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Introduction

• The discovered 125 GeV Higgs boson is compatible with 
the Standard Model (SM) prediction.  

• However, the SM cannot provide complete descriptions of 
the following issues:  
- “hierarchy problem” (mh << mPlanck) 
- existence of dark matter and dark energy  
- existence of neutrino masses 
- matter-antimatter asymmetry 

• Strong indications that the SM is only a low-energy 
approximate of a more advanced theory.  

• Many theories beyond the Standard Model (BSM) were 
developed to overcome the limitations of the SM (e.g. 
SUSY, extra Higgs doublets, composite Higgs, Higgs 
portals to dark matter…) . 

• Looking at new/exotic Higgs boson decays provides us a 
unique approach to BSM searches.
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Exotic Higgs searches at ATLAS & CMS 

• Search for Higgs boson decaying to 
- non-SM particles: light scalars (→SM particles) or new stable particles  
- SM particles: rare or forbidden in SM 
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG/index.html

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ResultswithData2018

Higgs decays to new light scalars Lepton flavour violating 

h → aa → 4b/2b2𝜇 h → e𝜏

h → aa → 4𝜏/2b2𝜏/2𝜇2𝜏 h → 𝜇𝜏

h → aa →  4𝜇 h → e𝜇

h → aa → 𝜸𝜸gg

h → Za/Zηc/ZJ/ψ →ℓℓj

h →Zρ0/Zφ

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG/index.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ResultswithData2018


Two-Higgs-doublet model + one complex scalar singlet (2HDM+S)

• The 2HDM is one of the simplest extensions of the SM 
(motivated by MSSM, axion models…) 

• Two Higgs doublets ϕ1, ϕ2 , after symmetry breaking =>  
- (h, H) neutral Higgs bosons which are CP-even (scalar),  
- (A) neutral Higgs boson and CP-odd (pseudo-scalar),  
- (H±) charged Higgs bosons  
- tanβ: the ratio of the VEV of the two Higgs doublets 
- α: the mixing angle between the CP-even Higgs bosons 

• Different categories depending on the type of interaction 
of the two doublets with quarks and charged lepton.  

• In addition, the extra complex scalar singlet only couples 
to the two Higgs complex fields in the potential and has 
no Yukawa couplings => light pseudo-scalar (a) 
- all of its couplings to SM fermions are through mixing 

of the scalar with the Higgs fields, and small to preserve 
the SM nature of the Higgs sector 4

G.C. Branco et al. / Physics Reports 516 (2012) 1–102
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FIG. 7: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type II Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.

FIG. 8: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type III Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.
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Search for h→aa→4b

• In most of 2HDM+S models, B(a → bb) dominates in the 
range of ma > 10 GeV 

• This analysis was recently extended in the ZH production 
to cover the mass regime 15 GeV ≤ ma ≤ 30 GeV  

• To investigate the boost case of a → bb, a special BDT 
based-on track-jets is trained for reconstruction and 
identification 

• No significant excess of events above the SM background 
prediction is observed 

• This novel search improves the expected limit on σxB for 
ma = 20 GeV by a factor of 2.5 w.r.t. the previous result
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CERN-EP-2020-061 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-47/


Search for h→aa→2𝜇2b in ggF and VBF productions

• In the Type-III 2HDM+S (with enhanced lepton couplings), 
B(a → µµ) can also be relatively large 

6Phys. Lett. B 795 (2019) 398

Phys. Lett. B 790 (2019) 1

- ATLAS: Exactly 2 b-tagged jets, kinematic fit to mbb𝜇𝜇, the 
floating normalization of the ttbar and DY backgrounds are 
determined from CRs 

- Observed (σH/σSM)× B upper limit @95%CL: (1.2–
8.4)×10−4 in the a-boson mass range of 20 to 60 GeV

- CMS: 3 categories based on b-tagged jets, analytic functions 
are used to model both signal and backgrounds, 
simultaneously unbinned likelihood fitting  

- Observed (σH/σSM)× B upper limit @95%CL : (1–7)×10−4 for 
the mass range 20 to 62.5 GeV

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-011/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-03/


Search for h→aa→2𝜇2𝜏

• 3.6 GeV < ma < 21 GeV, the μμ and the ττ pairs have high Lorentz boost and are collimated. 

• A special technique is developed for boosted τ lepton pair reconstruction (a → τμτh) base on 
hadron-plus-strips algorithm  

• The 2D fit of m(μμ) vs. m(τμτh) is performed in data, three m(μμ) ranges: [2.5,8.5], [6,14], and 
[11,25]. 
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arXiv:2005.08694
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Figure 5: Projections of 2D background model fits and observed data in the signal region on
the m(µµ) (left), and m(µµtµ th) (right) axes with sample signal distributions that assume
H boson masses of mH = 125 and 300 GeV. The figures are divided into three fit ranges:
2.5 < m(µµ) < 8.5 GeV (upper), 6 < m(µµ) < 14 GeV (middle), and 11 < m(µµ) < 25 GeV
(lower).
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presented in Fig. 7. Here, sSM is the SM Higgs boson (or, for mH = 300 GeV, sSM is the SM-
like Higgs boson) production cross section including ggF and VBF production modes [46].
Broadly, the sensitivity of this exclusion decreases at low values of ma because of reconstruction
inefficiencies as the decay products of the tt pair overlap. In addition, for mH = 125 GeV, as
ma increases, the Lorentz boost decreases causing the products to be well separated, failing
the requirement of DR(tµ , th) < 0.8. The two peaking structures around ma = 10 GeV are
from the U resonances where the U(1S) resonance is resolvable but the U(2S) and U(3S) merge
because the rejection power of the boosted tµ th selection sufficiently reduces the number of
events in and around these peaks. A third peaking structure is not as apparent but is also
present at the y(2S) resonance. Comparison with an earlier

p
s = 13 TeV result from the CMS

Collaboration [40] targeting resolved tt decay products is possible for SM Higgs boson decays
with 15 < ma < 21 GeV. In this case, the two approaches have similar sensitivity.
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Figure 7: Model-independent 95% CL upper limits on sHB(H ! aa ! µµtt)/sSM as a func-
tion of pseudoscalar boson mass for a Higgs boson with mH = 125 GeV (left), and 300 GeV
(right). The vertical dashed lines indicate the transition between the µµ mass fit ranges for a
given mass hypothesis, occurring at ma = 8 and 11.5 GeV. The inner (green) band and the outer
(yellow) band indicate the regions containing 68 and 95%, respectively, of the distribution of
limits expected under the background-only hypothesis.

Upper limits on sHB(H ! aa)/sSM for the 2HDM+S for each Type-I to -IV as a function of
tan b and ma are shown in Figs. 8 and 9. The assumed model branching fractions for pseu-
doscalar decays to µµ and tt are taken from Ref. [71], and the branching fraction B(aa !
µµtt) depends strongly on the 2HDM+S type [7]. The branching fractions are calculated in
tan b increments of 0.5 above tan b = 1 and increments of 0.1 below, and a linear interpolation
is applied between the calculated points in Fig. 9. For the Type-I and -II models, we primarily
probe the 2mt < ma < 2mb range, with the Type-I upper limits approximately independent of
tan b. In the Type-I model, the most stringent limit of 5% is set for ma ⇡ 4.5 GeV. In the Type-
III model, this analysis has exclusion power over the full pseudoscalar mass range probed,
especially at large tan b. For the Type-II and -III models with ma below the bb threshold, up-
per limits on B(H ! aa) are stronger than the 0.47 inferred from combined measurements
of SM Higgs couplings [9] for tan b & 0.8-0.9, becoming as strong as 10% for tan b & 1.5. In
the Type-III models, strong upper limits are set for all pseudoscalar boson masses tested when
tan b & 1.5. The Type-IV model, however, can only be effectively probed in the low-tan b
region. For a given ma, the ratio of decay rates to µµ and tt , respectively B(a ! µµ) and
B(a ! tt), depends only on mµ and mt [7, 71]. Thus, these results can be converted into
upper limits on sHB(H ! aa)/sSM. Contours for different B(H ! aa) values are overlaid.

transition between mμμ fitting ranges

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-024/


Search for h→aa→γγgg

• 20 GeV < ma < 60 GeV 
• Selecting the VBF Higgs production, more effective suppression of the background.  

- ggF production mode has a larger cross-section, but is overwhelmed by the γγ+multi-jet 
background.  

• Events are required to have at least 4 jets 

• The observed 95%CL upper limit is set for σxB(H → aa → γγgg) < 3.1-9.0 pb depending on ma

8

Phys. Lett. B 782 (2018) 750

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-09/


Search for h → Z(ℓℓ)a,h → Z(ℓℓ)ηc, h → Z(ℓℓ)J/ψ

• Search for Higgs boson decays into a Z boson (leptonic decays) and a light pseudo-scalar/meson to a single jet  

• Jet substructure variables are used for the reconstruction of this light, boosted, hadronic pseudo-scalar/meson 
- individual substructure variables are combined using machine learning techniques 
- a multilayer perceptron (MLP) classifier is used for event selection 

• Data-driven estimation for the total background 

9

arXiv:2004.01678

95% CL observed upper limits set:  
σxB(H → aa): 17–340 pb for ma 
from 0.5 GeV to 4 GeV
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Figure 1: Output of (a) the regression and (b) the classification MLPs, for data, background and three signal
hypotheses. Events are required to pass the complete event selection, including the 120 GeV < m``j < 135 GeV
requirement, but not the requirement on the classification MLP output variable. The background normalization is
set equal to that of the data, and the signal normalizations assume the SM Higgs boson inclusive production cross
section and B(H ! Za) = 100%, and in (a) the signal normalization is scaled up by a factor of 100. The error bars
(dashed regions) represent the data (MC) sample statistical uncertainty, in both the histograms and the ratio plots. In
(b) the region to the right of the dashed line is the signal region.

events passing the MLP requirement, respectively. The classification MLP output variable (M) is shown in
Figure 1(b).

The signal region (SR) for this search is defined by the requirements 120 GeV < m``j < 135 GeV and
M > 0.0524, chosen to maximize the expected S/

p
B, averaged over the various a mass hypotheses.

The e�ciency of this MLP requirement for events passing the preselection is (0.761 ± 0.020)% for the
background, (5.89 ± 0.24)% and (6.66 ± 0.26)% for H ! Z⌘c and H ! Z J/ , respectively, and between
(1.88 ± 0.15)% and (45.9 ± 0.8)% for H ! Za. The e�ciencies for the complete selection are estimated
using MC samples, and are (0.545 ± 0.022)% and (0.560 ± 0.022)% for H ! Z⌘c and H ! Z J/ ,
respectively, and range between (0.140 ± 0.011)% and (3.27 ± 0.06)% for H ! Za. The e�ciencies are
highest for the lowest a mass hypotheses, due to higher probabilities to pass the MLP requirement. The
e�ciency for H ! Z⌘c events to pass the MLP requirement is lower than that of H ! Z J/ events,
as J/ decays tend to have a lower charged hadron multiplicity. Using the predicted cross section for
inclusive SM Higgs boson production of 55.7+3.0

�3.9 pb [102], and B(H ! Z(Q/a)) = 100%, gives expected
signal yields of 4260 and 4370 for H ! Z⌘c and H ! Z J/ , respectively, and between 1090 and 25600
for H ! Za.

A “modified ABCD estimate” of the total background in the SR is derived using four regions: A,
defined by 0.0341 < M < 0.0524, expected to contain about 10% of the total background, and
155 GeV < m``j < 175 GeV; B, defined by the m``j requirement of the SR and the M requirement of
region A; C, defined by the M requirement of the SR and the m``j requirement of A; and D, which is the

5

95% CL observed upper limits set:  
σ(pp → H)B(h → Zηc): 110 pb 
σ(pp → H)B(h → Z J/ψ):100 pb

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-37/


Search for h → Z(ℓℓ)ρ0(770) / Z(ℓℓ)φ(1020)

• Select events with a Z(ℓℓ), and the ρ0 or φ mesons decaying into pairs of pions or kaons.  

• The meson candidate is selected as a pair of oppositely charged particle tracks 
- pT > 1 GeV, ∆R < 0.1, good separation with lepton tracks of the Z boson 
- at least one of the tracks must have pT > 10 GeV, isolated di-track system 

• Main background: Drell–Yan Z → ℓℓ with a genuine or misidentified meson candidate, determined 
in data sidebands
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Figure 2: The angular distance DR between the two tracks from the meson decay in H ! Zr
events (dashed red) and in H ! Zf events (dotted blue). The separation is calculated between
reconstructed tracks that are matched to the generator-level pions (kaons) to ensure that the
tracks originate from the r (f) decay. Both contributions are normalized to the same area.
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Figure 3: The transverse momentum distribution for the track that has the larger pT out of the
two tracks selected as the r or f candidate. The distribution is shown for events that pass the
meson candidate selection described in the text, but not the requirement that one of the tracks
must have pT > 10 GeV. This distribution is shown for the H ! Zr decay (dashed red), the
H ! Zf decay (dotted blue) and the background from Drell–Yan events (solid black). All
contributions are normalized to the same area.

The invariant mass of the ditrack system is also used to reduce the contamination from back-
ground events. Events with a r candidate are selected if the invariant mass of the ditrack
system is within 0.6 < mpp < 1 GeV, calculated assuming the mass of each particle equals
mp± = 139.6 MeV [62]. The full width at half the maximum of the mpp distribution is approx-
imately 120 MeV in the simulated signal. Figure 5 (left) shows this invariant mass distribution
in simulated H ! Zr events. The f meson has a smaller natural width than the r meson,
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9 Results
To present results in terms of B(H ! Zr) and B(H ! Zf), the signal templates are nor-
malized by taking into account the ggH, VBF, WH, and ZH production cross sections. The
ggH cross section is calculated at next-to-next-to-next-to-leading order as 48.58 pb [32]. The
cross sections for the other production modes are calculated at next-to-next-to-leading order
in quantum chromodynamics and next-to-leading order in electroweak accuracy, and amount,
respectively, to 3.78 pb, 1.37 pb, and 0.88 pb [32]. In addition, SM branching fractions of 3.37%
are assumed for each of the Z ! `` decays [62].

In the limit setting procedure we do not take into account potential contributions of Higgs
boson decays into a Z boson and other vector mesons.

Fitted distributions of the four-body mass for the background model and the data are shown in
Fig. 6. The expected H ! Zr (H ! Zf) signal, in the isotropic-decay scenario, at a branching
fraction of 3.0 (0.7)% is also shown. In this figure the µµ and dielectron channels, as well
as all three data-taking periods, are combined for visualization. In the statistical inference
these channels are considered separately in a simultaneous fit. No significant excess above the
background expectation is observed in either of the two searches.
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Figure 6: Distributions of m``pp (left) and m``KK (right). For visualization the µµ and ee chan-
nels, as well as all three data-taking periods, are combined. Also shown are the H ! Zr and
H ! Zf signals, in the isotropic-decay scenario and assuming branching fractions of 3.0% and
0.7%, respectively. The ratio between the data and the background model is shown in the lower
panels.

The observed upper limits on B(H ! Zr) and B(H ! Zf) are 1.21–1.89% and 0.36–0.58%,
respectively, depending on the polarization scenario considered. These values correspond to
860–1350 times the SM expectation for the H ! Zr decay and 860–1380 times the SM expec-
tation for the H ! Zf decay. These limits can be compared with the expected upper limits,
which are 0.73–1.18% or 520–840 times the SM expectation for B(H ! Zr) and 0.33–0.52%
or 770–1230 times the SM expectation for B(H ! Zf). These ranges also reflect the consid-
ered polarization scenarios. The observed and expected upper limits are shown in Table 3 for
B(H ! Zr) and in Table 4 for B(H ! Zf). Recall that while these limits are set on the total
branching ratios B(H ! Zr) and B(H ! Zf), the results mainly probe the indirect process
via the H ! ZZ⇤ decay as the direct decay process (Fig. 1, right) is greatly suppressed in the

95% CL observed upper limits set:  
B(H → Zφ) < 0.36% − 0.58% 
B(H → Zρ0)  < 1.21% − 1.89%  
depending on the polarization scenarios

CMS PAS HIG-19-012

No significant excess above the 
background model is observed. 

https://cds.cern.ch/record/2718949?ln=en


Summary plot of 2HDM+S
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/
CombinedSummaryPlots/HDBS/

https://twiki.cern.ch/twiki/bin/view/CMSPublic/
SummaryResultsHIG

To be updated with full Run 2 data!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/HDBS/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/HDBS/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG


Search for h→ZZd/ZdZd→4ℓ

• Two event topologies (ZZd and ZdZd) are defined to maximize the sensitivity of searches 
- different selections are applied on these two topologies 

• Irreducible backgrounds (ZZ, SM Higgs boson) are estimated by simulation, reducible 
background (Z+jets) are estimated from data   

• No significant deviation from the standard model expectation is observed.
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CMS PAS HIG-19-007
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Figure 5: Expected and observed 95% CL limit on B(H ! XX) ⇥ B(X ! ``)2 assuming a
democratic decay of X to dielectron and dimuons, B(H ! XX) ⇥ B(X ! µµ)2 assuming X
decays to dimuons only, and B(H ! XX) ⇥ B(X ! ee)2 assuming X decays to dielectrons
only. The dashed black curve is the expected upper limit, with one and two standard-deviation
bands shown in green and yellow, respectively. The solid black curve is the observed upper
limit. The discontinuity at 12 GeV in uncertainty for the theory prediction (red curve) is due to
the switch from experimentally-driven to theory-driven uncertainty estimates of B(ZD ! ``),
as described in text [3].

the new physics scale. In both interpretations, the ALP is assumed to decay promptly with the
branching fraction B(a ! ``) = 100%, with equal fraction to electrons or muons. Differences in
acceptance, between the ALP and dark photon model are derived and corrected by comparing
kinematic distributions from the ALP model [14, 16]. These differences are found to be around
30%.

8 Summary
A generic search for a dilepton resonance in Higgs boson decays to the four-lepton final state
has been presented. The search considers the two decay topologies pp ! H ! ZX and
pp ! H ! XX. Without observation of any significant deviation from standard model ex-
pectations, the search places strong constraints on model-independent branching fractions and
model parameters of two well-motivated models beyond the standard model. In particular,
experimental constraints are imposed on products of model independent branching fractions
of B(H ! ZX), B(H ! XX) and B(X ! ``), assuming scenarios of flavor-democratic decays
of X to dimuons and dielectrons, exclusive decays of X to dimuons, and exclusive decays of
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Figure 4: Expected and observed 95% CL limit on B(H ! ZX) ⇥ B(X ! ``) assuming a
democratic decay of X to dielectrons and dimuons, B(H ! ZX) ⇥ B(X ! µµ) assuming X
decays to dimuons only, and B(H ! ZX) ⇥ B(X ! ee) assuming X decays to dielectrons
only. The dashed black curve is the expected upper limit, with one and two standard-deviation
bands shown in green and yellow, respectively. The solid black curve is the observed upper
limit. The discontinuity at 12 GeV in uncertainty for the theory prediction (red curve) is due to
the switch from experimentally-driven to theory-driven uncertainty estimates of B(ZD ! ``),
as described in text [3].

7.2 Limit on dark photon model parameters

Upper limits at 95% confidence level are calculated on the Higgs mixing parameter k and
B(H ! ZDZD) with the XX selection, as shown in Fig. 6, assuming k � #. Branching frac-
tions B(ZD ! ``) assumed are calculated in [3]. The calculations are based on experimental
measurements of Rµµ/Rhad up to mZD

= 12 GeV and a next-to-leading order theory calcula-
tion for mZD

> 12 GeV. To account for these effects, a conservative 20% (10%) uncertatinty is
assigned to this estimate for mZD

< 12 GeV (mZD
> 12 GeV). LHC provides unique sensitiv-

ity to the parameter k due to the presence of Higgs boson. In addition, this analysis provides
some sensitivity to the kinematic mixing parameter #, but the upper limits are almost an order
of magnitude weaker than those from the Drell–Yan search and from the LHCb Collaboration
[10], and hence not reported in this note.

7.3 Limit on ALP model

Upper limits at 95% confidence level are calculated on the Wilson coefficient C
eff
ZH/L and C

eff
aH,

as shown in Fig. 7, where C
eff
ZH/L is the effective coupling parameter of Higgs boson, Z boson,

and the ALP, C
eff
aH/L2 is the effective coupling parameter of Higgs boson and the ALP, and L is
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Figure 2: Event yields in mZ2
with the ZX selection for the muon and electron channel. Num-

bers in the legend show the total event yields with the ZX selection corresponding to data, each
background and signal process.

Because of the finite mass resolution of mZ2
, the choice of the bin width needs to be defined

such that most of the signal contribution is included in a bin. The bin width is defined as
0.04 ⇥ mi (0.10 ⇥ mi) for the 4µ and 2e2µ (4e and 2µ2e) categories. The largest local observed
significance is 3.0s at 15.6 GeV with the flavour-symmetric scenario.

For interpretations on the results of the XX selection, 541 mass hypothesis are considered in-
stead. In contrast to the ZX interpretations, the cut-and-count experiments are performed by
constructing a rectangular bin, centered at each mass hypothesis, in the (mZ1

,mZ2
) plane. The

rectangular bins are effectively triangular as mZ1
is defined as the larger invariant mass. The bin

widths are defined in a similar manner as 0.04⇥ mi (0.10⇥ mi) for mZ1
or mZ2

formed by muon
(electron) pairs. For each interpretation, 95% exclusion limits are obtained with an asymptotic
formulation of the modified frequentist CLs criterion [47–50] with the ZX selection and full CLs
approach for the XX selection. Systematic uncertainties are included as nuisance parameters
and profiled [49]. The largest local observed significance is 2.9s at 18.8 GeV with the muon
channel.

7.1 Model-independent limit

Upper limits at 95% confidence level are derived on model-independent branching fractions
with the ZX and XX selections assuming three decay scenarios: a flavor democratic decay of X
to a muon or an electron pair, exclusive X decays to a muon pair, and exclusive X decays to an
electron pair. Acceptance effects arising from different signal models are included as systematic
uncertainties on the signal yields after event selections. Little model dependence is expected as
the event selection is not optimized using angular correlations between the leptons. Figures 4
and 5 show the exclusion limits on the model-independent branching fractions with the ZX
and XX selections, respectively.

discontinuity due to the switch from experimentally to theory-driven

Υ(10860) Υ(10860)

https://cds.cern.ch/record/2718976


Lepton flavour violating

• Lepton flavour violating decays of the 
Higgs boson are forbidden in the SM but 
occur in many new physics scenarios. 

• Both leptonic and hadronic decays of τ-
leptons are considered in ATLAS and 
CMS, further categorization by using the 
number of jets. 
- events are further categorized into 

VBF and non-VBF categories. 
• Same flavour lepton pairs are rejected to 

suppress Drell-Yan background.   
• BDT classifiers are exploited in 

individual categories to enhance the 
signal separation from the background.

13

PLB 800 (2020) 135069 JHEP 06 (2018) 001

 No significant excess is observed 
above the expected background from 

SM processes!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-08/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-001/


Lepton flavour violating h → µτ

14
JHEP 06 (2018) 001PLB 800 (2020) 135069

ATLAS: B(h → µτ) < 0.28% 
(0.37+0.14 −0.10 %) at 95%CL

CMS: B(h → µτ) < 0.25% 
(0.25 %) at 95%CL

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-08/


Lepton flavour violating h → eτ

15
JHEP 06 (2018) 001PLB 800 (2020) 135069

ATLAS: B(h → eτ) < 0.47% 
(0.34+0.13 −0.10 %) at 95%CL

CMS: B(h → eτ) < 0.61% 
(0.37 %) at 95%CL

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-08/


Lepton flavour violating h → eµ

• Eight categories differing in their expected S/B ratios are defined. 
• Analytic functions are used to describe the meµ distributions for both the signal and the 

background.  

• No evidence of the decay h → eμ is observed.  
- ATLAS: B(h → eµ) < 6.2x10-5 (5.9x10-5) at 95%CL @13TeV 
- CMS: B(h→eµ) < 3.5x10-4 (4.8x10-4) at 95% CL @8TeV
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PLB 801 (2020) 135148

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-58/


Conclusions

• The latest exotic Higgs boson decay searches in ATLAS and CMS are reported. 
• No significant deviations yet observed from SM predictions. 
• Looking forward to more results from ATLAS and CMS using the full Run-2 dataset!  
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DM searches at the LHC — ALPS 201922-27 Apr 2019

Summary and outlook

DM searches at the LHC provide a third important & 
independent detection method w.r.t. direct & indirect 
methods  

No sign for DM at the LHC yet using13 TeV data, but 
strong constraints on available parameter space of DM 
models 

Further searches for DM are definitely needed 
- Finalizing the full Run 2 DM searches with 140 fb-1 

data  
- And looking for complementary searches (e.g. Long-

Lived particles, axion-like particles)
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Are we leaving no stone unturned?

• The LHC BSM searches are indispensable and should be 
continued in the new energy regime and with increasing 
statistics. 

• But if we still do not see a deviation with more than a ~2 
sigma by 2022, the High Luminosity -LHC will become likely 
mostly a precision physics machine. 

• Are we looking at the right place? Time for more effort in 
thinking of complementary searches? 
Are we looking at the right place? Leave no stone unturned!!



Thanks for your attention!



Two-Higgs-doublet model + one complex scalar singlet (2HDM+S)

19

FIG. 7: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type II Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.
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FIG. 8: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type III Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.
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Two-Higgs-doublet model + one complex scalar singlet (2HDM+S)
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FIG. 9: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type IV Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.

pseudoscalars that couple preferentially to leptons, the meson-decay constraints are absent

and prompt decays to muons are allowed; however, allowed decays to electrons will likely

have at least a displaced vertex, and need to be detector-stable as ma is decreased well below

the muon threshold [124].

Light Scalar (s)

We now assume that the mass of the real singlet SR is below mh/2. The scalar Higgs

spectrum, Eq. (13), gets extended by the additional real singlet, which mixes with the

doublet sector
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If we assume that the mixing angles ⇣1,2 are small, this simplifies to
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In this approximation, h and H have the same Yukawa couplings as in the regular 2HDM but

now contain a small SR component that allows the decay h ! ss. The mostly-singlet state

s on the other hand mixes with some admixture of H
0
1,R and H

0
2,R. This can be expressed
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Search for h→aa→4b

• In most of 2HDM+S models, B(a → bb) dominates in the 
range of ma > 10 GeV 

• WH or ZH production with a single lepton or two 
leptons accompanied by a high multiplicity of b-tagged 
jets 

• Consider mass of a-boson: 20 GeV ≤ ma ≤ 60 GeV 
• Events are categorized into 7 CRs and 6 SRs according to 

the number of leptons, jets and b-tagged jets.  
• A boosted decision tree (BDT) is trained in SRs 

• 95%CL obs(exp) limits: σxB < 3.0 (2.2) pb @ma=20 GeV,  
1.3 (0.74) pb @ma=60 GeV

21JHEP 10 (2018) 031

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-05/


Search for h→aa→2𝜇2𝜏/2b2𝜏

• 3.6 GeV < ma < 21 GeV, the μμ and the ττ pairs 
have high Lorentz boost and are collimated. 

• A special technique is developed for boosted τ 
lepton pair reconstruction (a → τμτh).  

• The 2D fit of m(μμ) vs. m(τμτh) is performed in data 
for background modeling and signal extraction 
within three m(μμ) ranges: [2.5,8.5], [6,14], and 
[11,25]. 

22h→aa→2𝜇2𝜏 h→aa→2b2𝜏

• 15 GeV < ma < 60 GeV, 3 channels: eμ, eτh, 
and μτh.  

• Events are further separated into four 
categories with different signal-to-background 
ratios.  

• The results of the search are extracted from a 
fit of the m(ττ) distributions in each of the 
categories
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Figure 5: Projections of 2D background model fits and observed data in the signal region on
the m(µµ) (left), and m(µµtµ th) (right) axes with sample signal distributions that assume
H boson masses of mH = 125 and 300 GeV. The figures are divided into three fit ranges:
2.5 < m(µµ) < 8.5 GeV (upper), 6 < m(µµ) < 14 GeV (middle), and 11 < m(µµ) < 25 GeV
(lower).

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-024/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-024/


Search for h→aa→4𝜏/2𝜇2𝜏

• 4 GeV < ma < 15 GeV, boosted scenario, decay 
products are collimated and fail the isolation 
selection criteria 
- Special analysis strategy: each a-boson is identified 

by the presence of a muon and only one 
additional charged particle 

• Events are selected by using same-charge (SC) 
dimuon systems with large angular separation 

• Backgrounds from the ttbar, Drell–Yan, and diboson 
production are largely suppressed by the SC muon 
requirement 

• The signal is extracted with a binned maximum-
likelihood fit applied to different (ma1,ma2) regions 
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-006/


Search for h→aa→4𝜏/2b2𝜏/2𝜇2𝜏
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h→aa→2𝜇2𝜏 h→aa→2b2𝜏 h→aa→4𝜏/2𝜇2𝜏
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presented in Fig. 7. Here, sSM is the SM Higgs boson (or, for mH = 300 GeV, sSM is the SM-
like Higgs boson) production cross section including ggF and VBF production modes [46].
Broadly, the sensitivity of this exclusion decreases at low values of ma because of reconstruction
inefficiencies as the decay products of the tt pair overlap. In addition, for mH = 125 GeV, as
ma increases, the Lorentz boost decreases causing the products to be well separated, failing
the requirement of DR(tµ , th) < 0.8. The two peaking structures around ma = 10 GeV are
from the U resonances where the U(1S) resonance is resolvable but the U(2S) and U(3S) merge
because the rejection power of the boosted tµ th selection sufficiently reduces the number of
events in and around these peaks. A third peaking structure is not as apparent but is also
present at the y(2S) resonance. Comparison with an earlier

p
s = 13 TeV result from the CMS

Collaboration [40] targeting resolved tt decay products is possible for SM Higgs boson decays
with 15 < ma < 21 GeV. In this case, the two approaches have similar sensitivity.
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Figure 7: Model-independent 95% CL upper limits on sHB(H ! aa ! µµtt)/sSM as a func-
tion of pseudoscalar boson mass for a Higgs boson with mH = 125 GeV (left), and 300 GeV
(right). The vertical dashed lines indicate the transition between the µµ mass fit ranges for a
given mass hypothesis, occurring at ma = 8 and 11.5 GeV. The inner (green) band and the outer
(yellow) band indicate the regions containing 68 and 95%, respectively, of the distribution of
limits expected under the background-only hypothesis.

Upper limits on sHB(H ! aa)/sSM for the 2HDM+S for each Type-I to -IV as a function of
tan b and ma are shown in Figs. 8 and 9. The assumed model branching fractions for pseu-
doscalar decays to µµ and tt are taken from Ref. [71], and the branching fraction B(aa !
µµtt) depends strongly on the 2HDM+S type [7]. The branching fractions are calculated in
tan b increments of 0.5 above tan b = 1 and increments of 0.1 below, and a linear interpolation
is applied between the calculated points in Fig. 9. For the Type-I and -II models, we primarily
probe the 2mt < ma < 2mb range, with the Type-I upper limits approximately independent of
tan b. In the Type-I model, the most stringent limit of 5% is set for ma ⇡ 4.5 GeV. In the Type-
III model, this analysis has exclusion power over the full pseudoscalar mass range probed,
especially at large tan b. For the Type-II and -III models with ma below the bb threshold, up-
per limits on B(H ! aa) are stronger than the 0.47 inferred from combined measurements
of SM Higgs couplings [9] for tan b & 0.8-0.9, becoming as strong as 10% for tan b & 1.5. In
the Type-III models, strong upper limits are set for all pseudoscalar boson masses tested when
tan b & 1.5. The Type-IV model, however, can only be effectively probed in the low-tan b
region. For a given ma, the ratio of decay rates to µµ and tt , respectively B(a ! µµ) and
B(a ! tt), depends only on mµ and mt [7, 71]. Thus, these results can be converted into
upper limits on sHB(H ! aa)/sSM. Contours for different B(H ! aa) values are overlaid.

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-024/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-024/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-006/


Search for h→aa→4𝜇 in ggF production

• ATLAS 
- 120 GeV < m4l < 130 GeV, 0.88 GeV < m12,34 < 20 GeV.  
- Events are vetoed if containing quarkonia resonances [ J/
Ψ, Ψ(2S), Υ(1S), and Υ(3S) ] 

- Observed (σH/σSM)× B(h → aa) upper limit @95%CL ~ 
8x10-4 for ma=1GeV

25JHEP 06 (2018) 166 Phys. Lett. B 796 (2019) 131 

quarkonia veto 
regions

• CMS:  
- A two-dimensional template is constructed  
- Prompt double J/ψ meson background is 

estimated from data, the electroweak background 
is negligible 

- 95%CL upper limits on σxB < 0.15-0.39 fb for 
0.25 < ma < 8.5 GeV

SR

control region for the 
bb background 

• Searching for low mass a-bosons, it is more boosted and muons are less separated 

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-22/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-003/

