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The latest results in the search for rare and exotic Higgs boson decays are presented. The analyses
are performed using proton-proton collision data collected with the ATLAS and CMS detectors
at the LHC at a centre-of-mass energy

√
s = 13 TeV. Several decay modes are reviewed, in-

cluding very rare Standard Model decays as well as decays not predicted by this theory, such as
lepton-flavour-violating decays and decays to non-Standard-Model particles. No evidence for new
physics is found and the results are interpreted to set limits on the cross section times branching
fraction of such decays.
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1. Introduction

The discovery of a new particle consistent with the Standard Model (SM) Higgs boson [1, 2, 3]
has completed the theory, shedding light on one of the most important questions of physics: the
origin of the mass of elementary particles. Nevertheless, the SM cannot address several crucial
issues, both based on direct evidence from observation, such as the neutrino masses, the existence
of dark matter and dark energy, or the matter-antimatter asymmetry, and conceptual problems in the
SM itself, such as the large number of free parameters, the "hierarchy problem" and the coupling
unification. There are thus strong indications that the SM is only a low-energy expression of a more
global theory.
The search for physics beyond the SM (BSM) is one of the main goals of the LHC, in particular in
the Higgs sector. The SM Higgs boson has indeed a very narrow width (∼4 MeV) and the current
measurements still allow for additional contributions from BSM decays, setting an indirect limit
on the Higgs boson branching fraction to BSM particles at 0.34 (B(H → BSM) < 34%)[4]. Two
main possibilities can be exploited to detect new physics in the SM scalar sector: by looking for a
direct evidence through the observation of BSM decays of the Higgs boson and by searching for
indirect hints through the measurement of deviations in its couplings. Given the limited precision
of the latter approach, only the former possibility will be described in this note.
The direct search for BSM physics in the Higgs sector can be investigated through Higgs boson
decays to both SM particles (such as very rare SM decays and decays forbidden by the SM), and
to particles not predicted by the SM (like Higgs boson decays to dark matter candidates or to light
pseudoscalars/scalars). In the following, the latest results in the search for rare and exotic Higgs
boson decays using proton-proton (pp) collision data collected by the ATLAS [5] and CMS [6]
experiments at a centre-of-mass energy

√
s = 13 TeV are summarized.

2. Rare Decays

The SM predicts many decay modes for the Higgs boson. In order to characterize its properties
in a comprehensive way, it is important to look at all the possible decay channels, some of which,
with very small branching fraction, have yet to be observed. Several BSM theories predict substan-
tial modifications to the direct couplings of the Higgs boson to fermions, which can enhance the
branching fraction of rare decays with respect to SM predictions, allowing them to be seen even
with the current dataset.
The latest results on rare decays of the Higgs boson carried out at the LHC1 concern the search for
H→ J/ψ γ and H→ ϒγ , as well as H→ J/ψ J/ψ and H→ ϒϒ processes. These decay channels
are a promising laboratory to study Yukawa couplings, in particular to light quarks, which are still
not directly observed. In both analyses, a potential signal would be visible as a narrow bump in
the mass distribution of the decay particles over a smoothly falling background. Table 1 reports the
branching fractions of the aforementioned processes as predicted by the SM.
Searches for the exclusive decays of the Higgs boson into a J/ψ , ψ(2S), or ϒ(nS) (with n = 1, 2,

3) meson and a photon have been performed by the ATLAS collaboration, using a pp collision data
sample corresponding to an integrated luminosity L = 36.1 fb−1, collected at

√
s = 13 TeV [7].

1At the time of the conference.
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Decay Channel Branching Fraction
H→ J/ψ γ ∼ 3×10−6

H→ ϒγ ∼ 5×10−9

H→ ϒϒ ∼ 2×10−9

H→ J/ψ J/ψ ∼ 1.5×10−10

Table 1: Branching fractions of the rare Higgs boson decay channels described in this note as predicted by
the Standard Model.

The analysis focuses on the clean di-muon final state and targets high-rate inclusive Higgs and Z
bosons production. In Figure 1 (left) the mass of the µ+µ−γ system of the ϒ(nS)γ candidates
selected in the barrel is represented in both data and simulation. Given that no significant excess
of events is observed above the background expectations in any of the channels under study, 95%
confidence level (CL) upper limits are extracted and are able to exclude branching fraction down to
10−4 (B(H→ J/ψ γ)< 3.5 × 10−4, B(H→ ψ(2S) γ)< 2.0 × 10−3 and B(H→ J/ϒ(nS) γ)<

(4.9, 5.9, 5.7) × 10−4).
The decay of the Higgs boson to pairs of J/ψ or ϒ(nS) (n = 1, 2, 3) has been investigated for the
first time by the CMS collaboration, analysing data from pp collisions collected at

√
s = 13 TeV

in 2017 (L = 37.5 fb−1) [8]. The four-muon final state offers a very clean experimental signature
with relatively narrow intermediate resonant states and benefits of dedicated triggers deployed to
enhance it. Figure 1 (right) shows the four-muon invariant mass distribution in the J/ψ J/ψ final
state. Given the absence of a signal for either of the decay channels, upper limits on the branching
fractions are obtained and are set at B(H → J/ψ J/ψ) < 1.8 × 10−3 and B(H → ϒϒ) < 1.4 ×
10−3.
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Figure 1: Left: The mµ+µ−γ distribution for the selected ϒ(nS)γ candidates detected in the barrel of the
ATLAS experiment along with the results of the maximum-likelihood fits with background-only models [7].
Right: The four-muon invariant mass distribution, for J/ψ J/ψ candidates, with superimposed maximum
likelihood fit (solid blue line) [8].
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3. Lepton Flavour Violating Decays

A possible sign of new physics is lepton flavour violation in decays of the Higgs boson, which
is forbidden by the SM. Many searches have been carried out on this subject at the LHC [9, 10, 11,
12], the most recent one being the study of H→ eτ and H→ µτ decays performed by the ATLAS
collaboration [13]. This analysis uses pp collisions at

√
s = 13 TeV with an integrated luminosity

L = 36.1 fb−1. It is performed in four signal regions, according to the τ decay (leptonic or
hadronic) and the Higgs boson production mode. Boosted decision tree algorithms are used to
enhance the signal separation from background events. In the absence of any significant excess,
upper limits on the branching ratios are derived. The observed (expected) 95% CL upper limits are
0.47% (0.34+0.13

−0.10%) and 0.28% (0.37+0.14
−0.10%) for the H → eτ and H → µτ searches, respectively.

These limits are significantly lower than the corresponding Run 1 limits. Similar results have been
obtained by the CMS collaboration [14].

4. Decays to Invisible Particles

Another possibility to search for BSM decays of the Higgs boson is to probe its decays to
non-SM particles, like dark matter (DM) candidates, that could be invisible to our detectors. In the
SM, the Higgs boson decays invisibly only through the H → ZZ→ 4ν process, with a branching
fraction B(H→ inv) of about 10−3. The rate for invisible decays may be significantly enhanced in
the context of several BSM scenarios, where the 125 GeV boson is a portal between a dark sector
and the SM sector. Given that DM particles escape detection, Higgs boson decays to them are
characterized by large missing transverse momentum. All the main Higgs production modes can
be used to probe Higgs boson couplings to dark matter and the Higgs boson recoil against a visible
system is employed to distinguish among them. The most sensitive mode is vector boson fusion
(VBF), where the Higgs boson is produced along with two jets with a large separation in pseudora-
pidity and a large di-jet invariant mass, a characteristic signature which allows for the suppression
of SM backgrounds.
Both the ATLAS [15] and CMS [16] collaborations performed a combination of the different pro-
duction modes of 2016 measurements, assuming SM production cross sections, as well as a com-
bination of Run 1 and Run 2 analyses. They have both investigated VBF and associated production
with a vector boson, while only CMS has so far performed studies on gluon fusion and associated
production with a top pair [17]. Figure 2 (left and middle) represents the results of the Run 1 and
Run 2 combination for both experiments: current observed (expected) 95% CL upper limits on
(σ /σSM) B(H→ inv) are 0.26(0.17) and 0.19(0.15) for ATLAS and CMS, respectively.
Another search for invisible particles has been performed by CMS [18], investigating the process
where the Higgs boson is produced in association with a Z boson and decays to an invisible particle
(a massless dark photon) together with an isolated photon. This analysis uses a dataset recorded in
2016-18 corresponding to an integrated luminosity of 137.4 fb−1, at a centre-of-mass energy of 13
TeV. The final state is characterized by large missing transverse energy (due to the dark photon),
two opposite-sign and same-flavour leptons (coming from the Z boson) and a photon. No signif-
icant excess of events above the SM expectation is found, and the results are interpreted to place
limits on the cross section times branching fraction of such decay. The observed and expected
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95% CL upper limits assuming the SM production rate on B(H → inv+ γ) are 4.6% and 3.6%,
respectively, and are reported in Figure 2 (right).
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Figure 2: Left: The observed and expected upper limits on B(H → inv) at 95% CL from direct searches
for invisible decays of the 125 GeV Higgs boson and their statistical combinations in Run 1 and Run 2
measured by ATLAS [15]. Middle: Profile likelihood ratios as a function of B(H → inv) obtained by
CMS [16]. The solid curves represent the observations in data, while the dashed lines represent the expected
result obtained from the background-only hypothesis. Right: Expected and observed 95% CL upper limits
on σZH×B(H→ inv+γ) as a function of mH measured by CMS [18]. The expected σZH assuming B(H→
inv+ γ) = 10% is also shown.

5. Exotic Decays

The last possibility analysed in this note to probe new physics effects is to consider exten-
sions of the SM scalar sector, as done in the Two-Higgs-Doublets Models (2HDMs). These models
introduce two doublets of scalar fields (φ1 and φ2) in the SM lagrangian, which, after symmetry
breaking, lead to five physical states: two charged scalars, one CP-odd pseudoscalar and two neu-
tral scalars. According to how φ1 and φ2 couple with quarks and leptons, four 2HDM types can
be defined. A further extension of 2HDMs, where a complex scalar singlet is added to the already
present scalar doublets, is called 2HDM+S and introduces the additional (pseudo)scalar a, opening
up the possibility to investigate H→ aa exotic decays, while still being consistent with all the LHC
measurements so far.
The main final states into which a could decay are a→ bb̄, a→ τ+τ− and a→ µ+µ−. The first
two, when kinematically accessible, have a large branching ratio (if SM couplings are supposed),
but they are more difficult to trigger and have a low identification efficiency. The last channel,
instead, has a very clean signature, but an extremely low branching fraction. Moreover, depending
on the value of the a mass, decay products can have a different topology. Below ma ∼ 15 GeV,
given the large difference in mass between a and the Higgs boson, the a bosons will be produced
with high Lorentz boost and their decay products will be strongly collimated. In this case, special
boosted reconstruction techniques have to be used. On the other hand, for ma above ∼ 15 GeV, the
final state particles are well separated and the usual reconstruction techniques are applied. Several
searches for H → aa decays have been performed by the ATLAS and CMS collaborations using
Run 1 and Run 2 LHC data, exploiting various decay modes of the a boson and probing different
ranges of its mass. The results depend on the model type considered and on the tan(β ) parameter,
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i.e. the ratio of the vacuum expectation values of the two additional Higgs doublets. As an exam-
ple, results for a 2HDM+S type II model (for tan(β ) = 2) are summarized in Figure 3, for both
ATLAS (left) and CMS (right) collaborations.
The latest result published by the CMS collaboration on Higgs exotic decays is the search for an

Figure 3: 95% CL on σ(H)/σSM ×B(H → aa) in the 2HDM+S type-2 tan(β ) = 2 scenario for exotic
H decay searches performed by ATLAS (left) [19] and CMS (right) [20] with data collected at 13 TeV
center-of-mass energy.

highly-boosted a boson, with a mass between 4 and 15 GeV, decaying into two muons and two
nearby tracks [21]. This analysis uses pp collision data corresponding to L = 35.9 fb−1, collected
at 13 TeV. It employs special techniques to select and identify Lorentz-boosted lepton pairs with
overlapping decay products. No evidence of signal is found in data, thus upper limits are extracted
and are represented in Figure 4 (left). The sensitivity of the search is reduced as the topology be-
comes resolved (close to ma = 15 GeV), but the limits are improved by a factor of 10 with respect
to the Run 1 result [22].
Another recent result carried out by ATLAS is the search for Higgs boson decays into a pair of a
bosons in the bbµµ final state [23], performed using pp collisions data at

√
s = 13 TeV with an

integrated luminosity of 36.1 fb−1. The a→ bb requirement ensures a large branching fraction,
while the clean di-muon signature, which can be used for triggering and precision mass reconstruc-
tion, helps to suppress background. The search for a narrow di-muon resonance is performed over
the range 18 GeV ≤ mµµ ≤ 62 GeV and no significant excess of the data above the SM prediction
is observed. Upper limits are set on (σH/σSM)×B(H → aa→ bbµµ) and are shown in Figure 4
(right).

6. Conclusions

The most recent searches for rare and exotic decays of the 125 GeV Higgs boson performed
with data collected by the CMS and ATLAS experiments at

√
s = 13 TeV have been presented.

No significant deviations from SM predictions have yet been observed. Nevertheless, the physics
potential of the 13 TeV dataset has just started to be extracted. The scalar sector of the Standard
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Figure 4: Left: The observed and expected upper limits at 95% confidence level on the product of signal
cross section and the branching fraction σ(pp→ H +X)B(H → aa)B2(a→ ττ), relative to the inclusive
Higgs boson production cross section σSM predicted in the SM, measured by CMS [21]. Right: The observed
and expected upper limits at the 95% confidence level on B(H → aa→ bbµµ) given the SM Higgs boson
production cross-section in the ggF, VBF and VH modes, measured by ATLAS [23].

Model remains a favoured place to look for new physics effect and LHC data are still sensitive to
some BSM theoretical models.
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