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1. Introduction

With just 5% of its planned data, the LHC has already performed precision studies of the
production and decay modes of the discovered Higgs boson with a mass of 𝑚ℎ = 125 GeV. Of
particular interest is the question whether it has additional decay channels beyond those in the
Standard Model (SM). These could significantly alter its total width. The reasons for the small
Higgs width of ΓSM

ℎ
= 4.1 MeV ≈ O

(
10−5) 𝑚ℎ are: the partial widths into SM particles are (i)

loop-suppressed such as ℎ → 𝛾𝛾, 𝑍𝛾, 𝑔𝑔, (ii) phase space-suppressed in the case of the decay into
a pair of massive vector bosons, 𝐻 → 𝑊𝑊∗, 𝑍𝑍∗ or even kinematically forbidden in the case of the
top quark as the SM particle with the largest interaction with the Higgs, or (iii) coupling-suppressed
for the decay into a pair of fermions where even the largest branching ratio, BRSM(ℎ → 𝑏�̄�) ≈ 58%
stems from a small Yukawa coupling of 𝑦SM

𝑏
≈ 2 · 10−2. The Higgs width determined via the

on-shell to off-shell cross section ratio of 𝐻 → 𝑍𝑍∗ → 4ℓ [1] yields Γℎ = 3.2+2.8
−2.2 MeV [2], in

agreement with the SM, but with large uncertainties while a precision of ∼ 20% is expected at the
HL-LHC [3]. Various opportunities are pursued and planned at the LHC and future colliders to
look directly or indirectly for Higgs decays into new particles [4].

2. Models with exotic Higgs decays

In many models, the Higgs boson acts as a window to New Physics and is therefore expected
to decay into new particles 𝑋 if 2𝑚𝑋 < 𝑚ℎ, for example in the SM augmented by an additional
scalar singlet (SM+S), fermion(s) (SM+𝜓), the 2HDM/MSSM+S, as well as Little Higgs and
Hidden Valleys [4]. In particular, the Higgs boson can be a portal to a Dark Sector [5–7] via the
interaction of the Higgs with the new scalar Φ. The most general scalar potential of the SM+S,
𝑉s(Φ, 𝐻) = 𝑉 (Φ) + 𝜇2(Φ)𝐻†𝐻 + 𝜆ℎ

(
𝐻†𝐻

)2
, with 𝐻 = (0, 𝑣 + ℎ)𝑇 /

√
2 and Φ = 𝜙0 + 𝜙 (choosing

𝜙0 = 0), is realized as in Tab. 1 by the renormalizable real singlet extension (without aZ2 symmetry
of Φ) [8–11] where s𝜃 ≡ sin 𝜃 is the 𝜙 − ℎ mixing angle and 𝑐ℎ𝜙𝜙 is the dimensionful trilinear
coupling of ℎ𝜙𝜙. The relaxion [12], slowly rolling down a linear potential (𝑟 > 1/(4𝜋)2, 𝑔 � 1,
𝑓 ≥ Λ ≥ 1 TeV) before the periodic backreaction term �̃� stops it at 𝜙0 corresponding to the
observed Higgs mass, is a special case of the SM+S. The ℎ − 𝜙 mixing [13, 14] can naturally
be larger for the relaxion [15] than for the real singlet. The relaxion collider phenomenology is
determined by 𝑚𝜙 and s𝜃 [11, 16] whereas 𝜆ℎ𝜙 and 𝑎ℎ𝜙 depend on them. The tree-level width of

the Higgs into NP is given by Γℎ→𝜙𝜙 =
𝑐2
ℎ𝜙𝜙

8𝜋𝑚ℎ

√︂
1 −

4𝑚2
𝜙

𝑚2
ℎ

, see Fig. 1.

renormalizable singlet relaxion

𝑉 (Φ) −𝑎ℎ𝜙𝑣2Φ + 1
2𝑚

2
0Φ

2 + 𝑎𝜙

3 Φ3 + 𝜆𝜙

4 Φ4 𝑟𝑔Λ3Φ

𝜇2(Φ) −𝜇2
0 + 2𝑎ℎ𝜙Φ + �̂�ℎ𝜙Φ

2 −Λ2 + 𝑔ΛΦ − �̃�2 cos
(
Φ
𝑓

)
s𝜃 ≈ 𝑎ℎ𝜙

𝑣𝜆ℎ
≈ �̃� 2

2𝑣 𝑓 𝜆ℎ
sin

(
𝜙0
𝑓

)
𝑐ℎ𝜙𝜙 ≈ 1

2s2
𝜃

𝑚2
ℎ

𝑣
+ 𝜆ℎ𝜙𝑣 ≈ 3

2s2
𝜃

𝑚2
ℎ

𝑣
+

𝑚2
𝜙

𝑣

Table 1: Com-
parison of the
renormalizable
real singlet ex-
tension and the
relaxion case, ap-
proximations holds
for 𝑚2

𝜙
� 𝑚2

ℎ
,

s𝜃 � 1.
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Figure 1: Predicted BRBSM: (left) SM+𝜓 with ΔL =
𝜇

Λ2 |𝐻 |2�̄�𝜓 for 𝜇 = 𝑚𝜓 different values of the NP scale
Λ; (right) SM+S (𝑠 ≡ 𝜙) for different values of 𝑐ℎ𝜙𝜙 [4].

A flavor off-diagonal Higgs decay, ℎ → 𝑓1 𝑓2, would be a clear sign of NP. Models such
as 2HDMs, extra dimensions and compositeness and flavor frameworks like Minimal Flavor Vi-
olation or a Frogatt-Nielsen symmetry can accommodate flavor changing Higgs decays [17–20].
Recently, CMS stringently constrains lepton-flavor violating Higgs decays to BR(ℎ → 𝜇𝜏, 𝑒𝜏) <

0.15%, 0.22%, respectively [21], and ATLAS constrains BR(ℎ → 𝑒𝜇) < 0.0061% [22].

3. Indirect bounds on an exotic decay width

Searching for signatures of an exotic decay ℎ → 𝑋𝑋 with missing transverse energy �𝐸𝑇

constrains the invisible width. Moreover, untagged decay products, such as light jets, are not
necessarily undetectable, but not accounted for among the tagged visible Higgs decay channels.
The BSM width is the sum, ΓBSM ≡ Γ(ℎ → BSM) = Γinv + Γunt. The searches for ℎ → �𝐸𝑇 + 𝑋

yield BRinv < 11% at 95% CL [23]. Under the mild assumption on Γtot
ℎ

of 𝜅𝑊 , 𝜅𝑍 ≤ 1 in the
𝜅-framework [24], which holds e.g. in any doublet or singlet extension, this bound can be improved
in a global fit by a combination with the precise measurements of the signal strengths of the
visible production and decay channels, resulting in BRinv < 9% [25]. The HL-LHC can reach
BRinv(unt) < 1.9(4.0)%, and combined with the FCC-ee/eh/hh even BRinv(unt) < 0.024(1.0)% [26].
BRinv can be applied on models with Higgs decay products that are stable on the detector scale.

4. Direct searches for exotic decay products

Fig. 2 shows direct searches for the decays of 𝑋 (here as light pseudoscalars ℎ → 𝑎𝑎) into 4
lighter SM particles. ATLAS [27] and CMS [28] cover the mass range from 1 GeV to 𝑚ℎ/2 with
several channels. The delayed arrival of a jets originating from long-lived 𝑋s was proposed in
Ref. [29] to enhance the sensitivity to BR(ℎ → 𝑋𝑋) depending on the lifetime 𝜏𝑋 by means of a
timing layer with nanosecond precision, see Fig. 3. Furthermore, Ref. [30] highlights Higgs decays
into displaced jets in the clean environment of the LHeC.

For the SM+S and relaxion, Fig. 4 compares the BRBSM, BRunt and (strong if applicable) BRinv

bounds. In the long-lived region, the displaced vertex (DV) searches and the timing of delayed jets
with the MTD timing layer [29] are very sensitive. The purple dotted lines of 𝜆ℎ𝜙 and s2

𝜃
indicates

the natural parameter space below. The relaxion can only be realized on the blue thick line.
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Tagging exotic Higgs decays into many 𝑏-jets with deep neural networks has been proposed in
Ref. [31] to bridge the general bound on ℎ →BSM and stronger exclusive direct searches.

Figure 2: Summary of the direct searches for exotic Higgs decays into light pseudoscalars 𝑎 incl. Run-2
data at ATLAS [27] (left) and CMS [28] (right) in various final states.

Figure 3: Proposals to detect long-lived Higgs decay products: (left:) Delayed jets with the muon spec-
trometer (MS) and MIP (Minimally Ionizing Particle) Timing Detector (MTD) at the HL-LHC [29]. (right:)
Sensitivity to decays into lighter Higgs bosons ℎ2 at the LHeC assuming 195 background events [30].
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Figure 4: Constraints (solid) and projections
(dashed) on the exotic decay ℎ → 𝜙𝜙 in the SM+real
singlet (𝜙) extension with 𝜆ℎ𝜙 ≡ �̂�ℎ𝜙 + s𝜃

𝑎𝜙

𝑣
vs the

relaxion (thick blue line) from Ref. [11] with a mass
of 𝑚𝜙 = 5 GeV, comparing bounds on Higgs decays
into any BSM, untagged or invisible decay products
(ℎ → BSM, unt, inv) with displaced vertices (DV),
the MTD timing layer, and 𝑍-factory measurements
(green), at the (HL-)LHC and FCC-ee/hh.

Summary Exotic decays of the discovered Higgs boson arise in a plethora of generic portals and
well-motivated models and are a thus vibrant opportunity to search for BSM effects - directly via
prompt, displaced/delayed or invisible signatures, or indirectly via global fits.
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I thank the LHCP2021 conveners and organizers, my collaborators of [11, 13, 16], and the
Minerva and Humboldt Foundations, Fermilab, the University of Chicago and the Weizmann
Institute for the support during those projects.
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