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Introduction
The discovery of the Higgs boson 10 years ago [1, 2] established the theory of the SM

                                           ➞ But many questions remain!

‣ Several BSM theories which can explain Dark Matter origin, Hierarchy Problem, etc.  and 
also predict a Higgs Resonance
➞ New physics particles preferentially couple to the Higgs boson

‣ Extended Higgs sector (MSSM, NMSSM etc.) allows the SM Higgs boson to act as a portal 
to a “hidden sector” of new physics interactions 

‣ Run 2 focused on measuring the Higgs properties, including probes to BSM physics [3, 4]

New exotic phase space to be explored with additional data from Run 3

‣ Various SM Higgs couplings have only 
been constrained→new physics couplings 
may still be present

P. Das2LHCP, May 23, 2023
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LFV decays of the Higgs boson

3 P. Das

‣ SM forbids flavour violating Higgs couplings to leptons and quarks
➞ Allowed in several new physics scenarios, e.g., 2HDM, extra dimensions, composite 
Higgs…

‣ Indirect limits:

• BR(H➞eµ): upper limit on µ➞eγ at < 10-8, albeit with several assumptions on Higgs 
couplings and FCNC interactions

• BR(H➞eτ/µτ): from rare τ decays and measurement of e and µ magnetic moments

‣ Direct searches performed using full Run-2 luminosity
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Figure 4: A diagram contributing to the anomalous magnetic moment g � 2 of the muon through

FV couplings of the Higgs to ⌧µ.

The FV contribution to (g � 2)µ due to the ⌧ -Higgs loop in Fig. 4 is (neglecting terms

suppressed by mµ/m⌧ or m⌧/mh)
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in agreement with [24]. The discrepancy between the measured value of aµ and the one

predicted by the Standard Model [38, 43],

�aµ ⌘ aexp
µ

� aSM
µ

= (2.87± 0.63± 0.49)⇥ 10�9, (22)

could thus be explained if there are FV Higgs interactions of the size

Re(Yµ⌧Y⌧µ) ' (2.7± 0.75)⇥ 10�3 , (23)

(for the definition of the Yukawa couplings see Eq. (1)). This explanation of �aµ requires

Yµ⌧ ⇠ Y⌧µ to be a factor of a few bigger than the SM value of the diagonal Yukawa, m⌧/v,

and is in tension with limits from ⌧ ! µ�.3 It is in further tension with the LHC limit

extracted in Sec. V of this paper.

The measured �aµ could in principle also be explained by an enhanced flavor conserving

coupling of the muon to the Higgs if Yµµ ⇠ 0.15 ⇠ 280mµ/v. However, in this case h ! µµ

decays would be enhanced to a level that is already ruled out by the searches at the LHC:

From the search for the MSSM neutral Higgs boson one obtains a bound �(gg ! h ! µµ) .
30⇥ �(gg ! h ! µµ)SM or Yµµ . 5.5mµ/v [44].

3 If the two loop contribution to ⌧ ! µ� is suppressed, e.g. due to a modification of the top Yukawa

coupling, which could lead to significant cancellation between the 2-loop top and W diagrams, there is

a small region of parameter space in which flavor violating Higgs couplings could explain the (g � 2)µ
discrepancy without being ruled out by the one loop ⌧ ! µ� constraint. We will, however, see below that

even this case is disfavored by the LHC limit derived in this paper (see Sec. VA).
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Lepton-flavour-violating Higgs decays
• The Standard Model (SM) forbids LFV decays of the Higgs boson 

• No off-diagonal element in the Yukawa matrix 

• Alternative models foresee LFV decays 

• General MHDM: flavor violating decays allowed (tree level)  

• 2HDM Type-I: impose a discrete symmetry to 
couple only one doublet to fermions 

• 2HDM Type-II: impose a discrete symmetry to 
couple Q=2/3 quarks to one doublet and 
Q=-1/3 quarks to the other 

• 2HDM Type-III: no discrete symmetries are 
introduced, but phenomenological  constraints 
on the flavour changing couplings 

3

Y =

2

4
Yee 0 0
0 Yµµ 0
0 0 Y⌧⌧

3

5

Y =

2

4
Yee Yeµ Ye⌧

Yµe Yµµ Yµ⌧

Y⌧e Y⌧µ Y⌧⌧

3

5

LFV Higgs couplings can contribute to anomalous muon magnetic moment g-2

4.2𝜎

LHCP, May 23, 2023



H→eµ

4 P. Das

Search for both SM and BSM Higgs boson X→eµ, where 110 < mX < 160, following a bump 
hunt strategy
‣ Categorised based on ggH and VBF Higgs production modes
‣ Completely data driven background estimation
‣ Signal meµ distributions fit with a parametric model and compared to background

The two signal categories further optimised using boosted decision tree (BDT) and split according 
to signal purity
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Observed upper limit on the SM Higgs BR is determined to be 4.4 x 10-5 at 95% CL
The LFV Yukawa coupling is evaluated to be  < 1.9 x 10-4|Yeμ |2 + |Yμe |2

CMS-PAS-HIG-22-002
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H→eτ/µτ

5 P. Das

Overview:
‣ Multiple signal region categories based on τ decay and jet multiplicity to enhance sensitivity

‣ Construct collinear mass variable  to estimate mH

A BDT is trained in each channel and the discriminant distribution is used in a maximum 
likelihood fit to extract the upper limits on the Higgs BR

mcol = mvis / xvis
τ
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Analysis constrains BR(H→µτ) < 0.15 and BR(H→eτ) < 0.16 at 95% CL
Also provides upper limits on LFV Yukawa couplings: < 1.11 x 10-3 and 

< 1.35 x 10-3

|Yμτ |2 + |Yτμ |2

|Yeτ |2 + |Yτe |2
Phys. Rev. D 104 (2021) 032013
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Higgs to pseudoscalar decays
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‣ Viable decay in 2HDM+S: two scalar doublets and one scalar singlet, leading to seven 
scalars or pseudoscalars

‣ Assuming the singlet state has no direct Yukawa couplings, decays to fermions are a result 
of mixing with the Higgs sector

‣ Mixing is small enough to preserve the SM couplings of the Higgs, branching fractions of the 
pseudoscalars depend on the model and model parameters
➞ Different BSM models can be tested considering H→aa but special interest is in 
constraining 2HDM+S that conserve observed features of the SM

Predicted decay branching 
ratios of H to a decoupled 

singlet state (s) in 2HDM+S

arxiv:1312.4992

Full Run-2 results

LHCP, May 23, 2023

https://arxiv.org/pdf/1312.4992.pdf


H→aa→4γ (boosted)

7 P. Das

arxiv:2209.06197

Search for very low mass pseudoscalars in the diphoton decay mode
‣ Investigate 0.1 < ma < 1.2
‣ Diphoton decay is boosted and reconstructed as a single photon-like object “Γ”
‣ Probe merged Γ candidates in the SM H→γγ final state using novel photon reconstruction 

technique of end-to-end deep learning [5]

Fit 2D distribution of invariant masses mΓ1 and mΓ2

‣ Signal region: 110 < mΓΓ < 140 around Higgs resonance
‣ Sideband regions: 100 < mΓΓ < 110 and 140 < mΓΓ < 180 used to estimate non-resonant 

background
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Search is also sensitive to long-lived decays: For 0.1 < ma < 0.4, upper limits are 0.9 to 1.8 
times larger for cτ = 1 mm and 3 to 30 times larger for cτ = 10 mm

First search in this topology
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H→aa→4γ (resolved)
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Search for SM-like H→aa→4γ where the four photons are well isolated:
‣ Probes the mass range 15 < ma < 62
‣ Identifies the primary vertex using a BDT is trained using variables related to tracks recoiling 

against the well reconstructed four-photon system → improves Higgs mass resolution

Train a event classifier using variables uncorrelated to mγγγγ and look for a 125 GeV resonance in 
the mγγγγ spectrum of the signal-like events
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Observed upper limits on cross section range between 0.80-0.26 fb, compared to Higgs 
production cross section of 52 pb
Both H→aa→4γ analyses are statistically limited and no significant deviation from 
SM background is observed

arxiv:2208.01469

LHCP, May 23, 2023

https://arxiv.org/abs/2208.01469


H→aa→2µ2b
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Clean signature with a precise mass resolution from mµµ and large BR from bb
‣ Search for a masses within 15 < ma < 60
‣ Bump hunt analysis using the dimuon invariant mass mµµ 
‣ Completely data-driven background estimation
‣ Thorough study of the signal to use a single discriminating variable to suppress background 

Parametric fit of the signal model in different categories based on b-jet properties 

Most stringent observed upper limit till date in this final state, slightly better than ATLAS results
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H→aa→2τ2b
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Relatively larger BR to bb and ττ, improved τ lepton reconstruction techniques
‣ Search for a masses within 12 < ma < 60
‣ Three final states explored: µτh, eτh, eµ
‣ SVfit algorithm to reconstruct mττ including neutrino energies

Deep neural network training in final states with 1 b-jet and 2 b-jets separately for three channels: 
used in event categorization to improve signal sensitivity

Type-independent upper limits on BR(H→aa→llbb) in the context of 2HDM+S are derived 
combining with 2µ2b as a function of ma

15 20 25 30 35 40 45 50 55 60
 (GeV)

1am
0

2

4

6

8

10

12

14
bb

) (
%

)
ττ 

→ 1a 1
 a

→
B(

H
 

95% CL upper limits

Observed

Median expected

95% expected

68% expected

 (13 TeV)-1138 fbCMS Preliminary

bb final stateττ

Combined

15 20 25 30 35 40 45 50 55 60
 (GeV)

1am
0

2

4

6

8

10

12

14

 b
b)

 (%
)

ll 
→ 1a 1

 a
→

B(
H

 

95% CL upper limits

Observed

Median expected

95% expected

68% expected

 (13 TeV)-1138 fbCMS Preliminary

bbµµbb + ττ

Combined

2µ2b and 2τ2b combination: BR(H→aa) values excluded above 23% (Type II tanβ > 1), 
7% (Type III tanβ = 2.0) and 15% (Type IV tanβ = 0.5)

CMS-PAS-HIG-22-007

20 40 60 80
 (GeV)ττm

0
0.5

1
1.5

2
2.5

O
bs

./E
xp

.

0

20

40

60

80

100

Ev
en

ts
 / 

6 
G

eV Observed hτ→jet

Other ττ→Z

tt+jets =35GeV,B=10%
1am

Bkg. unc.

 (13 TeV)-1138 fbCMSPreliminary

bb Final stateττ

, 1 b-tag (SR1)
h
τµ

LHCP, May 23, 2023

http://www.apple.com/uk
http://cds.cern.ch/record/2853298?ln=en


Higgs decay to Axion-like particle
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First search in LHC for Axion-like particles (ALPs) produced via H→Za
‣ ALPs are predicted in extended SM theories addressing strong CP problem
‣ They are dark matter candidates decaying into photons
‣ Exploit merged photon reconstruction technique [5] to explore the mass range 1 < ma < 30

A BDT event classifier is used to select the signal region maximising significance across the 
invariant mass distribution mllγγ

No significant deviation from SM background is observed, analysis limited by statistical 
uncertainty

Also constrain effective coupling between H, Z and a within ~ 0.015 to 0.1 in this mass range
CMS-PAS-HIG-22-003

See poster by Zebing

LHCP, May 23, 2023

https://arxiv.org/abs/2204.12313
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Invisible Higgs decays
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‣ In the SM the H→invisible BR is ~ 0.1%, however much higher values are predicted by 
several BSM theories
→ Enhanced decay in Higgs portal models where dark matter particle mass mDM < mH/2

‣ VBF production mode is the most sensitive channel: allows suppression of SM backgrounds

‣ Recent search performed in ttH and VH production modes in hadronic final states

Signal is extracted from a fit to the hadron recoil distribution, equivalent to missing 
transverse momentum (pTmiss), in ttH and VH channels
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Results are combined with earlier searches for H→invisible decays yielding a combined 
upper limit of 15% on BR(H→invisible) at 95% CL

arxiv.org:2303.01214
LHCP, May 23, 2023
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Exotic Higgs production
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Dark matter at colliders: pairs of WIMPs resulting in pTmiss

‣ Final state radiation of DM particle or a new physics interaction with the Higgs results in the 
final state H+pTmiss or mono-Higgs events
➞ Two main models: (1) Z’-2HDM (2) Baryonic-Z’

‣ Several Higgs decay channels are investigated: bb, ττ, γγ, WW and ZZ
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Summary
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Higgs portal to hidden BSM sector being explored by CMS analyses in different final states
➞ First look at many full Run-2 results, some still to be updated

‣ Improved sensitivity compared to previous searches using novel analysis techniques and 
machine learning

‣ Stringent upper limits placed on the explored phase spaces of mono-Higgs production, H→LFV 
decays and H→invisible final states

‣ For H→aa, no significant excess over SM prediction just yet, many other channels remain to be 
explored

• Asymmetric pseudoscalar masses unexplored
• Signals with low pseudoscalar mass to be 

analysed using boosted reconstruction 
techniques, similar to boosted H→aa→4γ
and H→Za searches
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CMSPreliminary  (13 TeV)-135.9-138 fb

Direct searches benefit the most with increase in 
luminosity: exciting times ahead with the onset of 
LHC Run-3!

Also tune in to talks by Ram and Toyoko for more BSM results! Summary is covered by Maxwell

LHCP, May 23, 2023

https://indico.cern.ch/event/1198609/timetable/?view=standard#292-searches-for-bsm-scalars-c
https://indico.cern.ch/event/1198609/timetable/?view=standard#273-higgs-boson-rare-productio
https://indico.cern.ch/event/1198609/timetable/?view=standard#48-search-for-rarebsm-higgs-bo
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H→aa→4µ

17 P. Das

Analysis targets very low mass pseudoscalars:
‣ lnterpreted in terms of dark SUSY model (0.25 < ma < 8.5 GeV) and NMSSM (0.25 < ma < 

3.55 GeV)
‣ Limits derived as a function of dark photon mass and ma respectively in the two scenarios

Two dimuon pairs per event are chosen, where m(µµ)1 ~ m(µµ)2 < 9 GeV, satisfying stringent 
reconstruction requirements that eliminate most of the background
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In the context of H→2a+X→4µ+X, the search results in:

95% CL upper limit on 𝜎(H→2a+X)xBR2(a→2µ), constrained within 0.15 and 0.39 fb
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https://www.sciencedirect.com/science/article/pii/S0370269319304691?via=ihub


H→aa→2µ2τ/4τ

18 P. Das

Overview:
‣ 2µ2τ final state: Target low mass (3.6 < ma < 21) and high mass (15 < ma < 62.5) 

pseudoscalars
‣ 2µ2τ and 4τ final states: combined in the mass range 4 < ma < 15

Boosted τ pairs for very low ma require specialized reconstruction and isolation algorithms to 
avoid overlap, standard µ identification algorithm used even in boosted topologies

A boosted topology with two well separated same-charged muons is also targeted, where one 
a➞2µ and the other a➞τµτone-prong
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