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Introduction
> Discovery of the SM Higgs boson will be a decade old by next year! 

How do we directly search for new physics in the Higgs sector?   
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Exotic higgs decays
natural signature of very broad class of 
beyond the SM theories

• 2 Higgs doublets  
MSSM, 5 physical Higgs bosons: 
h1,2,3, H+, H-

(already strongly constrained by existing data)

• 2 Higgs doublets + 1 additional singlet 
(2HDM + 1S) 
7 physical Higgs bosons:
h1,2,3, H+, H-, a1,2
under certain assumptions, phenomenology of
h → aa → xx̄yȳ decays determined by three   
independent parameters: 
B(h → aa), tanβ, and ma

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

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGExoticDecay
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3.1. Description of the models

Flavor-Changing Neutral Currents (FCNCs), ensuring that fermions with the same quantum
numbers couple to only one Higgs field. As a result of this requirement, four standard types of
fermion couplings become available. The fermion Higgs couplings for each of the four types of
2HDMs are summarized in Tab. 3.1: Type I (all fermions couple to H2), Type II (MSSM-like,
dR and eR couple to H1, uR to H2), Type III (lepton-specific, leptons and quarks couple to
H1 and H2, respectively), and Type IV (flipped, with uR, eR coupling to H2 and dR to H1).

Model 2HDM I 2HDM II 2HDM III 2HDM IV

u H2 H2 H2 H2

d H2 H1 H2 H1

e H2 H1 H1 H2

Table 3.1: Fermion Higgs couplings for the 2HDMs Type I-IV [26].

From the two real mass eigenstates in Eq. (3.3), one is identified as the SM-like Higgs boson
(h) and the other is taken to be heavy (H0), which is easily achieved in the decoupling limit
(– æ fi/2 ≠ —). Tab. 3.2 lists all the couplings to fermions and gauge fields relative to the
SM Higgs couplings of h, H0, and the A mass eigenstates.
The complex scalar singlet added to the 2HDMs:

Couplings 2HDM I 2HDM II 2HDM III 2HDM IV

h

ghV V sin(— ≠ –) sin(— ≠ –) sin(— ≠ –) sin(— ≠ –)

ghtt̄ cos–/sin— cos–/sin— cos–/sin— cos–/sin—

g
hbb̄

cos–/sin— -sin–/cos— cos–/sin— -sin–/cos—

gh· ·̄ cos–/sin— -sin–/cos— -sin–/cos— cos–/sin—

H
0

gH0V V cos(— ≠ –) cos(— ≠ –) cos(— ≠ –) cos(— ≠ –)

gH0tt̄ sin–/sin— sin–/sin— sin–/sin— sin–/sin—

g
H0bb̄

sin–/sin— cos–/cos— sin–/sin— cos–/cos—

gH0· ·̄ sin–/sin— cos–/cos— cos–/cos— sin–/sin—

A

gAV V 0 0 0 0

gAtt̄ cot— cot— cot— cot—

g
Abb̄

-cot— tan— -cot— tan—

gA· ·̄ -cot— tan— tan— -cot—

Table 3.2: Couplings of the neutral scalar and pseudoscalar mass eigenstates, normalized to
the SM Higgs boson couplings, for the 2HDMs Type I-IV with a Z2 symmetry [26].
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(SR + iSI), (3.4)

27

Direct searches: Benchmark scenario 2HDM+1S
Higgs-fermion couplings:

Why the interest in final states with leptons? 🤔

Type III: decays to ττ dominate over decays to b#b
above the b#b threshold, with branching fraction to 

leptons increasing as a function of tanβ
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h125

Signal signature and analysis strategy 

𝜌𝜑 planeρφ plane

> probe low m#$ region: 2m% < m#$ < 2m& (highly boosted 𝑎$ bosons → collimated decay products)

H(125) → 𝑎$𝑎$ → (µµ)(τ1−prongτ1−prong)

> target major production mode (ggH) 

> tau leptons from 𝑎$ → 𝜏𝜏 hadronic decays difficult to resolve by dedicated algorithm (Hadron+Strips)
Solution: exploit 𝑎$ → τ1−prongτ1−prong decays in 𝑎$ → 𝜏𝜏 leg

> experimentally challenging non-isolated leptons in final state

M
ET
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Selection
Online selection: Trigger
> isolated single muon trigger (nearby muons not considered in isolation requirement)

> 𝑝' threshold of 24 GeV (2016, 2018) and 27 GeV (2017)

Ditrack pair:
• opposite sign high purity tracks
• 𝑝' > 2.5 GeV
• | 𝑝⃗'(trk$) + 𝑝⃗' (trk() | > 10GeV
• track-track pair with highest sum of 𝑝' identified as the  

𝑎$→ ττ candidate

Dimuon pair:
• opposite sign pair of muons 
• one muon matches the trigger object
• 𝑝'(μ$) > 25 (28 GeV), 𝑝' (μ() > 3 GeV
• | 𝑝⃗'(μ$)+ 𝑝⃗' (μ() | > 45 GeV
• muon-muon pair with highest sum of 𝑝' identified as the 

𝑎$ → μμ candidate

>  use of muons and tracks as physics objects

trk

∆R  - < 1.5

∆RIso<0.2
trk
∆Rtrk-trk<1.5

Final selected sample:
> Dimuon+ditrack system (each of the muons and the tracks isolated within ∆R cone of 0.2)

3 categories:
• lepton-lepton

• lepton-hadron

• hadron-hadron

Offline selection: Trigger

| Search for exotic decays of the Higgs boson into 2 light pseudoscalars in final states with 𝜇 and 𝜏 leptons | S. C. Rodríguez (DESY) | 
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Final discriminant
Binned distribution obtained with a Boosted Decision Tree classifier

> classifier trained to distinguish 
signal vs. background

> individualized training 
and classification
one classifier per mass 
hypothesis, per category, 
per year to maximize 
discriminating power

> signal class
generated with 
multidimensional pdf:

(more details on next slide)

> background class
obtained from data-driven estimation

𝑓!"! = 𝑓#)) · 𝑓$%(',') · 𝑓$%(!*+,!*+)
·𝑓#),),+,-,+,-,./0

mass of the dimuon system
∆R between both muons of  

dimuon system

invariant mass of the four objects, 
adding the contribution of the MET

∆R between both tracks of  
ditrack system

CMS Work in progress CMS Work in progress

CMS Work in progressCMS Work in progress

| Search for exotic decays of the Higgs boson into 2 light pseudoscalars in final states with 𝜇 and 𝜏 leptons | S. C. Rodríguez (DESY) | 
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convolution 
of a Breit-

Wigner and 
a Gaussian
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Gaussians

addition of 
the 

convolution 
of a Landau 

and a 
Gaussian 

with a 
Landau

convolution 
of a Landau 

and a 
Gaussian

Signal model: Signal pdf: 
CMS Work in progress CMS Work in progress

CMS Work in progressCMS Work in progress
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Background model
> estimated using a data-driven procedure

Background composition:

> low mass Drell-Yan, t ̅t, and QCD events

> QCD contribution includes quarkonium states: ψ', Υ(1S), Υ(2S), and Υ(3S)

> shape of multivariate distribution derived in control region NNNN

> validation with additional control regions (Soft-Iso and 00-Soft-Iso) relaxing isolation requirement 

(closure test in next slide) 

𝑁1234: number of “soft” tracks
( 𝑝' > 1 GeV, 𝑑56 < 1 cm, and 
𝑑7 < 1 cm) within Δ𝑅 cone of 0.2

| Search for exotic decays of the Higgs boson into 2 light pseudoscalars in final states with 𝜇 and 𝜏 leptons | S. C. Rodríguez (DESY) | 
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Background validation
Closure test:
Shape in control region NNNN compared to sideband regions closer to the signal region for the hadron-
hadron category 
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> good agreement observed within the uncertain3es 

CERN-THESIS-2020-181

CMS Work in progress CMS Work in progress
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Final discriminant: BDT output distribution
> Background distribution obtained after performing fit to data under background-only hypothesis in lepton-
hadron category

> Benchmarking signal normalization events (assuming SM xsec in ggH)

> Branching ratio: BR(H(125) → 𝑎$𝑎$→ µµττ) = 0.01

Other two 
categories in 

backup

CMS Work in progress

| Search for exotic decays of the Higgs boson into 2 light pseudoscalars in final states with 𝜇 and 𝜏 leptons | S. C. Rodríguez (DESY) | 
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Systematic uncertainties

> uncertainties in muon (track) momentum scale of 0.2 (0.4) % ---> negligible effect on final results

| Search for exotic decays of the Higgs boson into 2 light pseudoscalars in final states with 𝜇 and 𝜏 leptons | S. C. Rodríguez (DESY) | 
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Results
>  evaluated in terms of 95% CL upper limits on: BR(H(125) → 𝑎$𝑎$→µµττ)

> no significant excess

> sensitivity to BR per mil level

> up to 4.2 times more sensitive than 2016-only CMS published result

Upper limits from 
experimental search

Map µ,-(𝑚.)

Model dependent 
interpretations

CMS Work in progress
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Chapter 8. Results

to the more di�cult discrimination in the presence of the low mass background (Sec. 7.7).
The two modulations of the expected limits observed around a mass of the light boson of 10
GeV are caused by the ⇥ resonances. The first resonance (⇥(1S)) is resolvable, while ⇥(2S)
and ⇥(3S) are merged, resulting in the two observed modulations.
The analysis presented in this thesis provides the tightest constraints on exotic decays of the
125 GeV Higgs boson to a pair of light bosons in the final state with two muons and two �
leptons, for masses of the light boson between 3.6 and 21 GeV. Previous results probing the
mass ranges of the light boson: 4 < ma1(ZD) < 21 GeV [55, 223] and 3.6 < ma1(ZD) < 21
GeV [56], are improved by a factor ranging from 4.3 to 9.2 and 1.6 to 4.2, respectively.

8.3 Interpretation of results for benchmark models

The model independent results presented in the previous section can be interpreted in the
context of the benchmark models studied in this thesis, namely the 2HDM+S and the Dark
Photon Model, as upper limits at 95% CL on (⇥h/⇥SM) · B(h � a1a1) and (⇥h/⇥SM) · B(h �
ZDZD), respectively [224].

8.3.1 2HDM+S

The very rich phenomenology of the 2HDM+S, featuring four types of fermion couplings,
was described in Subsec. 3.1.1. For a given type of 2HDM+S, assuming the decoupling
limit, the phenomenology of the h � aa � xx̄yȳ decays is determined by three independent
parameters: B(h � aa), tan⇤, and ma. Once the model type is specified, the branching
fraction of the pseudoscalar to SM particles can be calculated for a given value of ma and
tan⇤ [42, 225]. The upper limits on the signal strength modifier obtained in a search for
decays of the H(125) boson to a pair of light bosons (h � aa), in which no evidence of
signal is observed, can be translated into constraints on the free parameters of the model.
The upper limits from the experimental search, corresponding to a discrete number of mass
points, are first converted into a map µup(ma). Then, given a specific type of 2HDM+S, a
value of tan⇤, and ma, the branching fractions B(h � xx̄) and B(h � yȳ) are determined
and the experimental limits transfered into upper limits on B(h � aa), which take the form:

((⇥h/⇥SM) · B(h � aa))up = µup(ma)
2 · B(a � xx̄; ma, tan⇤) · B(a � yȳ; ma, tan⇤) . (8.3)

This equation constitutes the basis of model-dependent interpretations in the context of
the 2HDM+S. The procedure allows to map the phase space of tan⇤ and ma, resulting in
95% CL upper limits on B(h � aa) as a function of these two parameters. The branching
fractions for the decay of the light boson into a pair of fermions in the denominator, which
constitute theoretical predictions of the model, are provided by theorists as scans of the model
parameters. These scans are made available in files containing the values of a � xx̄(yȳ) and
tan⇤ for certain number of mass points, which cover the regions of ma: 1 GeV < ma <
70 GeV and tan⇤: 0.5 < tan⇤ < 10 [226]. In the analysis, upper limits at 95% CL on
(⇥h/⇥SM) · B(h � a1a1) are set for each type of 2HDM+S, as a function of tan⇤ and ma1 ,
using Eq. (8.3). A cubic spline interpolation is applied between the mass points for which
the upper limits were computed.
The upper limits obtained for selected values of tan⇤ (higher than one for Type II-III and

154

Interpretation of the results in the 2HDM+1S context
from experimental search

theoretical predictions
of the model 

peak-like shape of contours 
due to 𝑎$-quarkonium mixing

CMS Work in progress
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Chapter 8. Results

to the more di�cult discrimination in the presence of the low mass background (Sec. 7.7).
The two modulations of the expected limits observed around a mass of the light boson of 10
GeV are caused by the ⇥ resonances. The first resonance (⇥(1S)) is resolvable, while ⇥(2S)
and ⇥(3S) are merged, resulting in the two observed modulations.
The analysis presented in this thesis provides the tightest constraints on exotic decays of the
125 GeV Higgs boson to a pair of light bosons in the final state with two muons and two �
leptons, for masses of the light boson between 3.6 and 21 GeV. Previous results probing the
mass ranges of the light boson: 4 < ma1(ZD) < 21 GeV [55, 223] and 3.6 < ma1(ZD) < 21
GeV [56], are improved by a factor ranging from 4.3 to 9.2 and 1.6 to 4.2, respectively.

8.3 Interpretation of results for benchmark models

The model independent results presented in the previous section can be interpreted in the
context of the benchmark models studied in this thesis, namely the 2HDM+S and the Dark
Photon Model, as upper limits at 95% CL on (⇥h/⇥SM) · B(h � a1a1) and (⇥h/⇥SM) · B(h �
ZDZD), respectively [224].

8.3.1 2HDM+S

The very rich phenomenology of the 2HDM+S, featuring four types of fermion couplings,
was described in Subsec. 3.1.1. For a given type of 2HDM+S, assuming the decoupling
limit, the phenomenology of the h � aa � xx̄yȳ decays is determined by three independent
parameters: B(h � aa), tan⇤, and ma. Once the model type is specified, the branching
fraction of the pseudoscalar to SM particles can be calculated for a given value of ma and
tan⇤ [42, 225]. The upper limits on the signal strength modifier obtained in a search for
decays of the H(125) boson to a pair of light bosons (h � aa), in which no evidence of
signal is observed, can be translated into constraints on the free parameters of the model.
The upper limits from the experimental search, corresponding to a discrete number of mass
points, are first converted into a map µup(ma). Then, given a specific type of 2HDM+S, a
value of tan⇤, and ma, the branching fractions B(h � xx̄) and B(h � yȳ) are determined
and the experimental limits transfered into upper limits on B(h � aa), which take the form:

((⇥h/⇥SM) · B(h � aa))up = µup(ma)
2 · B(a � xx̄; ma, tan⇤) · B(a � yȳ; ma, tan⇤) . (8.3)

This equation constitutes the basis of model-dependent interpretations in the context of
the 2HDM+S. The procedure allows to map the phase space of tan⇤ and ma, resulting in
95% CL upper limits on B(h � aa) as a function of these two parameters. The branching
fractions for the decay of the light boson into a pair of fermions in the denominator, which
constitute theoretical predictions of the model, are provided by theorists as scans of the model
parameters. These scans are made available in files containing the values of a � xx̄(yȳ) and
tan⇤ for certain number of mass points, which cover the regions of ma: 1 GeV < ma <
70 GeV and tan⇤: 0.5 < tan⇤ < 10 [226]. In the analysis, upper limits at 95% CL on
(⇥h/⇥SM) · B(h � a1a1) are set for each type of 2HDM+S, as a function of tan⇤ and ma1 ,
using Eq. (8.3). A cubic spline interpolation is applied between the mass points for which
the upper limits were computed.
The upper limits obtained for selected values of tan⇤ (higher than one for Type II-III and

154

Interpretation of the results in the 2HDM+1S context
from experimental search

theoretical predictions
of the model 

sensitive for values of tanβ > 
1 and 𝑚8$ below the b-quark 
pair threshold

CMS Work in progress
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Chapter 8. Results

to the more di�cult discrimination in the presence of the low mass background (Sec. 7.7).
The two modulations of the expected limits observed around a mass of the light boson of 10
GeV are caused by the ⇥ resonances. The first resonance (⇥(1S)) is resolvable, while ⇥(2S)
and ⇥(3S) are merged, resulting in the two observed modulations.
The analysis presented in this thesis provides the tightest constraints on exotic decays of the
125 GeV Higgs boson to a pair of light bosons in the final state with two muons and two �
leptons, for masses of the light boson between 3.6 and 21 GeV. Previous results probing the
mass ranges of the light boson: 4 < ma1(ZD) < 21 GeV [55, 223] and 3.6 < ma1(ZD) < 21
GeV [56], are improved by a factor ranging from 4.3 to 9.2 and 1.6 to 4.2, respectively.

8.3 Interpretation of results for benchmark models

The model independent results presented in the previous section can be interpreted in the
context of the benchmark models studied in this thesis, namely the 2HDM+S and the Dark
Photon Model, as upper limits at 95% CL on (⇥h/⇥SM) · B(h � a1a1) and (⇥h/⇥SM) · B(h �
ZDZD), respectively [224].

8.3.1 2HDM+S

The very rich phenomenology of the 2HDM+S, featuring four types of fermion couplings,
was described in Subsec. 3.1.1. For a given type of 2HDM+S, assuming the decoupling
limit, the phenomenology of the h � aa � xx̄yȳ decays is determined by three independent
parameters: B(h � aa), tan⇤, and ma. Once the model type is specified, the branching
fraction of the pseudoscalar to SM particles can be calculated for a given value of ma and
tan⇤ [42, 225]. The upper limits on the signal strength modifier obtained in a search for
decays of the H(125) boson to a pair of light bosons (h � aa), in which no evidence of
signal is observed, can be translated into constraints on the free parameters of the model.
The upper limits from the experimental search, corresponding to a discrete number of mass
points, are first converted into a map µup(ma). Then, given a specific type of 2HDM+S, a
value of tan⇤, and ma, the branching fractions B(h � xx̄) and B(h � yȳ) are determined
and the experimental limits transfered into upper limits on B(h � aa), which take the form:

((⇥h/⇥SM) · B(h � aa))up = µup(ma)
2 · B(a � xx̄; ma, tan⇤) · B(a � yȳ; ma, tan⇤) . (8.3)

This equation constitutes the basis of model-dependent interpretations in the context of
the 2HDM+S. The procedure allows to map the phase space of tan⇤ and ma, resulting in
95% CL upper limits on B(h � aa) as a function of these two parameters. The branching
fractions for the decay of the light boson into a pair of fermions in the denominator, which
constitute theoretical predictions of the model, are provided by theorists as scans of the model
parameters. These scans are made available in files containing the values of a � xx̄(yȳ) and
tan⇤ for certain number of mass points, which cover the regions of ma: 1 GeV < ma <
70 GeV and tan⇤: 0.5 < tan⇤ < 10 [226]. In the analysis, upper limits at 95% CL on
(⇥h/⇥SM) · B(h � a1a1) are set for each type of 2HDM+S, as a function of tan⇤ and ma1 ,
using Eq. (8.3). A cubic spline interpolation is applied between the mass points for which
the upper limits were computed.
The upper limits obtained for selected values of tan⇤ (higher than one for Type II-III and

154

Interpretation of the results in the 2HDM+1S context
from experimental search

theoretical predictions
of the model 

highly sensitive for tanβ >1

CMS Work in progress
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Summary
Analysis searching for the H(125) → a$a$ decay in final states with 2 muons and 2 tau leptons with Run 2 
data is presented

> Search covers range of m#$ between 3.6 and 21 GeV

> machine learning approach targeting the (semi-)boosted topologies

> Signal extraction: maximum likelihood fit applied to BDT output distribution

> Sensitivity evaluated in terms of observed 95% CL limit on σ C BR(H(125) → a$a$ → 𝜇𝜇ττ)/σ9: ranging 
between 0.57 x 10;< (m#$ = 12.4 GeV) and 2.29 x 10;< (m#$ = 8.8 GeV)

> no evidence of exotic decays of ℎ$(= to light bosons

> exclusion power of analysis covers wide range of the parameter phase space of the different types of 
2HDM+1S

> most stringent limits obtained for scenarios with enhanced couplings to leptons

more direct searches and precision measurements of 
the properties of ℎ!"# to come with the Run 3 data 

Stay tuned!
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Backup

> Additional material
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lepton-lepton        hadron-hadron

Final discriminant: BDT output distribution
> Background distribution obtained after performing fit to data under background-only hypothesis

> Benchmarking signal normalization events (assuming SM xsec in ggH)

> Branching ratio: BR(H(125) → 𝑎$𝑎$→ ττττ) = 0.01

CMS Work in progress CMS Work in progress
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Results

> Combination of all channels for 2016, 2017, and 2018 datasets

2018

>  evaluated in terms of 95% CL upper limits on: BR(H(125) → 𝑎$𝑎$→µµττ)

2016 2017 2018 Run 2
combination

CMS Work in progress CMS Work in progress CMS Work in progress
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