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The Large Hadron collider
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The Large Hadron collider
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Physics Letters B, Volume 716, Issue 1(Discovery paper) https://arxiv.org/abs/2409.13663  

http://dx.doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/2409.13663


Why study the Higgs sector?
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The CMS detector

ÅOne of the 
experiments along 
the Large Hadron 
Collider in the 
Geneva
Åb-jets are really 

important for Higgs 
physics due to the 
large BR, 
H->bb BR 0.6
Åinformation from 

the inner tracker are 
used to identify b-
jets

ATLAS does a very similar job!
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Resolved and boosted topologies
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Decay products in 
opposite directions
Reconstructed 
individually:
resolved

Decay products collinear (or almost)
Reconstructed as one object:
boosted

Xmas at IFT

jets, b-jets and hadronic ̱  decays



b-jet tagging performance
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Machine learning abundantly applied here!

All algorithms on this slide are based neural networks (NN) 

Resolved topologies Boosted topologies

ParticleNet: 

Cutting edge b-tagging algorithm for 

boosted topologies.

Outperforms DeepAK8 x 2

Xmas at IFT



Extended Higgs sectors
ÅIn the Standard Model the Higgs sector is one 

complex doublet

ÅSM+ Singlet
ÅMinimal extension
ÅMixing with SM doublet=> modified couplings

ÅTwo Higgs doublet model (2HDM)
Åe.g. MSSM
ÅVery popular, rich phenomenology
ÅType I, II etc depending on how the doublet interacts with 

fermions

Å2HDM+Singlet
Åe.g NMSSM
ÅCombines benefit from the two above
ÅRich phenomenology, several mixing angles, modified couplings, 

forbidden decays, multiple scalars
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Long list of 
searches!!

¢Ƙƛǎ ƛǎ ƴƻǘ ǘƘŜ Ŧǳƭƭ ƭƛǎǘΧ

I will only talk about select few 
today, as examples
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General categories
Å Heavy Higgs searches
Å Light Higgs searches
Å Higgs pair production
Å X->VH



H->tt
ÅpQCD description of background

Åtop decay allows to exploit angular observables 
=> different tt spin states

11/12/2024 Xmas at IFT 13
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H->tt

ÅExcess of events> 5 sigma with 
respect to bkg-only

ÅPseudoscalar is more compatible 
than scalar

ÅExcess compatible with bound state 
ɖt with ů=7.1pb +/-11%
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H->tt

exclusion limits on the coupling of 

pseudoscalar or scalar bosons to top quarks

ū mass 365ī1000 GeV, width 0.5ī25%
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H->aa->4̱ κнˍҌн˃

Åa from 4 to 15 GeV

Åspecialized analysis strategy to identify 
highly Lorentz-boosted muon or tau 
lepton pairs with overlapping decay 
products

ÅBoth 4Ű and 2Ű+2ɛ combined to extract 
limits relative to BR a->4Ű
a BR to fermions linear with ma

ÅVarious 2HDM+S models examined
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https://cds.cern.ch/record/2911497

https://cds.cern.ch/record/2911497


A->ZH->lltt

ÅmA > mH + mZ, 

Åthe decay A ŸZH dominant in a wide range 
of the 2HDM

ÅmH> 400 GeV

Åthe decay H Ÿtt dominant

ÅATLAS excess 

Å(mA, mH ) = (650, 450) GeV with a local 
significance of 2.85 SD

11/12/2024 Xmas at IFT 17
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A->ZH->lltt
Does not confirm the excess 
seen by ATLAS 
2HDM interpretations
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https://cds.cern.ch/record/2892681 
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The Higgs potential

ÅThe least explored part of the Standard Model!

ÅThe Higgs sector is sensitive to new physics BSM

ÅCosmological consequences:
ÅInflation

ÅVacuum stability

ÅBaryogenesis

ÅΧΚ

Xmas at IFT 1911/12/2024



άLŦ ǘƘŜ ¦ƴƛǾŜǊǎŜ ǿŀǎ ƛƴŦƛƴƛǘŜƭȅ ƻƭŘΣ 
even an arbitrarily low vacuum decay 
rate would be incompatible with our 
ŜȄƛǎǘŜƴŎŜΦέ

20

https://doi.org/10.3389/fspas.2018.00040
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https://doi.org/10.3389/fspas.2018.00040


Double Higgs production at the LHC (SM)
ÅAt the LHC dominant production mechanism for SM 

double Higgs production is gluon fusion (ggf)

ÅOther productions such as VBF and VHH also 
possible; ̀  is much smaller

Å¢ƘŜ άōƻȄέ ŀƴŘ άǘǊƛŀƴƎƭŜέ ŘƛŀƎǊŀƳǎ ƛƴǘŜǊŀŎǘ 
destructively

ÅSM cross-section very small !!  
(~1000 times smaller than single Higgs production)

Xmas at IFT 21

Higgs trilinear 
coupling

11/12/2024



Double Higgs production at the LHC (SM)
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Graphic by Katherine Leney

11/12/2024



Higgs trilinear coupling

Xmas at IFT 23

ggF

VBF

Higgs pair production

Sensitivity to ˁ v˂ia single Higgs production
NLO corrections in H->VV decay and Higgs boson propagator

11/12/2024



HH decays:

Xmas at IFT 24

bbbb:

the highest branching 

fraction, large multijet 

background

bbWW(bbVV):

Second largest branching 

fraction

Large background. Final 

states with at least one lepton 

cleaner.

Multilepton(WW*WW*, 

WW* ʐʐ, andʐʐʐʐ):

Many different signatures, 

clean leptonic final states, no 

b-tagging needed

WWɾɾ:
Clean ɾɾpeak, leptonic final 

states or jets

bbʐʐ:
relatively large branching 

fraction, cleaner final state

bbɾɾ:
very small branching fraction, 

clean signal extraction due to 

the narrow h Ÿ ɾɾ mass 

peak

ʐʐɾɾ:

best of ʐʐand ɾɾ. Small BR

11/12/2024



Higgs pair production cross-section

Xmas at IFT 2511/12/2024

HIG-20-011

https://cds.cern.ch/record/2917252?ln=en


Constraints of Higgs couplings from HH

Xmas at IFT 26

ˁ˂ [-1.39, 7.02]@ 95% CL

2ˁv [0.62, 1.42] @95% CL Assuming ʆt=ʆv=1, ʆvv=0 

is excluded at a CL higher 

than 99.99%.
11/12/2024

HIG-20-011

https://cds.cern.ch/record/2917252?ln=en


Higgs trilinear coupling
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HIG-20-011

https://cds.cern.ch/record/2917252?ln=en


Single and double Higgs searches
Simultaneously constrain

ÅHiggs boson trilinear self-coupling

ÅHiggs boson couplings to fermions and to vector bosons. 
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https://arxiv.org/abs/2407.13554 

https://arxiv.org/abs/2407.13554


Single and double Higgs searches

Xmas at IFT 29

CMS

11/12/2024

Å Single H prefers positive ʆʇ
ÅAllowing other coupling to float doesnõt affect the 

constraints a lot. We can measure ʆʇwithout 

assumptions!

https://arxiv.org/abs/2407.13554 

https://arxiv.org/abs/2407.13554


Single and double Higgs searches

Xmas at IFT 3011/12/2024

Å Adding the H constraints on ʆt and ʆv bring 

enormous improvement to 2D countours!

https://arxiv.org/abs/2407.13554 

https://arxiv.org/abs/2407.13554


HH anomalous
couplings

Å HEFT parametrisation
Å Benchmarks combinations of the 

coupling modifiers 
(ˁ˂Σ ˁt , c2 , cg , c2g)

HIG-20-011
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https://cds.cern.ch/record/2917252?ln=en


ɶɶ/YH searches in CMS

ÅSearches for heavy resonances
Å·ҦII
Å· Ҧ¸I 

ÅIn Run 2 only narrow width (~10%)  
resonances with:
Åspin 0

such as a radion, or heavy Higgs in 
models with extended Higgs sector, e.g. 
2HDM
Åspin 2

such as a KK graviton in Randal-Sundrum 
model
ÅSome model dependent interpretations

ÅMass range:
250 GeV to 4500 GeV

ÅNo interference effects considered 

3211/12/2024 Xmas at IFT
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https://link.springer.com/article/10
.1007/JHEP07(2024)293 

https://link.springer.com/article/10.1007/J
HEP11(2021)057 


