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ABSTRACT: Exotic decays of the Standard Model-like Higgs boson into beyond-the-Standard
Model particles are predicted in a wide range of well-motivated theories. The enormous
samples of Higgs bosons that have been and will be produced at the Large Hadron Collider
thus constitute one of the key discovery opportunities at that facility, particularly in the
upcoming high-statistics high-luminosity run. Here we review recent theoretical work on
models that predict or accommodate exotic Higgs decays, the status of current experimental
searches, and look forward to future capabilities at dedicated Higgs factories and beyond.
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1 Introduction

With the discovery of a Standard Model (SM)-like Higgs boson |1, 2|, experimental probes of
the electroweak (EW) scale have entered a new era. The stunning validation of SM predictions
at the Large Hadron Collider (LHC) and past collider experiments has upended decades of
thought about the hierarchy problem, the origins of dark matter (DM), and the nature of new
physics, and puts precision probes of the SM Higgs at the heart of the experimental discovery
program for the foreseeable future.

One of the major outstanding discovery opportunities in this program is the search for
exotic decays of the Higgs boson, where the Higgs decays to light new particles. Rare decays
of SM particles are frequently an excellent place to search for the footprints of new physics
with suppressed couplings to the SM, which has motivated searches for e.g. rare decays of
the Z boson, of B, K, and 7 mesons, and so on. Among the SM particles, however, the
Higgs stands out as a special case given the ease with which it can mediate interactions with
SM-singlet new particles. The Higgs portal operator |H|?, along with the hypercharge field
strength B,,,, is the lowest-dimension total singlet operator that can be constructed out of SM
fields, and thus will frequently mediate the leading interaction between SM and beyond the
Standard Model (BSM) physics at the energy scales testable at the LHC. Thus exotic Higgs
decays can easily be the leading signal of a wide variety of theories. Moreover, we have many
theoretical motivations to suspect that new physics might couple preferentially to the Higgs,
as the Higgs sits at the heart of many outstanding mysteries in particle physics.

Additionally, the Higgs has an unusually tiny width since all of its SM decay modes are
accidentally small, suppressed by small Yukawa couplings, multibody phase space, or loop
factors. For this reason, even tiny couplings to new physics can lead to experimentally inter-
esting branching ratios into exotic final states. With the new discovery landscape provided by
the copious Higgs samples newly available at the LHC and at future Higgs factories including
the high-luminosity (HL) LHC, a broad and generic search for exotic Higgs decays represents
one of the leading discovery opportunities for new physics in the near future.

Exotic Higgs decays have long been appreciated as potential signals of new physics, be-
ginning with the pioneering work of Suzuki and Shrock [3]. A large body of work on exotic
Higgs decays has been motivated by solutions to the hierarchy problem, particularly in the
context of extended SUSY models (though see also composite Higgs models) as well as Higgs
portal dark matter (see the paper [4] for details about both models and signatures). In this
review article, we focus on theoretical motivations for exotic Higgs decays that have been
substantially developed since [4] and the major advances in the experimental search for these
signatures.

After reviewing theoretical motivations in section 2, we detail three simple benchmark
scenarios in section 3 that realize features of many of the best-developed theories predicting
exotic decays. Current experimental searches are summarized in section 4, including interpre-
tations of both prompt and long-lived searches in our benchmark scenarios. In section 5 we
survey future prospects, and we conclude in section 6.



2 Theoretical motivations

There are many reasons to expect new physics to lie near the electroweak scale. New weak-
scale states might be directly tied to the electroweak symmetry-breaking (EWSB) process,
and /or responsible for controlling the stability of the electroweak scale relative to the Planck
scale. Thermal relic DM independently motivates new particles with mass at or below the weak
scale. Many models inspired by these three directions directly involve the Higgs boson and
often naturally predict Higgs decays as one of the leading terrestrial signatures of the model,
as this section will discuss in detail. However, while these three topics most straightforwardly
relate Higgs decays to long-standing mysteries in particle physics, they by no means exhaust
the scenarios that can motivate exotic Higgs decay modes. More broadly, the SM Higgs
provides a powerful window onto the possible existence of low-mass SM singlets. Motivations
for new light particles can also include the strong CP problem, which strongly motivates
the existence of axions or axion-like-particles (ALPs), and the observed baryon-anti-baryon
asymmetry, which cannot be generated in the SM. Outstanding experimental anomalies, such
as the muon g — 2, may also hint at light BSM physics. Exotic decays of the SM Higgs boson
can provide a unique and powerful discovery window onto such light new degrees of freedom.

2.1 Naturalness

The lightness of the Higgs boson is one of the most intriguing puzzles of modern particle
physics. At the same time, null results in searches for electroweak-scale new physics have
called the naturalness of the weak scale increasingly into question. In symmetry solutions to
the hierarchy problem, the symmetry protecting the Higgs from sensitivity to high mass scales
typically commutes with the Standard Model SU(3). x SU(2)r x U(1)y gauge group, giving
rise to top partners that are charged under QCD. This guarantees a sizable LHC production
cross-section for top partners with a mass at around the TeV scale, and therefore leads to
tension with LHC searches that generically constrain top partners to have a TeV-scale mass.
The most famous example of such theories is supersymmetry (SUSY).

Some of these theories can be brought to agreement with LHC data at the cost of some
tuning in the Higgs potential, as for example in models of split SUSY [5-7| where scalar
superpartner masses could be as high as the gauge unification scale with gaugino masses
remaining around the electroweak scale. Achieving such large splittings between scalars and
gauginos requires, however, elaborate model-building [5]. SUSY models, in both their minimal
and non-minimal realizations, have been a prime motivation for exotic Higgs decays. For
example, gauge-mediated SUSY-breaking models can predict sizable branching ratios for h —
X2X2, X2 — X17, where x2 is a bino-like neutralino and y; a gravitino [8]. Exotic Higgs decays
have been especially well motivated in extensions of the minimal supersymmetric SM, such as
the next-to-minimal supersymmetric SM with an approximate Peccei-Quinn symmetry, which
predicts exotic Higgs decays such as h — x1x2, X2 — X1ff where f is a SM fermion and x>
(x1) is a bino-like (singlino-like) neutralino [9].



A different approach to the hierarchy problem is to invoke symmetries that do not com-
mute with the SM SU(3). gauge group, leaving the weak scale to be stabilized by SM singlets
or states with only EW quantum numbers. Examples of such theories are the Twin Higgs [10]
and Folded SUSY [11| models, in which the top partners are singlets under the SM gauge group
or have an EW charge, respectively, but carry charge under a mirror copy of the SM strong
force. In these “Neutral Naturalness” models, twin particle production proceeds through the
Higgs portal operator that leads to a (generically small) mixing between the SM and twin
Higgs sectors, thus allowing for both SM production of the heavier mirror Higgs as well as ex-
otic Higgs decays into twin particles.! The resulting exotic Higgs branching fraction depends
on the mixing angle between the SM Higgs and the heavier mirror Higgs, which is proportional
to the ratio of SM to mirror Higgs vacuum expectation values (vevs). The mirror Higgs vev
in turn controls the scale of the twin particle masses and thus the residual tuning in the Higgs
potential, so that bigger exotic branching fractions correspond to a less-tuned scalar sector.

The Twin Higgs model itself predicts invisible Higgs decays, as the produced twin particles
ultimately cascade down to mirror photons and mirror neutrinos [13]. The Fraternal Twin
Higgs model adds mirror partners for only the subset of SM particles that contribute most
strongly to the running of the Higgs mass [14|. The lightest visibly-decaying partner particles
in these theories are typically composite, dark glueballs and/or dark bottomonium [14]. Both
the 07" glueball Gy and the scalar dark bottomonium state Xjo have the right quantum
numbers to decay back to the SM through mixing with the Higgs. Since these states are
composite, their lifetimes depend very steeply on their masses. In the better-understood case
of the dark glueball, its lifetime can range from prompt or nearly prompt in the ~ 40 GeV
regime, where direct two-body Higgs decays to pairs of G are expected, to kilometers in the
~ 10 GeV regime, where a higher and variable multiplicity of particles is produced [14, 15]. In
the high-multiplicity regime the typical signature of interest will thus be one displaced vertex
plus missing energy, together with purely invisible decays.

A conceptually different way to address the hierarchy problem is realized by relaxion
models [16]. In these models, the evolution of the Higgs mass in the early universe dynamically
selects an electroweak scale that is parametrically smaller than the cutoff of the theory. This
dynamical selection is realized thanks to a relaxion scalar field that scans the Higgs mass
parameter from a large and positive cutoff energy down to negative values through a slow-
roll potential. Once the Higgs mass parameter becomes negative, the Higgs gets a vev that
modifies the Higgs-relaxion potential and eventually stops the rolling of the relaxion. The
relaxion generically stops its rolling at a point that breaks CP, leading to relaxion-Higgs
mixing. The relaxion can be produced in exotic Higgs decays of the type h — ¢¢ with a
branching ratio that depends on the specific implementation of the relaxion coupling to the
Higgs [17]. Higgs decays provide a leading test of these relaxion models in the regime where
relaxions are too heavy to be produced in meson decays [17, 18|.

!These models are specific realizations of the Hidden Valley scenario [12].



2.2 Dark matter

The most direct way for the Higgs to be connected to DM is for thermal freezeout to occur
through exchange of the Higgs itself. The Higgs portal operator readily allows interactions
between the Higgs boson and a SM-singlet particle, of which the simplest and most minimal
example is the renormalizable interaction between the SM Higgs and a scalar DM particle,
AL = —1/2kS?|H|? [19].

In this minimal scalar model, the Higgs-singlet quartic interaction x that yields the ob-

served relic abundance is fixed as a function of the DM mass.2

This coupling is generally
large enough to yield unacceptably large Higgs invisible branching ratios when decays to DM
are kinematically accessible. In the region 50 GeV < mg < my /2, however, DM annihila-
tions are resonantly enhanced in the early universe, allowing DM-Higgs couplings as small
as O(107%) to generate the correct relic abundance. In this resonant region, DM-SM cou-
plings are small enough that DM does not necessarily maintain kinetic equilibrium during
freezeout, making DM annihilations less efficient [21]. Incorporating this effect in a careful
calculation of the relic abundance increases the requisite value of k by as much as a factor
of 2 compared to the prediction assuming kinetic equilibrium, depending on the modeling of
scattering rates during the QCD phase transition. The current limit on the Higgs invisible
width, Br(h — invisible) < 0.11 [22], excludes the scalar model for ms; < 48 GeV at 95%
CL. While invisible Higgs decays are very effective at excluding the low mass region, the con-
straints from direct detection experiments are even more stringent in the surviving resonant
region (with standard modeling of the local DM halo). The spin-independent nuclear cross-
sections generated by Higgs exchange give rise to appreciable signals in ton-scale liquid noble
gas experiments. Current results from XENONIT restrict the lower boundary of the resonant
region to mgs > 55.9 (57.2) GeV with minimal (maximal) kinetic decoupling effects [23], leav-
ing a viable albeit finely tuned window up to mj/2. Future liquid Xenon experiments have
the potential to close the resonant window almost entirely [24, 25]. Meanwhile, the s-wave
annihilation cross-section in this model makes indirect detection a competitive experimental
test of the scalar singlet model, and in particular Fermi observations can be a powerful probe
of the resonant regime [26].

The DM annihilation cross-section required to obtain the observed relic abundance can
be reduced if the early universe underwent a period of early matter domination during or after
DM freezeout [26-28|. The smaller Higgs-singlet couplings necessary in these models allow
the minimal scalar singlet model to survive both invisible Higgs decay constraints as well as
direct detection exclusions in a broad mass range, depending on the timing and duration of
the early matter-dominated era.

The direct detection cross-section can also be suppressed by extending the singlet-Higgs
sector. Promoting the real scalar S to a complex field @, one can ensure that the stable DM
particle is a pseudo-Goldstone boson of the (softly-broken) global U(1) symmetry that takes

2The singlet quartic self-coupling is a third parameter in this model, but for perturbative values of this
coupling its cosmological impacts are limited [20].



® — ¢ @® [29]. The cross-section for elastic DM-SM particles is accordingly momentum-
suppressed, and the leading contributions to the direct detection cross-section now appear at
one loop, substantially below current experimental sensitivity. Invisible Higgs decay modes,
however, remain unsuppressed, and provide the most sensitive test of this model when they
are kinematically accessible. However, this enlarged parameter space comes with a price:
the scalar sector in this theory has several additional free parameters and the invisible Higgs
branching ratio is accordingly no longer uniquely predicted in terms of the DM mass and
relic abundance. The additional BSM Higgs boson Hs in this theory provides further collider
signatures, notably Hy — invisible, and can be an important source of constraints.

Both fermionic and vector Higgs portal DM, described by the respective effective in-
teractions AL = —(1/A)(csXx + icpXV°x)|H|? and —AyV,V#|H|?, are in some sense non-
minimal models as additional degrees of freedom must be introduced to construct even minimal
UV completions of these Higgs portal interactions. The surviving parameter space for both
fermionic and vector models is qualitatively similar to that for the scalar model, with direct
detection constraints restricting the DM mass to lie in the resonant regime mpys < my, /2 (or
at TeV scales). Collider and (to a lesser extent) direct detection signals however are sensitive
to the additional fields required to UV-complete the Higgs portal interactions.

Qualitatively distinct phenomenology arises in other classes of non-minimal models. In
one such class of models, DM freezes out by annihilating to SM final states through a BSM
mediator, rather than the SM Higgs. In Higgs portal models, this mediator is generally part of
an extended Higgs sector, which inherits its coupling to the SM through mixing with (B)SM
Higgs bosons. A scalar singlet mediator, S, that inherits couplings to SM particles through
Higgs mixing via the renormalizeable operator S?|H|? will generically lead to unacceptably

large direct detection cross-sections®

. A pseudo-scalar mediator, a, however, gives rise to a
tree-level direct detection cross-section that is both spin-dependent and velocity-suppressed,
making the one-loop spin-independent cross-section the leading source of direct detection
constraints [30]. Coupling a pseudo-scalar singlet mediator to SM fermions in a UV-complete
model requires either new (and generically stringently constrained) CP-violating couplings
with the SM Higgs, or enlarging the SM Higgs sector to (e.g.) a two Higgs doublet model,
which allows the mediator ¢ to mix with the doublet pseudo-scalar A°. In this case, exotic
Higgs boson decays to pairs of mediators can easily be a leading probe of DM freezeout [30].
The exotic branching ratio depends in detail on the properties of the heavy A° and is not
uniquely predicted as a function of mediator mass. The mediators can decay to either visible
SM states or invisibly to DM, in principle allowing for invisible, visible, and semi-visible Higgs
decays. However, Fermi-LAT constraints on DM annihilations make it challenging to realize
thermal relic DM with masses below 25 GeV in this model [31, 32|, thus substantially limiting
the parameter space where both h — aa and a — Yx can be realized. The parameter space
of the 2HDM+a model was recently surveyed in [33].

3The major exception is the pseudo-Goldstone DM model discussed above, where the spontaneously broken
global U(1) ensures a cancellation between the contributions of the SM and BSM Higgs bosons in the direct
detection cross-section.



Adding BSM mediators to DM freezeout models also allows for the generic possibility that
DM annihilations proceed directly to BSM mediator states, with no direct involvement of the
SM. In models with such secluded annihilations the BSM mediator is generally lighter than
DM and will often have a small coupling to the SM that lets it decay into visible final states
[34]. For these theories, the small mediator-SM coupling that determines both exotic Higgs
decays and direct detection signals is parametrically decoupled from the annihilation cross-
section that sets the DM relic abundance in the early universe, thereby ameliorating direct
detection constraints. Visible Higgs decays to mediator pairs are again a leading probe of this
class of models. In the most minimal of such scenarios, the mediator is a single Higgs-mixed
scalar [35, 36]. In scenarios where a dark photon Zp mediates DM annihilations, the Higgs
may also decay to ZpZp through mixing with the dark Higgs boson responsible for the mass
of the Zp [37].

If the mediator decays dominantly through Higgs mixing, then the Higgs-mediator cou-
pling cannot be arbitrarily small, as the mediator particle must be cosmologically short-lived
in order not to ruin the successful predictions of BBN [38]. Much more stringently, however,
the assumption that DM shares the same temperature as the SM in the early universe relies
on the mediator-Higgs coupling being large enough to keep the DM and the SM in kinetic
equilibrium. The “thermalization floor”; i.e. the minimum value for the mediator-Higgs cou-
pling that ensures secluded annihilations proceed while the DM is in equilibrium with the SM,
represents an important experimental target [36]. For couplings below this value, the initial
DM temperature must be separately specified from the SM temperature in order to obtain
consistent predictions for the DM annihilation cross-section, which introduces dependence on
additional model parameters. Searches for h — ss at the LHC test mediator-Higgs couplings
that are well above the thermalization floor [36].

To summarize, h — invisible at levels at or below current limits can still be straightfor-
wardly explained in simple models of thermal DM, though these theories are now either finely
tuned or require non-minimal cosmological and /or particle content. However, invisible decays
are far from the only exotic decay mode motivated by DM model-building. Simple theories of
dark sector freezeout generically predict Higgs decays to pairs of new dark mediators, which
typically result in (semi-)visible decays. It is worth observing that while the “WIMP miracle”
ensures that DM freezing out via (extended) Higgs portal interactions has a mass scale not
too dissimilar from the electroweak scale, a priori there is no compelling theoretical reason to
prefer DM masses either above or below my, /2. Detailed discussion of Higgs portal DM across
the full viable mass range can be found in the recent reviews [39, 40].

2.3 Electroweak phase transition

One long-standing motivation for introducing new states near the electroweak scale is to
drive the electroweak phase transition (EWPT) strongly first-order. Historically, electroweak
baryogenesis has been a primary motivation for first-order EWPTs. While constraints on
BSM sources of CP violation have made electroweak baryogenesis model-building increasingly
challenging, understanding the possible thermal histories of our universe remains an enduring



and important question. Strongly first-order EWPTs produce stochastic gravitational wave
signals, which may be seen in future gravitational wave detectors [41]|. The electroweak phase
transition in the SM is a crossover [42, 43|, but new degrees of freedom interacting with the
Higgs boson can generate first-order EWPTs through either loop effects or tree-level couplings
with the SM. In models that feature new particles with m < my, /2, the most salient possibility
is SM singlet scalars, which can affect the EWPT at tree level. After the discovery of the SM
Higgs boson, most work on collider signatures of singlet-catalyzed strongly first-order EWPTs
has focused on the regime where Higgs decays to exotic states are kinematically forbidden,
as the vast majority of parameter space with open BSM decay modes yields exotic branching
ratios that are now experimentally unacceptable [44, 45]. However, there is still a narrow
region of viable parameter space where a light SM-singlet scalar can drive the electroweak
phase transition strongly first-order, yielding exotic Higgs decays into either visible [46, 47|
or invisible [46] final states. The branching fraction for such exotic decays is bounded from
below, as the singlet coupling to the SM Higgs boson cannot be arbitrarily small and still
successfully drive the phase transition first order. The HL-LHC will be able to test the lower
bound on the visible exotic branching fraction consistent with a strongly first-order EWPT
for scalars with mass m 2 20 GeV, while at lower scalar masses lepton colliders will be needed
to conclusively probe the lower bound [46].

3 Benchmark Scenarios

Searches for visible exotic Higgs decays are often carried out in the context of phenomenological
models that guide overall analysis strategies. The best-studied of these models consider the
minimal scenarios where the Higgs decays to pairs of singlet states, h — ss, aa, or ZpZp. Here
s denotes a CP-even scalar, a a CP-odd scalar, and Zp a vector boson. The key properties of
these particles for exotic decay searches are governed by the operator(s) (or “portal”) through
which they interact with the SM, which determine both their production rate in Higgs decays
as well as their decays to SM particles. In particular, the choice of decay portal controls the
dominant final states.

Here we discuss three of the most common benchmark scenarios: (i) SM+s, where s is a
Higgs-mixed scalar boson; (ii) SM+ALP; (iii) SM+v, where the vector, Zp, kinetically mixes
with the SM hypercharge gauge boson. While these benchmark scenarios certainly do not lead
to all the possible exotic decays of interest, they capture the key phenomenology predicted in
a wide variety of theories, motivate searches in a broad range of final states, and provide a
useful guide to assessing the reach and motivation of various experimental analysis strategies.

3.1 SM-+s

One of the simplest models leading to exotic Higgs boson decays occurs when a new real scalar
is added to the SM, mixing with the Higgs boson and inheriting its couplings to SM fields.
This model is intimately connected to many of the theoretical models discussed above: the
scalar can be motivated by electroweak phase transitions, relaxion models, neutral naturalness



(in which case the scalar is typically long-lived), or it could be a mediator in a dark matter
model. The minimal Lagrangian describing the system is given by
2 A K
L= Liin + %52 — 8t = ZSHP + p|HP - X H]', (3.1)
where we have imposed a discrete symmetry taking S — —S. Depending on the parameters
of the scalar potential, both S and H can get non-zero vevs, vs and vy respectively:
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In this case, the two scalar mass eigenstates, h and s with masses mj;, and mg respectively,
are related to the gauge eigenstates by the mixing angle

tan § = R ~ R (3.3)
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where the latter relation holds only when m is quite different than my, and « is small. For small
values of 0 (as motivated by LEP constraints [48]), the branching ratio for h — ss depends
on BSM parameters only through the mixed quartic £ and on the phase space available for

the decay,

v2K? 4m?2
Br(h ~ — /1 — 5 3.4
rh = 58) = o T m2’ (34

where I';, is the total Higgs width.

The scalar s decays preferably to the heaviest SM particles that are kinematically acces-
sible. The s lifetime is proportional to tan®, while its branching fractions are independent
of 8. To evaluate the branching ratios of s to SM states as a function of its mass, we use
the results of [49] for ms < 20 GeV and as given by the LHC Higgs Cross Section Working
Group [50] at larger values of the mass. The predictions at lower masses include decays to
hadrons, particularly pions and kaons, following the treatment of [51], while at higher masses
contributions from heavier particles such as W and Z are also considered. The two calcula-
tions differ at the ~ 30% level for hadronic decay modes at 20 GeV. It would be desirable to
have a consistent treatment across the full mass range in the future. The experimental results
discussed in Sec. 4.1.2 are independent of 6 as long as the mixing angle is large enough to
allow s to decay promptly, while the LLP searches considered in Section 4.2.1 are sensitive to
the s lifetime and thus 6.

3.1.1 Scalars vs. pseudoscalars

Collider searches for exotic Higgs decays to spin-zero states are largely insensitive to the
CP properties of s, and, thus, searches for the h — ss signatures predicted by the SM-+s
benchmark also have similar sensitivity to pseudoscalars, a, as arising, for example, in theories
where light singlet pseudoscalars mix with pseudoscalars belonging to a doublet representation



of SU(2). Thus the benchmark SM+s is a useful reference model to characterize experimental
sensitivity to a broader class of models featuring a new light state with Yukawa-weighted
decays.

However, the couplings of a to SM fermions and gauge bosons, and thus the branching
ratios of a, depend on the parameters of the doublet state it mixes with, such as m 4 and tan
in two Higgs doublet models (see e.g. [52, 53]). Moreover, in the GeV-scale regime where the
new particle can decay directly to hadrons, its hadronic matrix elements will depend on its
CP properties. For this reason, a and s branching ratios in the sub-GeV mass range will be
substantially different.

A new pseudoscalar that mixes with a 2HDM doublet pseudoscalar can also give rise to
exotic Higgs decays h — Za, which cannot be realized in the SM+s model. The h — Za
decay mode would probe parameter regions away from the alignment limit [54].

3.2 SM-+ALP

Another interesting class of exotic Higgs boson decays can arise when a new ALP, a, is added to
the SM. Such ALPs appear in well-motivated extensions of the Standard Model, e.g. as a way
to address the strong CP problem, as mediators between the SM and a hidden sector (through
the so-called “Axion Portal”), or simply as pseudo-Nambu-Goldstone bosons in extensions of
the SM with a broken global symmetry. Models with light ALPs generically lead to exotic
Higgs decays into ALPs.

The ALP can couple to the Higgs through the dimension-six and seven operators

C C .
£ Rg (0ua) (9" a) H'H + 5 (Bya) VD, H + h.e)HUH (35)

Note that at dimension five there are no a couplings to the Higgs doublet.* After electroweak

symmetry breaking, these two operators will lead to the decays h — aa [56, 57] and h — aZ
[58], respectively. The corresponding widths are given by

vZms3 om2\ 2 4m?2
T'(h - h 2(1-2a 1— 2 .
(h — aa) 397 A |Chl ( w2 > w2’ (3.6)
m3v4 m2 m2
D(h— Za) = —1—— |Oy4|? N3/2 =4, e 3.7
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where \(z,y) = (1 —z —y)? — 4ay.
Once produced, the ALP can decay back to the SM thanks to the dimension-five effective
Lagrangian (following the notation of [59])
u
Lef = % ZF: ¥r Cryur + g; Caa % G, G
a a
A A

“Here we have assumed that electroweak symmetry is broken linearly. Nonlinear EWSB can allow for

(3.8)
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additional hZa interactions, making h — aZ a leading probe of such theories [55].

,10,



where Gﬁy, W!ﬁ, and By, are the field strength tensors of SU(3)., SU(2)r and U(1)y, and
gs, g and ¢’ denote the corresponding coupling constants. The sum in the first line extends
over the chiral fermion multiplets F' of the SM. The quantities Cr are hermitian matrices
in generation space. The couplings in Equation 3.8 will also induce loop corrections to the

h — aa and h — Za rates.

Depending on the values of these couplings, the ALP can decay to a large set of final
states, including ¢ — ff, a — vy, a — ¢gg. When the fermionic operators dominate the
ALP decays, the resulting phenomenology is generically a realization of the Yukawa-weighted
models discussed in the previous subsection. Generically, however, and in contrast to light
scalar models, theories containing derivatively-coupled ALPs predict substantial branching
ratios of the ALP into gluons and/or photons. This makes the exotic decays h — aa — yvj7,
h — aa — yyy7y, h — aa — jjjj particularly relevant to test ALP theories. When m, < 10
GeV, its decay products begin to appear collimated in the detector. For photonically-decaying
ALPs, the resulting photon-jet-like signature in the detector can present an interesting recon-
struction task [60], and can in some parts of parameter space potentially contribute to searches
for the SM h — v+ decay [61, 62].

In understanding the range of signatures described by the effective field theory of Equa-
tions 3.5 and 3.8, it can be useful to keep in mind concrete UV completions, which make
definite and model-dependent predictions for the relative sizes of the Wilson coefficients as
well as the scale A. A variety of UV completions have been studied in the literature, including
some that realize viable lepton flavor-violating scenarios with A — aa followed by a — 74
[63, 64] (similar signatures were considered in [65]). In such scenarios a can be either prompt
or long-lived, leading to interesting displaced flavor-violating signatures.

3.3 SM-+tv

Dark photon theories feature a gauge boson from a spontaneously broken U(1)p gauge sym-
metry that kinetically mixes with the SM hypercharge gauge boson, B. The minimal dark
photon model has become a standard benchmark for feebly-interacting particle searches, and
is a common building block in theories of DM. The relevant gauge terms in the Lagrangian
are

. 1 o
! 2 / !
BY 2y, + 5m%, 2" 2, (3.9)

1 Zluv izl

£> _EZM Zuw + 2cos 0
where 6 is the Weinberg angle, and e is the kinetic mixing parameter. After EWSB, the
mass eigenstates Z (corresponding to the SM Z boson) and Zp will have non-zero Z and B
components. The dark photon mass term in Equation 3.9 can come either from a dark Higgs,
S, or from the Stueckelberg mechanism. In the former case, the Lagrangian will also contain
the interactions of the Higgs with the scalar as in Equation 3.1, as well as the interaction of
the scalar with two dark photons.

If the dark photon is light enough, the kinetic mixing leads to the exotic decay h — ZZp
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with a width given by

2 gin? O mZ m?2
T(h— Z2Zp) = — 2"

2
5 (—ZmQZD (mj, —5m%) + my, + (mj —m%) )
16 7 v2m; <m2Z - m22D>

2
X \/Qm% <m2ZD + mQZ) + (mQZ - mQZD) +mj, (3.10)

where we have defined n = €/(cos 6/1 — €2/ cos? ). The kinetic mixing also leads to the decay
h — ZpZp, but the width of this decay is suppressed by €*, making it highly sub-leading.
However, if the Zp mass is generated by a dark Higgs mechanism, the dark scalar-Higgs
mixing induced by the Lagrangian in Equation 3.1 also contributes to the decay h — ZpZp,

1 2 4m?%  (m? +2m% )? —8(m? —m2 )m?
T(h— ZpZp) = K> om 1 ng h Zp — h_Zp’ 7p (311)
h h

where we have have introduced the dimensionless parameter k' = km2 /|m? —m?2|, with k the
quartic interaction of the dark scalar and the Higgs, x|S|?|H|?.
Through kinetic mixing, the dark photon acquires couplings to the SM fermions:

L2 gZpufry" fr + 9rZpufry" fr (3.12)

where the couplings are given by

gL = CiI;V@ (—sina (cos® Oy T3 — sin® 0 Y1) + cos any sin by Y7,) =~ eQe,
gr = ciZVH (— sina (— sin’ 0 Yr) + cosan sinf YR) ~ eQe. (3.13)

Here « is the mixing angle between Z and Zp, and is proportional to the kinetic mixing
parameter, a « €. T3 and Y are, respectively, the third component of the isospin and the
hypercharge of the SM fermion, where we use the convention Q = T3+ Y, with ) the fermion
electric charge. The last equalities are only valid in the limits e < 1 and mz, < mz.
Because of these couplings, the dark photon will decay to SM fermions with partial widths

given by
a N 4mfc 2 2 2 2 2 2
I'Zp — ff) = Yrmg. 1- 3 (mz, (97 + g&) —m? (—6grgr + 91 + 9%)), (3.14)
D Zp

proportional to €2

. This tree-level formula is a good approximation for mz, above the bb
threshold. Below this threshold, one should include experimental information and higher
order QCD calculations (see e.g. [66]). Overall, in the mass range of interest, the dark photon
has a large probability to decay to SM leptons, Br(Zp — £74~) ~ 30 — 50%, where we are
summing over electrons and muons. The branching ratios of Zp do not depend on €, while

the Zp lifetime is inversely proportional to my, 2.
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Our focus in Secs. 4.1.4, 4.2.2 will be on the minimal scenario where the exotic decay of
primary interest is h — ZpZp, where the branching ratio Br(h — ZpZp) is controlled by the
mixing between the SM and the dark Higgs [67, 68|. Depending on the mass splittings in the
theory, the decay h — ss — 4Zp may also be available, resulting in very high multiplicity final
states [69]. In the minimal dark photon model, direct searches for h — ZZp with O(100fb™1)
data can start to test regions of the (e,my,) parameter space that are not excluded by
precision electroweak constraints on e [66], making these searches the leading probe of the
minimal model for masses myz, 2 10 GeV. Non-minimal models that allow for additional
mass mixing between Z and Zp can predict larger branching fractions for this exotic decay
than expected from kinetic mixing alone |70, 71].

Another non-minimal variant of the dark photon model adds a dark neutralino and hig-
gsino to give the Higgsed dark U(1) theory a supersymmetric matter content [72-74]. This
scenario, which we refer to as a SUSY dark photon model, can yield semi-invisible and poten-
tially high-multiplicity decays, depending on the details of the hidden sector spectrum.

4 Experimental Status

Exotic Higgs boson decays to new particles have very rich phenomenology featuring many
possible final states, mass regimes, and lifetime ranges. Several searches have been performed
at the Tevatron and LHC for such signals. Typically, the searches assume that the observed
Higgs boson at 125 GeV is produced in accordance with SM expectations but decays to new
particles. This is because new particles introduced in the models described in Section 3 have
a subleading effect on the Higgs boson production cross-section, since their couplings are
expected to be much smaller than the electroweak and top couplings to the Higgs [50]. The
searches target different Higgs boson production modes, mainly due to trigger considerations,
as well as different mass and lifetime ranges, often depending on the object identification and
reconstruction techniques available, as well as the analysis strategy pursued. Experimental
searches can be broadly categorized into those targeting scenarios where the new particle
decays promptly to SM particles (Section 4.1), and where the new particle is long-lived,
resulting in a displaced or invisible decay (Section 4.2).

The total Higgs boson width cannot be measured in a model-independent way at the
LHC. However, a global fit of Higgs measurements involving SM final states can constrain the
branching ratio into exotic final states under the mild assumption that BSM physics does not
enhance the Higgs widths to W and Z bosons. Recent analyses set an upper limit at 95%
CL of about 16% [75] on the “undetected” Higgs branching fraction (i.e., final states that
do not contribute to searches for SM or invisible decays). Given the assumptions necessary
to extract this limit, and the finite sensitivity expected even after the completion of the Run
2 and Run 3 analyses, there is ample room for interestingly large exotic branching fractions
while remaining compatible with current measurements. This is very strong motivation for
pursuing the complementary strategy of performing direct searches.
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Higgs boson decay products carry momenta ranging from a few GeV to few tens of GeV,
which can be challenging for triggers at hadron colliders. Searches for final states with elec-
trons, muons, taus, or photons typically target Higgs bosons produced by gluon-fusion (ggF),
which has the largest cross section. In hadronic final states, the decay products are typically
too soft to satisfy trigger requirements, and searches rely on additional forward jets, targeting
Higgs boson production via vector boson fusion (VBF), or on additional leptons from W or
Z boson decays produced in association with the Higgs boson (Wh/Zh).

Further challenges arise at the reconstruction and identification level. Since the decay
products are often soft and may overlap in the detector, standard algorithms can reject events
or objects produced in exotic Higgs decays. Dedicated identification and reconstruction tech-
niques have been developed for several signatures, targeting low pr or overlapping decay
products, such as b-jets [76], taus [77], and muons [78]. Such dedicated algorithms extend the
sensitivity of searches to cover new scenarios.

Searches for long-lived particles (LLPs), which decay with measurable displacements in
the detector, offer a great opportunity to detect new physics because of the striking signatures.
These searches also present unique challenges for triggering, reconstruction, and identification
and often require dedicated techniques. LLP signatures can resemble noise, pileup, or mis-
reconstructed objects in the detector, which are often rare and hard to model reliably in
simulation. Therefore, dedicated analysis methods to estimate backgrounds are also often
needed.

4.1 Summary of prompt searches

Searches for exotic Higgs boson decays to new particles that subsequently decay promptly to
SM particles have been performed in several final states and mass ranges. Current searches pri-
marily target Higgs boson decays to intermediate on-shell neutral particles, h — ss/aa/vv —
XXYY and h — Za/Zv — ¢¢ X X where s(a) is a new (pseudo)scalar, v a new vector, and X
and Y are SM particles that are pair-produced in each new particle decay: electrons, muons,
taus, photons, b-jets, or hadronic jets. Higgs decays to a pair of new particles decaying to
different final states are also explored (X # Y). Table 1 summarizes experimental results for
prompt decays to SM particles.

4.1.1 Branching Ratio and Mass Sensitivity

The sensitivity of current searches for Higgs decays to a pair of new scalars is summarized
in Figure 1, which shows the 95% CL upper limits on the branching ratio excluded by each
final state as a function of the mass of the new particle. The limits on O‘/O‘}?M x Br(h —
ss = XX YY) do not depend on the (model-dependent) branching ratios of the decays of
the new scalar, and make it possible to compare the overall sensitivity for different channels
and mass ranges. None of the searches pursued so far are able to distinguish between odd and
even parity for the new scalar, and hence the symbols s and a may be used interchangeably.
Decays to new vector particles can result in significantly different acceptance, so dedicated
interpretations are needed.
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Figure 1: Observed 95% CL upper limits on o /o3™ Br(h — ss — X XYY') where s is a new
scalar decaying to pairs of SM particles X and Y, and JEM is the SM Higgs boson production
cross section. The most recent h — ss analyses from Table 1 are included.

Current searches cover a mass range for the new particle from m 2 2m, =~ 0.2 GeV to
mp/2 =~ 62.5 GeV. The lower mass range is exclusively covered by the pppp decay channel,
which spans the full mass range except for challenging regions close to the J/¢ and T mass
peaks in some analyses. These searches currently set the strongest constraints on the branching
ratio for a given exclusive final state, down to ~ 107 [78, 80]. Searches for the pprT and pubb
decays are currently able to place limits on exclusive branching ratios down to ~ 107% — 1074
in the mass range from m 2 2m, =~ 4 GeV to my/2 ~ 62.5 GeV [81-86]. Searches in the
bbrr [87], TT77 [77], and bbbb 76, 88] final states reach sensitivity in the range ~ 1072 — 10~}
for the mass range m 2 2my ~ 10 GeV. Searches sensitive to photons also place significant
constraints on the branching ratio, including limits down to 107> for m ~ 12 — 62.5 GeV in
the vy final state [89, 90] and 10~! for m & 20 — 60 for yvjj [91].

There are currently fewer experimental searches targeting decay modes to a new pseu-
doscalar or vector boson produced with a Z boson. A search for hadronic scalar decays [92]
sets upper limits on Br(h — Za — (X X) as low as 0.35 for mq in the range 0.5 — 4 GeV,
assuming a decays to either gluon pairs or strange or charm quark pairs. Decays to muons and
electrons are also explored [80], setting limits on the branching ratio down to ~ 5 x 107° in
the 15— 30 GeV or 15— 55 GeV mass range for the pseudoscalar or vector cases, respectively.
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The current reach of all the searches in Table 1 is limited by statistics, so updated analyses
using all available data will improve the sensitivity. More sophisticated analyses, including
new reconstruction and identification techniques, can help complete the coverage of the full
mass range. Additional searches in uncovered channels may also bring additional sensitivity

and are interesting cross checks in case an excess is observed.

4.1.2 SM-+s

Searches for decays to a new light scalar, s, often focus on the heaviest particles that are
kinematically allowed in the scalar decay. Decays to muons are considered for m 2 2m, =
0.22 GeV and are particularly important in the lowest mass range until decays to taus may
also become important, m 2 2m; ~ 3.6 GeV. Finally in the mass range m 2 2myp =~ 8.4 GeV,

several searches also target decays to b-jets.
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Figure 2: Observed 95% CL upper limits on oy, /0™ Br(h — ss) in the SM+s scenario where
s is a new Higgs-mixed scalar, from a selection of the most recent analyses in Table 1. The
branching fractions of the new scalar to SM particles are taken from [49, 50], as described in
Section 3.1.

Figure 2 shows the upper limits on Br(h — ss) in the SM+s scenario, using the branching
ratios for the new scalar predicted by the minimal model of Sec. 3.1. The strongest constraints
appear at the lowest masses from the pppup mode, setting branching ratio limits down to
107°. Between the J/¢ and the T thresholds, the sensitivity steadily decreases to about
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10~!. The sensitivity from the ppupup channel is comparable to the purr and 7777 channels
in the ~ (7 — 10) GeV mass range. In the highest mass range m 2 2my, several final states
including b-quarks (bbbb, bbuy and bbr7) constrain branching ratios down to about 107!, A
combination of results from different channels, especially in the intermediate and higher mass
range where several decay modes have comparable sensitivity, would extend the reach beyond
the current limits.

4.1.3 SM+ALP

There are fewer searches interpreted in the context of SM—+ALP scenario compared to the
SM-+s and SM-+v cases, as summarized in Table 1. As an illustrative example, the benchmark
scenario with couplings to fermions Cr = 1 and to gauge bosons Cpp = Cyww = Cgg =
1/(4m)? discussed in [59] has appreciable fermionic branching ratios, but enhanced branching
ratios to photons and gluons compared to the SM+s model. The searches listed in Table 1
can be reinterpreted in this particular benchmark SM+ALP model and are able to exclude
J/O’EM x Br(h — aa) as small as 107!, The enhanced gluon branching fraction reduces
current sensitivity to this benchmark point compared to SM+s, as the reach is mostly driven
by searches relying on fermionic final states. Current searches for ggyy and yyvy~ have lower
sensitivity to probe Br(h — aa) for this specific benchmark point, but they can be very
important in other benchmarks where Cr < 1. There is a strong case to expand the current
experimental program to cover more final states involving photons and gluons.

4.1.4 SM+v

New light vectors arising in models with kinetic mixing are expected to have sizeable branching
ratios to leptons, as described in Section 3.3. Figure 3 shows the latest upper limits on the
exotic Higgs branching ratio to final states with a dark Z boson, Zp, from different searches
with lepton final states after considering the Zp — ff decay width given in Equation 3.14.
The figure summarizes the limits obtained for both o, /o™ Br(h — ZpZp) (left panel) and
o/o7M x Br(h — ZZp) (right panel). The CMS search [79] looks for h — ZpZp in the mass
ranges 4.2-8 and 11.5-60 GeV, and for h — ZZp in the mass ranges 4.2-8 and 11.5-35 GeV,
exploiting in both cases Zp decays to electrons or muons in the full mass range. The ATLAS
search [93| considers Zp decays to electrons or muons in the higher mass range (h — ZpZp:
15-60 GeV, h — ZZp: 15-55 GeV), with similar sensitivity to CMS. In the lower mass range
(4.4-8 GeV, 12-15 GeV, and also below the J/1) mass, 1.2-2 GeV), the same ATLAS search is
restricted to h — ZpZp and considers only the 4y final state (see light blue line in the left
panel of the figure). Both ATLAS and CMS interpret the results for h — ZpZp as limits
on the coupling constant x that controls the mixing between the dark scalar and the Higgs,
and for h — ZZp as limits on € that controls the mixing between the dark vector and SM
hypercharge (see Section 3.3).

Available searches can be improved by including electrons in the lower mass range, by
performing dedicated background estimates in the J/1 and Y pole regions, and by extending
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Figure 3: Observed 95% CL upper limits on (left) o4/03™ Br(h — ZpZp) and (right)
on/ O'}?M Br(h — ZZp) in the SM+v scenario, where Zp is a kinetically-mixed dark vector,
from the most recent searches in Table 1. The ATLAS [80] limits correspond to a low mass 4p
search (light blue, only available for the h —+ ZpZp interpretation) and a higher mass search
that considers muon and electron decays (dark blue). The CMS search [79] includes muon
and electron decays in the full mass range for both h — ZpZp and h —+ ZZp. The branching
fractions of the new vector to SM particles follow the prescriptions in [66], as described in
Section 3.3.

the search below mz, < 1 GeV, using techniques similar to the ones in the CMS search [78].
Other searches for SM-+v include displaced decays, and are discussed next.
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Table 1: Summary of the latest prompt searches for h — ss/aa/vv or Za/Zv, including
merged (m) and resolved (r) final states. The interpretations included in each result are
listed, following the categorization presented in Section 3, and m denotes the new particle
mass. The two mass ranges of the last listed search correspond to the interpretation SM+s
and SM+v, respectively.

Decay Mode | Reference (j\‘é\g/) ( fbi) m (GeV) Interpretations
h — ss/aa/vv
eeee (1) ggF CMS [79] 13 137 4-8,11.5-62.5 | SM+v, SM+ALP
(r) ggF |ATLAS [80]| 13 139 15-60 SM-+s, SM+v
eepups (1) ggF CMS [79] 13 137 4-8, 11.5-62.5 | SM+v, SM+ALP
(r) | ggF |ATLAS[80]| 13 | 139 15-60 SM-+v
pepnp(m) ggF DO [81] 1.96 | 4.2 0.2143-3 SM+s, SM+v
(r) ggF CMS [78] 13 | 359 0.25-8.5 SM-+s, dark SUSY
(t) | geF | CMS[79] | 13 | 137 | 4-8,11.560 | SM+tv, SM+ALP
(m/r] ggF |ATLAS [80]| 13 | 139 [1.2-2, 4.4-8,12-60| SM+s, SM+v
pprT(m/r)  ggF Do [81] 1.96 | 4.2 3.6-19 SM-+s
(m/r) ggF |ATLAS[82]| 8 | 20.3 3.7-50 SM-+s
(m/r) geF | CMS[83] | 13 | 35.9 3.6-21 SM+s
(t) | geF | CMS[84] | 13 | 35.9 15-62.5 SM-+s
7777 (m) ggF CMS [77] 13 | 35.9 4-15 SM+s
bbup (1) ggF |ATLAS [85]| 13 139 18-60 SM-+s
(r) ggF CMS [86] 13 | 359 20-62.5 SM+s
bbrr (r) | geF | CMS[87] | 13 | 35.9 15-60 SM-+s
bbbb (m) | Zh |ATLAS [88]] 13 | 36.1 15-30 SM-+s
(t) |Wh/Zh|ATLAS [76]| 13 | 36.1 20-60 SM-+s
~yyy (1) ggF |ATLAS [89]| 8 20.3 10-62 SM-+s
(t) | ggF | CMS[o0] | 13 | 132 15-60 SM+s
¥79g (r) VBF |ATLAS [91]| 13 | 36.7 20-60 SM-+s
h — Za/Zv
g9 (m) ggF |ATLAS [92]| 13 139 0.5-4 SM-+s
ss  (m) ggF |ATLAS [92|| 13 139 1.5-3 SM+s
ee (r) ggF CMS [79] 13 137 4-8, 11.5-35 SM-+v
(t) | geF |ATLAS[80]| 13 | 139 15-55 SM-+v
ppe (r) ggF CMS [79] 13 137 4-8, 11.5-35 SM-+v
(t) | geF |ATLAS[80]| 13 | 139 | 15-30/15-55 SM +s, SM v
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4.2 Summary of displaced and invisible signatures

Experiments at the LHC have performed several searches for Higgs boson decays to both
visibly-decaying LLPs and invisible BSM particles. Dedicated searches targeting LLPs that
travel macroscopic distances in the detector rely on the reconstruction and identification of
displaced objects. Even though they were not originally designed to specifically detect LLPs,
ATLAS and CMS have sensitivity to a variety of LLP signals. Searches have been performed
in both hadronic and leptonic channels. LHCb, covering the pseudorapidities 2 < n < 5, is
designed to observe displaced decays and has also performed such searches.

In the case of Higgs boson decays to LLPs, available searches cover a broad range of masses
and lifetimes c¢r. The LLPs are assumed to be on-shell and neutral, giving rise to processes
of the type h — ss/vv — XX Y'Y, where s is a new scalar, v a new vector and XX and YY
are pairs of SM particles from each new boson decay. In several cases the LLP signature is
very distinctive and the searches have low backgrounds, so the analyses require reconstruction
of only one of the two decays. These searches are referred to as h — s/v+ X — YY + X,
where X refers to all possible decays of the second particle in the pair. Table 2 summarizes
the latest searches for exotic Higgs decays to LLPs.

Existing searches cover a large number of final states including large impact-parameter
tracks and displaced vertices (DVs) reconstructed in the inner tracking detector (ID), displaced
hadronic jets or photons in the calorimeter, and displaced signals from jets or leptons in the
muon system (MS). Dedicated searches based on DV reconstruction using tracks in the ID
matched to a “displaced jet” achieve sensitivity to LLPs with lifetimes in the range from a few
mm to about a meter. These searches often rely on the ability to reconstruct tracks with large
impact parameter [108]. Given the difficulty triggering on signals in the ID, these searches
typically rely on other accompanying objects, such as leptons from the decays of a Z boson
produced in association with the Higgs boson |76, 95]. Searches targeting signatures in the
calorimeter and MS are sensitive to the lifetime range from a few cm to hundreds of meters [98,
100]. Calorimeter and muon signals can be used in the trigger, in some cases with dedicated
strategies for displaced decays, and such searches therefore target Higgs bosons produced
by gluon fusion. Examples include the “CalRatio” trigger that identifies trackless displaced
jets in the ATLAS hadronic calorimeter by searching for signals with low electromagnetic
fraction compared to the hadronic fraction [98] and the “MS vertex” trigger that searches
for clusters of particles in the ATLAS MS [101, 102]. Dedicated reconstruction algorithms
are also used to reconstruct displaced decays using signals in the muon detectors, including
multi-track vertices in the ATLAS MS which are used to perform searches with one (MS1)
and two (MS2) vertices [101, 102|, and clusters of hits in the CMS endcap MS [100] which are
used to reconstruct hadronic and electromagnetic showers (hadronic MS). Combinations of
signatures also offer sensitivity to several signals, such as the ATLAS search for both DVs in
the ID and the MS [99]. The CMS search for displaced leptons [103] targets transverse impact
parameters between 0.01 cm and 10 cm and is thus sensitive to LLP lifetimes from 1 mm to
10 m. Searches targeting longer lifetimes benefit from the distinctiveness of the signal and
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the few SM backgrounds. For the longest lifetimes, the sensitivity is limited by the size of the
detector.

One of the main challenges to search for low mass LLPs is that these signals have large SM
backgrounds and are therefore difficult to trigger on. One limitation of the trigger systems is
the bandwidth for offline processing and data storage. New strategies such as “scouting”, where
the event size is reduced as a trade-off for recording larger rates of events, make it possible
to target signals such as displaced leptons with small displacements and low masses, extend-
ing the sensitivity beyond the reach of traditional searches [104]. Complementary searches
targeting the largest lifetimes rely on muon reconstruction in the MS alone, without a corre-
sponding signal in the inner detectors and can achieve sensitivity with a single vertex due to
the distinctive, low-background signal [105]. This strategy uses dedicated triggers to identify
tracks in the muon detectors without requiring matches to an ID track or pairs of collimated
muons in the MS.
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Table 2: Summary of the latest LLP searches for h — ss/vv. m and ¢r denote the new

particle mass and lifetime, respectively.

Decay‘ Mode ‘ Reference ‘ Method ‘\/E (TeV) ‘ /c (fb~1) ‘m (GeV)‘ et (m)
SM+s: h — ss or s + X, s long-lived
bbbb  |Wh/Zh| ATLAS [76] |prompt reinterp. 13 36.1 20-60 |107* — 1072
bbbb
cece ggF | LHCb [94] disp. jets 7.8 2.0 25-50 (1073 — 107!
8888
bbbb Zh CMS [95] Z+disp. jets 13 117 15-55 | 1073 —1
dddd
bbbb Zh | ATLAS [96] | Z-+disp. jets 13 139 16-55 1073 -1
ZZS; ggF CMS [97] disp. jets 13 132 15-55 | 1072 — 10
bbbb
cece geF | ATLAS [98] CalRatio 13 10.8,33.0 | 555 | 107t —103
TTTT
bbbb
cece ggF | ATLAS [99] | ID+MS DVs 13 33.0 8-55 1071 - 10
TTTT
bbbb 14-55
dddd ggF CMS [100] hadronic MS 13 137 7-55 1071 —104
TTTT 7-55
bbbb
ceee geF | ATLAS [101] | MS1+MS2 DV 13 36.1 5-40 | 1071 —103
TTTT
bbbb
cece geF |ATLAS [102] MS2 DV 13 139 5-55 | 107! —10?
TTTT
eu+X
pitX| ggF | CMS [103] | disp. leptons 13 113-118 | 30-50 | 1073 — 10!
ee+X
SM+v: h - ZpZp or Zp + X, Zp long-lived
HpLfee geF CMS [104] |dimuon scouting 13 101 0.5-50 1074 =10
pu+X
pu+X| ggF  |ATLAS [105]| MS dimuon 13 32.9 20-60 | 1073 — 102
SM+v: dark SUSY long-lived
;ﬁiﬁ ggF | ATLAS [106] | disp. lepton-jets| 13 361  |02-36] 10731
hh+X| ggF |ATLAS [107]| recast of [98] 13 10.8,33.0| ~04 [1073—10"!
i | ggF CMS [78] disp. muons 13 35.9 0.25-8.5 0-1
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LLPs may be invisible if they decay outside the detector volume or if the standard al-
gorithms are unable to reconstruct the signature. Therefore searches for invisible decays
(h — E:I;ﬁss), in which the decay product escapes detection or is undetectable, and semi-
invisible decays (h — s/v + E?iss), where one of the new particles decays to SM particles
and the other is invisible, are also sensitive to exotic Higgs boson decays to LLPs. Available
searches for these signals are summarized in Table 3. Both invisible and semi-visible searches
rely on the presence of substantial missing transverse energy, E%‘iss, to identify the Higgs de-
cay. Current experimental bounds on invisible Higgs boson decays are mainly from searches
for Higgs bosons produced by VBF [109, 110] or in association with a Z boson [111, 112].
Although the combination of searches from ATLAS and CMS using the full Run 2 dataset
has not been completed, branching ratios greater than 0.11 are already excluded. All current
upper limits in each production mode can be found in Table 3.

Table 3: Summary of the latest searches for invisible and semi-visible Higgs boson decays,
including available interpretations for semi-visible final states and observed (expected) upper
limits (UL) at 95% CL for invisible signatures.

h — s/v+ E:‘Fiss

Decay Mode Reference |/s (TeV)| [L (fb™1) Interpretations
Emiss 4 o VBF CMS [113] 13 130 SM+v
VBF  |ATLAS [114]| 13 139 SM-+v
Zh CMS [109] 13 137 SM+v
geF, Zh | CMS [115] 8 19.4 Other
Emiss 4 ph Zh ATLAS [116] 13 139 NMSSM
h — E?iss
Decay Mode Reference |/s (TeV)| [ L (fb71) Br(H—Inv) UL
s VBF | ATLAS [117]| 13 139 0.13 (0.13)
VBF CMS [118] 13 138 0.17 (0.11)
Z()h  |ATLAS [111]| 13 139 0.18 (0.18)
Z(Dh | CMS [112] 13 137 0.29 (0.25)
geF |ATLAS [119]| 13 139 0.34 (0.39)
geF, V(gq)h | CMS [120] 13 137 0.278 (0.253)
tth ATLAS [110]| 13 139 0.40 (0.36)
tth CMS [121] 13 35.9 0.46 (0.48)
Combination | ATLAS [110]| 7,8, 13 |4.7+20.3+139 0.11 (0.11)
Combination| CMS [122] | 7,8, 13 [4.94190.7+38.2  0.19 (0.15)

In several scenarios, LLP searches have sensitivities that are greater than those for
promptly decaying particles. Searches at lower lifetimes and masses typically lose sensitivity
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due to the presence of larger backgrounds. The trigger and identification of low mass LLP
signatures can also be challenging since the decay products may overlap and the ability to
reconstruct DVs significantly degrades for nearby particles whose trajectories are parallel. For
higher masses, the decay products tend to have larger opening angles and in some cases the ob-
jects become so non-pointing that the reconstruction and identification efficiency may degrade.
The LHC already has sensitivity to a range of LLP signals and this capability can be extended
by exploiting the large datasets and benefiting from trigger and detector improvements in the
future (see Section 5).

The following sections describe hadronic searches with an interpretation focusing on ex-
otic Higgs decays to a pair of new scalars (Section 4.2.1) and leptonic searches focusing on
new vectors (Section 4.2.2). Studies of the differences in acceptance for these scenarios have
not been performed for LLP signatures. There are no ATLAS or CMS interpretations of
searches for exotic Higgs decays to long-lived ALPs. Searches for displaced photons would be
of particular interest for scenarios with ALPs.

4.2.1 SM+s

Searches for h — ss where s is a new long-lived scalar in the mass range 30 —40 GeV decaying
to SM fermions are summarized in Figure 4. For the SM-s scenario, decays to pairs of b-quarks
dominate with Br(s — bb) ~ 85% in this mass range, with additional significant decays to
c-quarks Br(s — cc) = 5% and tau leptons Br(s — 77) ~ 8% (see Section 3.1).

Several results only include an interpretation for a combination of final states while others
provide interpretations in terms of exclusive final states. In order to compare the results,
Figure 4 shows results for (5,/03™) x Br(h — ss) using the approximate branching ratios for
s to decay to b, ¢, and 7 final states quoted above. The ATLAS CalRatio, MS and ID+MS
DV results (98, 99, 101, 102] provide only the combined results and are reproduced without
modifications. The curves corresponding to the ATLAS [96] and CMS [95, 97| displaced jets
analyses use only the bbbb final state with an assumed Br(s — bb) = 85%. The difference
in per-jet efficiency for displaced jet reconstruction in decays to different quark flavors comes
primarily from the difference in track multiplicity. Jets originating from b-quarks may form
tertiary vertices, effectively reducing the number of tracks in the LLP decay vertex. We expect
per-jet efficiencies for decays to c-quarks to be more similar to those for light quark jets than
b-jets; this effect is seen in the LHCb analysis [94]. However, due to the limited information
available, the final states with s — cc and s — 77 decays are not included in the figure for
ATLAS and CMS displaced jet results.

The LHCD displaced jet analysis [94] includes results both in the bbbb and cccc final states,
which are combined in Figure 4 under the assumption that the only difference comes from the
per-jet efficiency for displaced jet reconstruction. The CMS hadronic MS analysis [100] pro-
vides results in the bbbb and 7777 final states and a similar combination is performed. Beyond
the analyses using dedicated reconstruction methods for long-lived resonances, a reinterpre-
tation of the ATLAS prompt search [76] shows sensitivity to signals with lifetimes up to the
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Figure 4: Observed 95% CL upper limits on oy, /o™ Br(h — ss) in the SM+s scenario where
s is a new long-lived scalar decaying hadronically. The analyses are summarized in Table 2 and
interpreted according to the procedure described in the text. The branching fractions of the
new scalar boson to SM particles follow the prescriptions in [50], as described in Section 3.1.
The current best limit on invisible Higgs boson decays (see Table 3) is shown for comparison
(gray marker on the right). The bounds from the reinterpretation of a prompt search for
h — ss — 4b is also shown at small lifetimes.

mm scale. This analysis is mainly sensitive to the bbbb final state, since b-tagging algorithms

are used to select events.

4.2.2 SM+v

Recent results targeting searches for exotic Higgs decays to LLPs decaying to leptons are
summarized in Figure 5. These searches are interpreted in the context of the SM+v scenario,
described in Section 3.3, focusing on leptonic decays of a long-lived Zp, h — ZpZp. The
limits from prompt searches, described in Section 4.1, and limits from invisible decays, shown
in Table 3, are also shown for comparison. A reinterpretation of these searches in terms of
signals with small lifetimes is currently not available, but would be interesting to show the
range of lifetimes covered by prompt searches and close the gap with dedicated LLP searches.

Dedicated triggering techniques targeting displaced muons have been instrumental to
search for LLP decays in the 2p+X and 4y final states. A recent search by CMS [104] using
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Figure 5: Observed 95% CL upper limits on oy, /03 Br(h — ZpZp) in the SM+v scenario
where Zp is a new long-lived vector decaying to leptons. The analyses are summarized in
Table 2. The branching fractions of Zp to SM particles follow the prescriptions in [66], as
described in Section 3.3. Current limits for prompt searches (see Table 1) and searches for
invisible Higgs boson decays (see Table 3) are also shown. The mass of the corresponding
signal LLP is indicated next to each curve in GeV.

dimuon scouting probes a wide range in proper lifetimes (0.1 mm to 10 m) for masses in
the range 0.65-50 GeV and constrains branching ratio limits down to about 1075. A com-
plementary ATLAS [105] search for LLP pp+X decays, identified through displaced vertices
reconstructed from tracks in the MS that do not have a corresponding ID track, extends the
probed lifetime range beyond 100 meters, with branching ratio limits down to about 10~%
for lifetimes in the cm-m range and LLP masses of 20 GeV. These results provide lifetime
exclusions for several mass hypotheses and also include interpretations as a function of other

model parameters, such as the kinetic mixing and mixing parameter .

Available searches offer sensitivity to a broad range of lifetimes for a range of masses.
Extending the reach of the analyses to target lifetimes and masses beyond those currently
reported in the interpretations is important to cover the full range of possible signals. Two-
dimensional m-cr plots may provide a clearer picture of any gaps in sensitivity. Several
interpretations are coarse and do not cover the full region of sensitivity in mass and lifetime.
In addition, limits for different exclusive final states may complete our understanding of the
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sensitivity of different searches and help guide future search efforts.

The special techniques used in LLP searches are a challenge for the reinterpretation of
results for alternative models without access to the full simulation of detector effects. Data
preservation and in-depth documentation of the details of the models, including detailed ac-
ceptances and efficiencies, following the recommendations of [123], is particularly important
in this context. As an example, Ref. [107] presents a reinterpretation of the ATLAS displaced
calorimeter jet search [98] with the RECAST framework [124] in the context of a dark SUSY
model [72, 73| that considers hadronic decays of a dark photon and provides complementary
coverage to a dedicated search for displaced lepton-jets that targets such dark photon decays
to collimated dimuons or light hadrons [106].

5 Future probes

The HL-LHC is expected to produce a large sample of O(10%) Higgs bosons, which will
generically enable more than an order of magnitude improvement in the sensitivity to exotic
Higgs boson decays. Projections assuming that current object reconstruction performance can
be maintained indicate that sensitivities to exotic Higgs decays into hadronic final states can
reach sub-percent branching fractions [125]. Meanwhile, combining the full ATLAS and CMS
datasets from the HL-LHC is forecast to constrain the total exotic branching ratio to < 4% at
95% CL [126]. The improved discovery potential from the HL-LHC is not only from the large
total integrated luminosity (up to 3 ab=1), but also the planned detector upgrades, which will
provide refined trigger and reconstruction capabilities.

The detector upgrades include new inner tracking and timing detectors, as well as new
electronics and an updated trigger and data acquisition system, which are expected to extend
the capabilities in ATLAS and CMS to study exotic Higgs decays in challenging low-mass
and/or displaced final states. Studies from CMS have shown that improvements in displaced
jets using information from the ID and time-displaced calorimeter-based jets can significantly
improve the sensitivity to LLPs with meter-scale lifetimes [127]. Both ATLAS and CMS
plan to reduce the dependence of muon triggers on primary vertex constraints, increasing
the sensitivity to LLP decays with larger displacements [127, 128]. The increased triggering
efficiency for muons with larger displacements can also significantly improve the sensitivity to
exotic Higgs decays to dark photons, such as the CMS HL-LHC prospect described in [129].
The higher granularity in the ATLAS triggers will also make it possible to identify collimated
dimuon pairs arising in decays of low mass resonances [128].

Beyond the main LHC program, there are several other experimental strategies being pur-
sued or planned that provide complementary opportunities to study exotic Higgs boson decays.
Several dedicated LLP detectors provide new capabilities for discovering LLPs produced in
the LHC collisions (Section 5.1). Future colliders offer substantial new opportunities for Higgs
decays. Electron-positron and muon-muon colliders offer a clean environment to probe such
signals (Sections 5.2.1, 5.2.3, respectively), while high-energy proton colliders enable searches
for extremely rare decays (Section 5.2.2), as we now discuss.
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5.1 Dedicated LLP detectors

Triggering challenges are one major limitation for search sensitivity to LLPs produced in the
relatively low-energy events following from Higgs decays. Proposed dedicated LLP detectors,
such as CODEX-b [130, 131] and MATHUSLA [132, 133], would be located far away from
the collision point with intervening shielding material that would stop most of the charged
and /or strongly-interacting SM particles from reaching the detectors. These detectors would
not suffer from trigger limitations and would thus readily have sensitivity to the relatively
low mass final states of interest for LLPs produced in Higgs decays. The long baselines and
low backgrounds of these experiments also help them extending the range of ¢ that can be
probed, although the small solid angle subtended by these detectors, compared to the main
detectors, is the limiting factor in this extension. For theories such as neutral naturalness
models that predict a large (2 3) number of relatively soft LLPs in a single event, the soft pp
spectra for the LLPs tend to exacerbate triggering challenges at the main detectors, while the
larger number of LLPs increases the acceptance at dedicated detectors. In such scenarios the
additional physics reach provided by dedicated detectors can be substantial [134].

The Higgs is sufficiently heavy that, to have optimal acceptance for its decay products,
detectors should not be located too far forward. MATHUSLA and CODEX-b have good
acceptance for exotic Higgs decay products, while far-forward detectors such as the FASER
experiment [135, 136] do not have competitive sensitivity. However, when new physics is light
enough to be produced in e.g. meson decays, a wide range of new experimental signatures
and searches become possible. In particular, exotic B and K decays can be powerful probes
of BSM scalars coupled through the Higgs portal. The relationship between such low-energy
probes and exotic branching ratios of the Higgs boson is highly model-dependent, and we will
not discuss the topic further here; see [137| for a recent overview.

5.2 Future colliders
5.2.1 Electron-positron colliders

The O(10°) Higgs bosons that would be produced at planned electron-positron colliders will
not come close to the statistics of the HL-LHC Higgs sample, but thanks to the low-background
environment, will offer the most sensitive discovery opportunities for decays into hadronic final
states, as well as other final states that cannot be easily reconstructed and/or separated from
the large LHC backgrounds. This Higgs sample size is reflective of the running scenarios
summarized in [126] for three proposed machines: 5 (5.6) ab™! of unpolarized collisions at 240
GeV, as envisioned for FCC-ee [138] (CEPC [139]), and 2 ab~! of polarized collisions at 250
GeV, which is the first stage of operation planned for the ILC [140, 141].

A survey of electron-positron collider sensitivities for several (partially-)visible, prompt
final states was performed in [142], which found sensitivities to exotic branching ratios at the
level of a fewx10~* over a wide range of signatures. These studies were carried out for the
particularly clean process where ete™ — Zh is followed by Z — ¢¢. Further incorporating
analyses in the higher statistics but also higher-background Z — jj or Z — invisible final
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states would contribute additional sensitivity. Meanwhile direct searches for invisible decays
are projected to reach Br(h — invisible) < 0.3% [126].

The SM+s model is a prime example of a model that predict preferential decays to final
states that have challenging backgrounds at the LHC. HL-LHC sensitivity to SM+s above
the b threshhold reaches up to Br(h — ss) < 2.8 x 1072 using CMS HL-LHC projections
for the bbr7 final state [125]. This projected sensitivity is exceeded by nearly two orders of
magnitude at electron-positron colliders: the estimates of Ref. [142] for the bbbb final state
give Br(h — ss) <5 x 10~% across the range of masses 20 GeV < mg < 60 GeV.

Beyond dedicated exclusive searches, the known initial state at lepton colliders also af-
fords the possibility of unambiguously measuring the total width of the Higgs boson, thereby
allowing for fully model-independent upper bounds on the total exotic branching fraction.
Ref. [126] projects the resulting 95% CL constraints on the Higgs exotic branching ratio at
the one percent level.

While LLP searches at the LHC often enjoy excellent background rejection at the analysis
level, trigger challenges can limit LHC efficiency for LLPs produced via the relatively low-
mass Higgs boson. The lower background environments of lepton colliders, together with
detectors constructed with BSM LLP signatures in mind, can potentially make LLP searches
at Higgs factories competitive with those at the LHC at the shorter LLP lifetimes where
LHC backgrounds are higher [143], or in other scenarios where the event presents a particular
trigger or background rejection challenge at the LHC.

5.2.2 Future hadron colliders

Future proton-proton colliders running at a higher center of mass energy will produce a much
larger sample of Higgs bosons. For example, O(10%) Higgs bosons will be produced at the
high-energy LHC (y/s = 27 TeV) with 15ab~! data and at a 100 TeV proton collider with
3ab~! data. This very large sample of Higgs bosons can give access to very rare exotic
decay modes. The biggest improvements on the reach will be obtained for very clean decay
modes, which particularly benefit from the increase in statistics. An example is the search
for h - ZpZp — 4£. The bound on the branching ratio for h — ZpZp could be pushed
to ~ 1077, more than an order of magnitude more stringent bound than what is achievable
at the HL-LHC [66]. Another example is the Higgs decay into two long-lived dark glueballs,
as arising in neutral naturalness theories [15]. Meanwhile direct searches for the invisible
branching fraction will reach Br(h — invisible) < 2.5 x 107, well below the SM prediction
Br(h — ZZ* — 4v) = 1.1 x 1073 [144]. Global fits of Higgs rates will constrain the branching
fraction into untagged states below 1% [126].

However, direct searches for higher-background exotic Higgs decay modes can also see
major advances in sensitivity at future high energy proton colliders. Cross-sections for sub-
leading Higgs production modes can be much larger at higher-energy proton colliders than
the corresponding cross-sections at the LHC. For example, the tth production cross section at
a 100 TeV proton collider is ~ 60 times larger than at the LHC. These subleading production
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modes will be essential to improve the reach for background-limited exotic Higgs decays, such
as e.g. h — ss — bbbb.

5.2.3 Muon colliders

Muon colliders, while more challenging to construct and instrument, would be able to real-
ize high center-of-mass energy collisions between elementary particles. Although potential
operational scenarios are still under active discussion, the inclusive Higgs production at an
O(10) TeV muon collider with O(100ab™!) of data would yield O(10%) Higgs bosons, two
orders of magnitude larger than the production at proposed eTe~ Higgs factories. In addi-
tion, given the low-background environment at a muon collider, such machines can provide
an excellent opportunity to investigate exotic Higgs decays beyond the reach of the HL-LHC,
offering sensitivity to ultra-rare exotic decay modes with branching fractions down to O(1077)
[145, 146].

6 Summary and conclusions

Exotic decays of the Higgs boson are an excellent place to search for the footprints of new
physics that couples only feebly to the SM. In the years since the discovery of the Higgs
boson, many theoretical studies of and experimental searches for exotic Higgs boson decays
have been performed. This review summarizes recent developments in theoretical motivations
for exotic Higgs decays as well as the status of experimental searches for signatures involving
both prompt and displaced final states. We present interpretations of many searches in terms
of three benchmark scenarios that represent some of the best-motivated minimal models for
exotic Higgs decays.

The searches reviewed here already constitute a substantial accomplishment. Experimen-
tal searches for dark vector bosons have attained sensitivity to unprecedentedly small Higgs
branching fractions, and even searches to more difficult final states are reaching notable land-
marks. Direct LHC searches for exotic decay modes are now the leading probes of many
models. Even for the challenging hadrophilic SM+s model, direct searches in a variety of both
prompt and displaced final states now reach beyond constraints on the total exotic branching
ratio imposed by global fits to Higgs properties, while searches for the decay h — ZZp are
now beginning to surpass precision electroweak measurements as a probe of the minimal dark
photon model in parts of parameter space. On the theoretical side, a substantial body of
recent work has led to qualitatively new understanding of how exotic Higgs decays can be
related to unanswered questions in particle physics, most notably the hierarchy problem and
the origin of dark matter.

To build on this effort and realize the full discovery potential offered by exotic Higgs
decays, work is still needed to understand gaps in current experimental coverage, to guide
future searches at the LHC and beyond, and to use our developing understanding of the Higgs
boson to shed new light on physics beyond the SM. A major outstanding frontier for both
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theory and experiment is Higgs decays involving more than one BSM species, as well as the
extension of current searches into more challenging regimes.

BSM particles are motivated across the entire mass range accessible in Higgs decays, as
well as with any experimentally testable value of ¢r. Many current searches can be extended
to cover a broader range of masses. In the lower mass regime, the use of reconstruction and
identification techniques targeting non-isolated or merged decay products can be used, also in
combination with resolved objects to extend the reach. Existing searches for Higgs decays may
also offer sensitivity at the lowest masses where the decay products are completely overlapping.
Dedicated strategies may narrow gaps, including the J/¢ and T regions.

The further development of LLP searches will be critical for extending coverage across the
full range of testable lifetimes. Reinterpretations of prompt searches are important to identify
gaps in search coverage for the smallest ¢7. Extending sensitivity at long lifetimes may be
possible by focusing on the outermost layers of current detectors and exploring dedicated LLP
detectors. Searches for LLPs can be harder to reinterpret than prompt searches; thus it is
vital for searches for decays to LLPs to report their results in as transparent and reusable
a form as possible. This point is especially pressing as in many well-motivated theories the
LLPs are composite states, whose production is challenging to model in detail.

Many final states of interest are currently not covered. Examples of uncovered final states
include fully hadronic decays to jets (e.g., gggg, ggbb, etc.), or displaced decays to photons or
taus. Thus direct searches are not currently sensitive to Higgs decays involving hadrophilic
ALPs that decay dominantly to gluons, nor do they target the interesting case of the dis-
placed photonically-decaying ALP. Meanwhile, few searches for semi-visible final states have
been performed to date, or for decays including a Z boson and a new boson in the decay.
More complex scenarios involving decays into two different BSM particles, including the case
where cascade decays can occur among the BSM species, have not been extensively explored.
It does not take a particularly elaborate model to realize high multiplicity final states; the
simple Higgsed dark photon model can already realize this possibility. In many cases of in-
terest high-multiplicity final states readily arise from decays into confining hidden sectors.
Given the experimental challenges posed by soft, high-multiplicity final states together with
the enlarged parameter space of multi-state models, theoretical work on motivated reference
models featuring multiple BSM species can be particularly valuable to help guide this pro-
gram. However some signatures such as semi-invisible decay modes (very common in decays
to confining hidden sectors) and the potential presence of resonances at different masses are
straightforward and can be readily implemented.

Exotic Higgs decays continue to serve as strong motivation for future work. Sensitivity
studies, including considerations about dedicated triggers and reconstruction strategies for
these signals, can provide valuable input to guide future search strategies. Theoretical and
phenomenological work continues to be crucial to understand the implications of these analyses
for physics beyond the SM and to set priorities for future efforts. The LHC and its HL-LHC
upgrade, as well as future colliders and experiments, will offer many exciting opportunities to
explore the question of whether the Higgs has new interactions and help answer some of the
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outstanding open questions in particle physics.
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