non-resonant WW* and 

ttbar
○ MC normalised to data in control reĀions.

● Smaller W+jets bkĀ estimated ÿrom data. 
● Recontriction/resolution is very challenĀinĀ due to 

neutrinos.

https://www.sciencedirect.com/science/article/pii/S037026931200857X#fg0060
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Patience, the ÿriend oÿ new discoveries

59

We do expect to see a siĀnal 
steadily increasinĀ 

as we increase our datasets!
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CharacterisinĀ the new boson
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Width

● Total HiĀĀs natural width in SM is small → difficult to measure the width directly.
ΓH

SM = 4.07 MeV
● Direct measurement would be dependant on detector resolution.

○  Width too small to be measured experimentally ÿrom resonance shape, where the mass peak is reconstructed. 

Phys. Lett. B 805 (2020) 135425

https://link.springer.com/article/10.1140/epjc/s10052-014-3076-z
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CharacterisinĀ the new boson

61

Width
● Indirect measurement ÿrom off-shell production.
● HiĀĀs boson interÿeres neĀatively with the diboson continuum.

AssuminĀ on-shell and off-shell couplinĀ are equal:

● ĀĀ→ H*→ ZZ siĀnal (2e2µ) 
● ĀĀ→ ZZ continuum bkĀ
● ĀĀ→ (H*→) ZZ with SM HiĀĀs 

couplinĀ 
○ siĀnal plus backĀround 

plus interÿerence.
● ĀĀ→ (H* →) ZZ with μoff-shell=10 

Rep. ProĀ. Phys. 88 (2025) 057803

Measured value oÿ HiĀĀs boson width:

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-14/
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CharacterisinĀ the new boson
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Spin
Predicted to be zero in the SM → unique wrt other ÿundamental particles!

Eur. Phys. J. C 75 (2015) 476

Production and decay anĀle depend 
on the spin.

p p
Θ

H

Define a test statistics: 
0+ vs 0-

A test statistic q~  isused to distinĀuish between 
the two spin-parity hypotheses is based on a ratio 

oÿ profiled likelihoods

Test multiple spin hypotheses.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-17/
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We can Āo beyond… STXS

63

● STXS model provides a template ÿor fine Ārained measurements ÿrom different channel and how to combine them.
● We can study kinematics in all production processes in several kinematic reĀimes to maximise sensitivity to new 

physics while limitinĀ model dependence.

Nature 607 52 (2022)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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Our universe lives in the 
minimum:

Standard Model 
Higgs potential 

Trilinear HiĀĀs CouplinĀ

64
broken symmetry!
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HH production
Search ÿor non-resonant di-HiĀĀs production allows us to probe the shape oÿ the HiĀĀs potential by 

measurinĀ the trilinear selÿ-couplinĀ 𝝹𝝺 oÿ the HiĀĀs boson.

HiĀĀs potential 
(minimum)

mass term trilinear 
couplinĀ

SM predicts 𝝹𝝺 = 1

There is however destructive interÿerence between the box and trianĀle diaĀrams, 
thus the cross section is suppressed (~103 times smaller than sinĀle HiĀĀs cross section). 

Deviations ÿrom SM can increase this cross section.
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HH production
Search ÿor non-resonant di-HiĀĀs production allows us to probe the shape oÿ the HiĀĀs potential by 

measurinĀ the trilinear selÿ-couplinĀ 𝝹𝝺 oÿ the HiĀĀs boson.

Other production mechanisms also allow us to probe different couplinĀs: 𝝹2V, 𝝹V.  

Vector boson ÿusion
Associated production 

VHH

VVHH couplinĀ modifier
SM predicts 𝝹2V = 1

VVH couplinĀ modifier
SM predicts 𝝹V = 1



arelycĀ@cern.ch 67

HH production

Gluon ÿusion (NNLO)

Production cross sections at 13 TeV ÿor mH = 125 GeV

Vector boson ÿusion  (N3LO)

Associated production, VHH  (N2LO)

LHCHXSWG-2019-005

VVHH couplinĀ modifier 𝝹2V

VVH couplinĀ modifier 𝝹V 

SM predicts 𝝹𝝺 = 1, 𝝹2V = 1, 𝝹V = 1

Trilinear selÿ-couplinĀ modifier: 𝝹𝝺 

e.Ā σZHH

https://cds.cern.ch/record/2690841/files/LHCHXSWG-2019-005.pdf
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HiĀĀs boson pair production
Āluon ÿusion 

vector boson ÿusion

associated production (ttbar)

associated production (Z/W)

ĀĀF most sensitive to probe 𝝹𝝺 

access to to probe 𝝹V  a
nd 𝝹2V

LHCXSWG-2019-005

https://cds.cern.ch/record/2690841/files/LHCHXSWG-2019-005.pdf
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Measurements oÿ the HiĀĀs selÿ-couplinĀ can Āive insiĀht about our universe!

Stability oÿ the Universe

MeasurinĀ the selÿ-couplinĀ can provide discrimination between different scenarios, or different models. 
See talk by Patrick Meade.

But, keep in mind that we will require to measure triple-HiĀĀs production 
to ÿully describe the shape oÿ the HiĀĀs potential.  

Phys. Rev. D 101, 075023 (2020)

https://indico.cern.ch/event/1359386/#1-understanding-the-higgs-pote
https://arxiv.org/abs/1907.02078
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ĀĀF HH production

70
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ĀĀF HH production

71

● mHH distribution depends on 𝝹𝝺.
● For values of 𝝹𝝺 ≠ 1, x-section can be enhanced.
● For large values of 𝝹𝝺 the triangle diagram dominates. 
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VBF HH production

72

VBF production: 𝝹2V ≠ 1 (BSM) 
● have larger cross-section,
● the decay production are more energetic.
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bbbb
Phys. Rev. D 108 (2023) 052003

74

Select 4 b-taĀĀed PFlow jets.
VBF selection requires two additional jets. main challenĀes

● BackĀround estimation: cannot rely on MC, ÿully 
data driven approach. 
○ Train a NN to learn 2b-to-4b events kinematic 

re-weiĀhtinĀ.
○ Systematic uncertainties on this method dominant.

● New b-jet triĀĀers ÿor Run 3 to access lower mHH
● Use event cateĀorisation to improve sensitivity. 
● Discriminant variable: mHH
● We rely on excellent b-taĀĀinĀ!

https://link.aps.org/doi/10.1103/PhysRevD.108.052003
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Resonant X → HH
X → HH is a probe ÿor beyond Standard Model physics.

● Non-resonant and resonant analysis 
have a stronĀ interplay. 

● For searches oÿ a new particle X→HH, 
different kinematic reĀimes can be 
explored with complementary topoloĀies 
and decay modes.

Phys. Rev. Lett. 132 (2024) 231801

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-17/


arelycĀ@cern.ch 110

Resonant X → SH

● Two additional scalars motivated by several theoretical models:
○ e.Ā. N2HDM (extension oÿ 2HDM) , TRSM, NMSSM.

● Different siĀnatures can tarĀet different mX and mS reĀions.
● Combination would require a model assumption 

(or assuminĀ SM HiĀĀs mass-dependent BRs, as CMS has done). 

● Published
○ [bbɣɣ] Submitted to JHEP.
○ [VV𝞃𝞃] JHEP 10 (2023) 009
○ [ɣɣ + VV] Submitted to JHE

https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-23-002/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-44/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-23/
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Resonant X → SH
Combination would require a model assumption 
(or assuminĀ SM HiĀĀs mass-dependent BRs, as CMS has done). 

https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-23-002/
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HiĀĀs measurements at HL-LHC

129

For the more challenĀinĀ (or stats limited) channels, important to improve our reconstruction and identification tools

ATL-PHYS-PUB-2025-012

Better b-jet and c-jet identification would be equivalent to 
collectinĀ more data!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-012/
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HL-LHC: bb𝞃𝞃
ATL-PHYS-PUB-2024-016

● Difficult to anticipate improvements in 
reconstruction, identification and overall 
analysis strateĀies.  

● Important to identiÿy the areas oÿ 
opportunity in each analysis.

● Latest projections are based in our leĀacy 
results ÿrom Run 2 (input ÿor the European 
StrateĀy Update 2025)
○ HH combination,
○ bb𝞃𝞃, bbɣɣ, boosted VBF 4b, bbℓℓ+MET, 

multi-lepton.

● Scenarios explored ÿor the projections:
○ Stat-only (optimistic).
○ Baseline: based on systematic 

uncertainties ÿrom Run 2 analysis (some 
experimental uncertainties may scale 
with sqrt(luminosity), theory 
uncertainties halved). 

○ Run 2 systematic uncertainties 
(pessimistic).

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-004/
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HL-LHC: bb𝞃𝞃
ATL-PHYS-PUB-2024-016

ImprovinĀ our b-quark and tau-lepton identification.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-016/
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HL-LHC: bbɣɣ  & boosted VBF 4b
ATL-PHYS-PUB-2025-005

ImprovinĀ our boosted H→bb identificationImprovinĀ our b-quark identification.

ATL-PHYS-PUB-2025-001

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-005
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-001
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HL-LHC discovery potential

ATL-PHYS-PUB-2025-006

For 3000 fb-1 at 14 TeV the discovery significance for the SM Higgs boson pair production is 4.3σ 
(5.9σ if systematics are neglected). 𝝹𝝺 is expected to be measured as                 . 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006


arelycĀ@cern.ch 136

HL-LHC discovery potential
For 3000 fb-1 at 14 TeV the discovery significance for the SM Higgs boson pair production is 4.3σ 

(5.9σ if systematics are neglected). 𝝹𝝺 is expected to be measured as                 . 
ATL-PHYS-PUB-2025-006

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006
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HL-LHC: ATLAS + CMS ATL-PHYS-PUB-2025-018

● A >5σ observation will be possible already with 2000 ÿb-1 
combininĀ both experiments in the baseline scenario (S2).

○ 3000 ÿb-1 may allow a sinĀle-experiment observation.

● IncludinĀ 5% improvement in the b-taĀĀinĀ identification 
and tau-identification (S3) will increase the precision by 5%.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018
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HL-LHC: ATLAS + CMS ATL-PHYS-PUB-2025-018

S3: Baseline scenario + additional 5% improvement in b-taĀĀinĀ siĀnal 
efficiency  and tau identification efficiency.

(equivalent to the DL1r → GN2 improvement or the expected with GNTau).

𝝹𝝺 is expected to be measured as                 .

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018
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HL-LHC: ATLAS + CMS ATL-PHYS-PUB-2025-018

S2: baseline scenario
Our precision depends on the 

𝝹𝝺 realised in nature. 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018
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HL-LHC: ATLAS + CMS ATL-PHYS-PUB-2025-018

MeasurinĀ the selÿ-couplinĀ can provide discrimination 
between different scenarios, or different models. 

See talk by Patrick Meade.

But, keep in mind that we will require to measure triple-HiĀĀs 
production to ÿully describe the shape oÿ the HiĀĀs potential.  

BSM scenarios where new heavy particles lie beyond a larĀe 
enerĀy scale cut-off, so cannot be produced at the LHC. The 
potential is then expressed as a deÿamation oÿ the SM EWSB 
potential. 
Scenarios considered are in the context oÿ SMEFT (dim 6 and 
8) and modifications oÿ the low-enerĀy SM HiĀĀs potential by 
small term (loĀarithmic or exponential).

These scenarios predict a stronĀ first-order phase transition 
in the early universe ÿor 𝝹𝝺 > 𝝹min.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018
https://indico.cern.ch/event/1359386/#1-understanding-the-higgs-pote
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HL-LHC: CMS
PAS-HIG-20-011

Ru
n 

3

ExtrapolatinĀ their latest combination results.

Discovery siĀnificance as a ÿunction oÿ 𝝹𝝺

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/index.html
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HHH


