PHYSICAL REVIEW D 110, 095012 (2024)

Double and triple Higgs boson production to probe the
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The production of three Higgs bosons could be a stretch goal for the LHC and a strategic case for future
colliders. In this work, we analyse the phenomenological prospects of (neutral) triple Higgs compared to di-
Higgs boson production, for a range of Higgs-sector extensions from a strong first-order electroweak phase
transition perspective. In parallel, we include constraints from existing exotics and Higgs boson
measurements that further limit the parameter space of such models. Resonance contributions offer large
modifications in particular for triple Higgs production, albeit starting from a small SM expectation. With
enhancements of order 40 over the SM, however, experimental efforts to obtain limits at the HL-LHC are
well motivated and well placed. This is further highlighted by the potential of these processes to inform the

investigation of the thermal history of our Universe.
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I. INTRODUCTION

As the Higgs boson program at the Large Hadron
Collider (LHC) is entering a period of intense data
gathering, rare processes become experimentally accessible
and, hence, relevant. A particularly motivated process in
this regard is the production of multiple Higgs bosons; di-
Higgs boson production and associated analyses are corner-
stones of the beyond the Standard Model (BSM) physics
program at the LHC and beyond. Searches for Higgs pair
production in gluon fusion gg — hh and weak boson fusion
pp — hhjj are fairly well established experimentally, cf.,
e.g., [1,2]. With that in mind, both the theory and the
experimental communities have started to increasingly look
toward sensitivity to triple Higgs production. Perhaps a
stretch goal in the SM context for the LHC even during its
high-luminosity (HL) phase, triple Higgs production could
indeed be a strategic target for future colliders [3—12]. Most
targeted search strategies relying on a variety of optimi-
zation methods and development, cf., e.g., [13,14], will be
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the key to background mitigation and signal isolation of
these final states.

To what extent does triple Higgs production add infor-
mation to the presently established Higgs program? The
LHC should be able to become sensitive to SM Higgs pair
production during the HL-LHC phase [15]. In parallel, a
fine-grained picture of a single Higgs boson’s interaction
with other known matter should be well established at that
point [15,16]. If we tension an SM-resembling outcome of
the LHC at this point with, e.g., the leading Standard Model
version of effective field theory (SMEFT), triple Higgs
production will not add a significant amount of BSM-
discriminative power to a top-level analysis of LHC data
once single and double Higgs production are included. This
results from the correlation of different Higgs multiplicities
due to SU(2), gauge invariance [17]. Maneuvering away
from the SMEFT assumptions, a potential nonlinear char-
acter of the electroweak scale, chiefly expressed through
Higgs effective field theory (HEFT), treats different Higgs
multiplicities as independent parameters and thus adds ad-
hoc independence of different Higgs interactions [18-20].
In this case, we can expect a nonresonant enhancement of
the triple Higgs rate of about an order of magnitude over the
SM expectation of O(50 ab) at the LHC [21], which would
leave no discernible imprint in single or double Higgs
physics [22].

The appearance of resonantly produced states can alter
these EFT expectations and lead to very large enhance-
ments of multi-Higgs rates [13,23,24] (see also [25] for a
recent discussion on the relation of the two-Higgs doublet
model (2ZHDM) with EFT). While the LHC is closing in on
the production of Higgs and top-philic SM extensions,
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there is considerable space left for such scenarios to evade
current constraints [26]. This holds in particular for
nonminimal extensions of motivated theories such as the
two-Higgs doublet models. Consequently, there is good
motivation for going beyond Higgs pair production in such
cases, potentially with LHC-relevant implications.

Adding to this, the Higgs potential that is fingerprinted
by the production of different Higgs multiplicities
plays a fundamental role in theories that connect baryo-
genesis with the electroweak scale. The electroweak
cross-over of the SM does not adequately address
Sakharov’s criteria [27], and any modification of the
potential to address this shortfall is expected to leave
phenomenological imprints on multi-Higgs production
related to a strong first-order electroweak phase transition
(SFOEWPT).

In this note, we take these observations as motivation to
analyse the interplay of multi-Higgs final states at colliders
from the angle of an SFOEWPT (see also [26,28-31]). To
this end, we consider a range of Higgs sector extensions
and elaborate on the expected modifications of the triple
Higgs rate at the LHC and future experiments. We compare
our findings with similar considerations for Higgs pair
production to not only gauge the level of complementarity
that 2k and hhh production can provide but also to analyze
the critical range of enhancements of the hh(h) rates that
can be achieved from the viewpoint of these scenarios and
an SFOEWPT. As we will see, the phenomenological
relation of multi-Higgs cross section enhancements and
an SFOEWPT is not direct, but significant ~40 enhance-
ments for scenarios with an SFOEWPT can be obtained in
the hhh channel with notable complementarity compared
to hh final states. This adds to the motivation for extend-
ing the multi-Higgs program at the LHC to triple Higgs
production.

This work is organized as follows: In Sec. II we quickly
review the (extended) two-Higgs doublet scenarios on
which we will base our analysis to make this work self-
contained. There, we also provide details of our scan and
event simulation methodology. Section III is devoted to a
detailed discussion and comparison of the hh and hhh
rates, and their potential relation with an SFOEWPT. We
conclude in Sec. IV.

II. MODELS, SCANS, AND CROSS SECTIONS

We focus on resonant extensions of the SM which have
the potential to enhance cross sections through new on-
shell contributions that are not present in the continuum
production expected in the SM. Modifications of inter-
Higgs couplings ubiquitous in Higgs sector extensions with
related interference effects between different new physics
and modified SM contributions can lead to an intricate
interplay of different phase space regions. Together these
can lead to either a net enhancement or a reduction of the
cross sections of hh(h) production. While some differential

information might be obtainable for the A/ final states at the
HL-LHGC, this is less likely for hhh production. However,
experimental proof-of-principle investigations have yet to
be made available. We will therefore focus on the integrated
cross sections as relevant physical observables but will
touch on the interplay of different phase space regions that
highlight resonance and interference contributions in rela-
tion to the SM.

Along these lines, a particularly motivated class of
models is the extension of the SM by an additional doublet
in 2HDMs and the latter’s complex and singlet-extended
variation. These models introduce all aforementioned
phenomenological modifications in clear relation to
existing Higgs measurements and exotics searches; they
further enable a direct correlation of multi-Higgs rates with
an SFOEWPT (see in particular [32]). This is most trans-
parently expressed through the so-called “real” 2HDM
(R2HDM) where the 2HDM parameters are assumed to be
real variables thus making clear distinctions between CP-
even and -odd exotic Higgs bosons. The R2HDM is
generalized by admitting complex phases (giving rise to
the “complex” 2HDM, C2HDM) which provides a natural
interface to incorporate CP-violation as an avenue to
satisfy Sakharov’s criteria further. Extensions of the
R2HDM by an additional real singlet field (the Next-to-
Minimal 2HDM, N2HDM) generalize the typical correla-
tions of the RZHDM through additional contributions to the
potential and a richer mixing structure [33] of states with
given CP quantum numbers. In the following, we will
consider these three scenarios to discuss correlations and
their modifications when requiring a sufficient SFOEWPT.
We now swiftly review these models to make this work
self-contained.

A. Variations on the 2ZHDM
The potential for the 2HDM is given by

Voupm = m3, @@ + m3,®;®, — (m?,® d, + H.c.)

A . A .
+ 51 (@) + 32 (©]®,)*
+ 13 (@] @) (PID,) + A4 (P D,) (DS D))
A .
+ [35 (®®,)* + H.c.] , (1)
with
1 o )
D = — f) =12 2
V2 (fﬂi + ia; @

transforming as (1,2),,, under the SM gauge group
SU(3)e x SU(2), x U(1)y. The potential obeys the usual
Z, symmetry assignments to remove flavor-changing
interactions [34], which is softly broken by the m?, term
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in Voppum- In the case of the RZHDM, all parameters in this
potential are taken to be real
mi,mi,,mi,, A sER (R2DHM), (3)

whereas in the CP-violating version

m},,ls€C (C2DHM) (4)

(with independent phases for m?, and A5 so that they cannot
be absorbed by field redefinitions).

The usual equations to obtain the minimum for this
potential alongside the physical masses and mixing angles
hold, e.g., for the R2ZHDM the physical neutral Higgs
masses are related to the Lagrangian eigenstates via

() =m(y)®

where R,(a) is the standard 2-dimensional orthogonal
rotation matrix. Furthermore,

tmﬂ_%%_% (6)

denotes the diagonalization angle of R, (/) for the CP-odd
and charged fields (including the massless Goldstone
mode). The brackets around the fields denote their respec-

tive vacuum expectation values (VEVs), with \/v? + 13 =
v~ 246.22 GeV.

In the C2HDM, due to explicit CP violation, one can still
define massless Goldstone modes through R,(f) (i.e. the
vacuum expectation values (®;,) can be aligned), but the
neutral electromagnetic fields no longer have defined
CP quantum numbers and are now diagonalized by a
3-dimensional orthogonal rotation matrix R3(ay, o, @3).

Extending the 2HDM with an additional real singlet
under the SM gauge group @y~ (1,1), leads to the
N2HDM

| 2
Vaouom = Vronoum + Eméq)é + 0}
A7

A
t5 (®]@))D% + 5 (@]®,) @3, (7)

@5

which generalises the mixing in the CP-even sector
compared to the R2ZHDM to a 3-dimensional orthogonal
rotation after expanding ®¢ around a nonvanishing VEV
(Dg), Dy = (Dg) + 3. The potential is invariant under the
usual (softly broken) Z, symmetry and an additional Z)
symmetry, under which ®,, - ®;, and &3 — —bDy.

In all these scenarios the interactions of the Higgs
boson(s) with known matter are changed as a consequence
of the Z, assignments giving rise to the usual classification
of 2HDM models (see Ref. [35] for a review) as well as

mixing. We will focus on the type-I scenario in the
following as this provides a wider range of acceptably
strong phase transitions [36-38]. The couplings of the
extended Higgs spectrum to the SM quarks in the R2ZHDM
are then given by

wd  COSQ
b sing’

wd  Sina

H " sing’

W = cotp, (8)

relative to the SM Higgs couplings. In the extended
2HDM, these couplings are then further modified by the
aforementioned rotations in the C2HDM and N2HDM,
respectively.

The inter-Higgs interactions obtained from expanding
the potential in the mass basis further impact the multi-
Higgs production through modified trilinear and quartic
Higgs boson interactions. Depending on the realizations we
consider, these can be very different, ranging from rela-
tively rigid correlations in the 2HDM to relaxing them in
the N2HDM and the C2HDM along the lines of singlet
admixture and explicit CP violation, respectively. This will
enable us to comment on the impact of these various
phenomenological variations on the expected hh(h) pro-
duction rates in light of the strength of the electroweak
phase transition. A notable exception to the phenomenol-
ogy we discuss is provided by the 2HDM with additional
symmetry protection that achieves alignment through an
enhanced custodial symmetry [39-41].

B. Scanning for SFOEWPTs and multi-Higgs
cross sections

Throughout this work, we will consider a Higgs mass of
my, = 125.09 GeV 9)

and use SCANNERS [42,43] for the generation of viable
parameter points, where all other input parameters (such as
the exotic Higgs masses and mixing angles) are varied
randomly in wide ranges to cover the parameter space
allowed by the relevant theoretical constraints and by the
experimental constraints given by the Higgs measurements
(as checked via an interface to HIGGSTOOLS [44—46]), flavor
constraints (R, [47,48] and B — X,y [48-53]), and
electroweak precision data (by demanding the S, 7', and
U parameters [54] to be within 2¢ of the SM fit [55]).

We analyse the finite temperature phenomenology using
the recently released version 3 of BSMPT [56-58]. We will
focus on the strength of the phase transition during the so-
called percolation stage and we deem a phase transition to
be of first order and strong when
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g, =225, (10)

i.e. when the VEV at the percolation temperature 7', is
larger than unity in units of 7,. This is a conventional
measure to safeguard against sphaleron washout effects
when considering electroweak baryogenesis (see also
[59,60] for further discussions). For a given parameter
choice that is consistent with the theoretical constraints and
the current experimental outcome as verified by SCANNERS,
we trace the thermal history of the corresponding model.
BSMPT achieves this by including the temperature-indepen-
dent potential up to one-loop order

Vet (T) = Vo(T = 0) + Vew(T = 0) + Ver (T = 0)
+ Vi(T) + Vaaisy (T) (11)

alongside thermal corrections (see e.g. [61-63] for excel-
lent reviews of the subject) as well as Daisy-resummation
(concretely we consider these in the Arnold-Espinosa
approach [64]). As done in Refs. [36,65,66], we include
finite counterterm contributions to identify the minima of
the potential, the Higgs masses and mixing angles at tree
level (V) and at one loop (Vo + Vew + Ver) at T =0, to
facilitate tests for the compatibility with experimental
constraints. Here Vw and Ver denote the one-loop
Coleman-Weinberg and the counterterm potential, respec-
tively. With BSMPT we furthermore compute the trilinear
and quartic Higgs self-couplings from the third and fourth
derivatives of the potential, respectively, which are used, at
tree level, as an input to the hh(h) cross sections.

To compare the results of the electroweak phase
transition with the expected LHC phenomenology, we
implement the various (extended) 2HDMs using
FEYNRULES [67] and NLOCT [68] which is interfaced
via UFO [69,70] with MADGRAPH_AMC®@NLO [71]. Cross
sections are generated for hh(h) production through
gluon fusion, pp — hh(h), at leading, i.e., one-loop
order, including top and bottom quark contributions
(derived from Eq. (8) directly or as part of the parameter
scan). Points from the SCANNERS+HIGGSTOOLS+BSMPT
scan are interfaced with this toolchain for an LHC center-
of-mass energy /s = 13 TeV to compare ¢p and cross
section modifications of multi-Higgs modes at the LHC.
It is known that the dominant QCD corrections that
largely increase the parton-level leading order cross
section generalise qualitatively to BSM resonance struc-
tures, see, e.g., [72].

III. RESULTS AND DISCUSSION

We now turn to results. As all scenarios are characterized
by fixed charge assignments for the electroweak group, we
can expect the #h and hhh phenomenology to be tightly
correlated. Hence, anomalies should statistically show up

50
LHC (95% exp.)
HL-LHC (95% exp.)
40 | R2HDM
i< &) <2
- - [ 5,1;{‘2“]’)]\"[ >2
GE301 * M .
b ® 5;}21‘1]_)]\'[ >1 .
~~ .
S
< 201
) .
101
0 4

FIG. 1. 2HDM scan results for gluon fusion 4k (h) production
relative to the nonresonant SM expectation for &, > 1 at the LHC
and 13 TeV collisions. The colors denote the various phase
transition strengths in the R2ZHDM and the C2HDM. The red
shaded region shows the current and HL-LHC h#h sensitivity [77].

first in the more abundant i/4 channels. Any resonance
structure, however, can be a priori relevant to the extent
that the continuum SM expectation for

o(pp — hhh) =50 ab (12)

at the LHC [21] is highly misleading. For comparison, the
gluon fusion Higgs pair production cross section is at next-
to-leading order QCD around [73-76]

o(pp — hh) =27 fb (13)

in the SM for 13 TeV collisions. In such an instance,
resonances could raise the cross section to a level where the
hhh efforts at the HL-LHC could indeed provide a relevant
cross-check of a potential discovery at the LHC in the hh
channels. Depending on the scenario, however, it is also
possible that deviations could manifest themselves through
large enhancements of hhh production exclusively. Either
of these observations could then further pave the way for a
subsequent analysis at a future hadron facility such as the
FCC-hh. We will discuss the implications for such a future
collider in passing.

In Fig. 1, we show the obtained cross sections for Higgs
pair and triple Higgs production, normalized to the respec-
tive SM expectation for the R2ZHDM and the C2HDM scan
for phase transition strengths &, > 1. On the one hand,
underproduction relative to the SM 1is possible, but phe-
nomenologically largely uninteresting. On the other hand,
new contributions can greatly enhance the hh(h) rates. As
expected, the hh and hhh cross sections show a clear
correlation, yet the relative enhancement tends to be greater
for hhh production. A fully differential analysis of triple
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Invariant di- and triple- Higgs mass distributions for the SM as well as for benchmark points with a large (BP-1) and

representatively small (BP-2) enhancement for the hhh-production cross sections. The respective cross sections and parameter choices

for the points are shown in Table I.

TABLE 1. Cross sections and parameter choices for chosen benchmark points with large (BP-1) and representatively small (BP-2)
enhancements in hhh-production cross sections.

Benchmark points 6,/ own/on, My (GeV) Ty (GeV)  Crpe Cren guwn (GeV) g (GeV)  Guwnn G
Largely enhanced 3.24 15.26 274.29 0.20 1.027 -0.124 167.26 75.28 0.661 0.203
SM-like 1.02 1.02 469.30 2.49 0.997 -0.484 190.54 -7.11 0.774 -0.011

Higgs final states will be a serious experimental challenge,
yet the

M, = (pu, + Pi, + P1,)? (14)

distribution is a particularly telling observable to quanti-
tatively understand the observed cross section modifica-
tions, see, e.g., Fig. 2.

In case the heavy state is close to the mpy ~2m,
threshold, pp — hh receives a large enhancement in the
resonance region which in turn is accompanied by under-
production for M3, = (p;, + pj,)* 2 m} compared to
the SM as these contributions effectively enhance the
destructive interference between the involved triangle
and box topologies [78-80]. This situation is mirrored
for pp — hhh where the threshold region M, ~ 3m;,,
probes a wider range of My, =~ 2my, i,j=1,2,3,j>1i
enhancement (effectively isolating pp — Hh, H — hh).
This can lead to a comparably larger enhancement of
hhh production compared to #h. In our scan, we can find
such maximum enhancements up to factors of ~4 of hhh
over hh production (relative to their respective SM values)
for the R2ZHDM.

For parameter choices that lead to heavier spectra,
enhancements can again arise from H — hh resonance
structures. These are, however, small when compared to
enhancements arising from three body decays H — hhh.
While the latter correspond to small branching ratios of the
typically top-philic states, the excess over the relatively
small SM expectation can be considerable.

How do these observations relate to the strength of the
first-order phase transition? As a thermodynamic process,
the EWPT is driven by the physics of the light degrees of
freedom. For the concrete example of the R2ZHDM with
relatively rigid coupling constraints of the Higgs bosons to
other matter (in particular when considering the Higgs
signal strength constraints inferred from LHC measure-
ments), this is achieved by making the non-SM degrees of
freedom more accessible via lighter spectra. This is visible
from Fig. 3, which distills the results of a scan of the
strength of the phase transition £, at the percolation stage as

0.0 0.5 1.0 1.5 2.0 2.5 3.0
&
FIG. 3. Mass spectra, here specifically for the resonance H,
explored in the scan. For details see text.
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a function of the mass of the neutral CP-even heavy Higgs
boson H.

A priori this is good news for multi-Higgs final states and
their observation at the LHC. Triple Higgs production can
receive new contributions from nested H#% production but,
more importantly, new resonant H — hhh decays. Cross
section enhancements for moderately strong transitions'
&, 21, are oyy/oh)), ~40 and oy,/o5)" ~20 (we will
comment on the relation with an SFOEWPT below as these
numbers can also be found for £, < 1). Enhancements of
this size in the triple Higgs rate of Eq. (12) amount to
around 140 events in the 65 final state after applying a 70%
b-tagging efficiency at the HL-LHC phase (13 TeV,
3 ab~!). While this is undeniably challenging there the
appearance of additional resonance structures in the b jet
distribution can be exploited to combat backgrounds.
Cross-relating such an enhancement with Ak and exotics
measurements will enable the phenomenological dissection
of the TeV scale’s relation with electroweak baryogenesis:
To guide the eye in identifying which enhancements can be
relevant from Ak limits, the red bands in Fig. 1 highlight
estimates of current and HL-LHC h#h sensitivity [77].

Moving to stronger phase transitions, the three-Higgs
threshold H — hhh becomes decreasingly relevant and
most observations are from correlated resonant H — hh
and Hh — hhh contributions. There is a wider phase space
available for Hh — hhh compared to H — hh which leads
to a comparably larger enhancement in hhh production,
however, compared to a small baseline rate expected in the
SM. As the hh rate starts from a much larger expectation
compared to hhh production, it is clear that the former will
statistically dominate the multi-Higgs phenomenology at
the HL-LHC if agreement with the SM prevails. Should a
discovery be made, factors of ten enhancements in the triple
Higgs rate might provide further motivation to target hhh
production at the HL-LHC. The multiresonant structures
described above will then also contribute to further control
backgrounds compared to nonresonant considerations,
which are harder to isolate from continuum backgrounds.
Overall, the strength of the phase transition is predomi-
nantly driven by the mass scale of the non-SM states. These
will leave correlated effects in the rates, but the neutral
Higgs rates alone are not indicative of the strongness of the
phase transition in the R2ZHDM.

Adding additional resonances to the spectrum, however,
opens up significant parameter space for nonstandard
phenomenology. This can be observed in the cross-sections
in the complex generalization of the RZHDM, the C2HDM,
along hhh compared to hh, which is overlayed in Fig. 1.

'In fact, we find only percent-level differences between the
nucleation and percolation temperatures. For the models studied
in this work, the distinction between these temperatures is
somewhat irrelevant, however, they have very different meanings
for the phenomenology of the early Universe, see Refs. [81,82].

50
LHC (95% exp.)
HL-LHC (95% exp.)
401
. ENZHDM 5
H P
= : ,
25 30{ = SM
b 3
~
<
bé 201
10
0 4== .
0 2 4 6 8 10
SM
Ohi/ o hh

FIG. 4. Double and triple Higgs production cross sections
relative to the SM expectation for a scan over the N2HDM for
¢, > 1 at the LHC (for a centre of mass energy of 13 TeV).

The cross section enhancements discussed above, i.e.,
H — hh and H — hhh, can appear simultaneously when
the two additional scalar degrees of freedom in the C2ZHDM
are kinematically accessible in two- and three-body decays,
respectively. The phenomenology of the ih(h) final states
is more involved. Due to the stringent limits from the
measurements of the electric dipole moment, however, [83]
(cf. the discussion of the impact on the C2HDM in [84,85])
complex phases of the top- and bottom-Higgs interactions
are quantitatively small as are the Higgs mixings that are
absent in the RZHDM, so that no dramatic departure from
the RZHDM paradigm is observed (or expected). This can
also be visualized looking at the amount of CP admixture,
which is a measure of the SM-like scalar-pseudoscalar
mixing. For the type-I C2HDM, following Refs. [84,86],
the pseudoscalar admixture is defined as,

WEHOM — (R )2, (15)

where R is the orthogonal rotation matrix that diagonalizes
the neutral mass-mixing matrix. The maximum amount of
CP admixture observed for the SM-like scalar in the
C2HDM is ~9.5% for £, > 1 and ~10% for &, < 1.
Similar to the C2HDM scenario, the distinctive reso-
nance structures in the My, and M, distributions then
lead to enhancements of the triple Higgs production rate
~20 compared to di-Higgs production in the N2HDM
(Fig. 4). Most notably, some of these parameter points do
not show overly anomalous behavior in the 2k modes. This
can be attributed to the fact that our scan is statistically
limited by the number of points with the heavier exotics
having a mass close to the 2m, threshold, where we
observe the most enhancements in double Higgs produc-
tion. Factors of <10 enhancements in triple Higgs will be
extremely challenging at the HL-LHC but represent an
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opportunity at, e.g., the FCC-hh. To this end, we note that
all of our findings directly generalize to a potential FCC-hh,
with reference cross sections of o) ~ 800 fb [87] and
ot ~2.9 fb [8].

Our findings are based on a leading-order exploration of
the electroweak sector. While QCD corrections are known
to be relatively insensitive to the mass scales in multi-Higgs
production (which is, in fact, exploited in most precision
calculations there), weak radiative corrections might sculpt
our findings quantitatively, see Refs. [80,88-90] for the
impact on the 125 GeV self-coupling. These modifications
are only part of the full (resonant) amplitude and warrant
further investigation. Our observation related to the light-
ness of the degrees of freedom should be relatively robust
against higher-order corrections.

IV. CONCLUSIONS

The search for anomalies in multi-Higgs final states at
the LHC is a theoretically motivated avenue to inform the
beyond the Standard Model physics program in the near
future. New contributions to the effective Higgs potential
have direct consequences for the electroweak history of the
Universe: If strong enough, the electroweak phase tran-
sition could be part of an elegant explanation for the
observed matter anti-matter asymmetry through electro-
weak baryogenesis. To leave a notable imprint in the
thermal history of the Universe, exotic states should be
relevant in the vicinity of the electroweak scale. Extra scalar
degrees of freedom in this mass range as predicted by Higgs
sector extensions (which can also include new sources of
CP violation) could be experimentally opaque due to
accidental signal background interference in top final states
[26,91-95]. These final states are typically the preferred
decay modes of such scenarios [23]. We take this as
motivation to survey multi-Higgs production in the
2HDM and motivated extensions for parameter choices
that lead to a strong first-order electroweak phase transition
(see also the recent [11,96]). While di-Higgs production
provides the phenomenologically most relevant avenue to
detect such extensions experimentally at the high-luminosity
phase, we highlight the relevance of triple-Higgs production,
which can receive significant enhancement over the (phe-
nomenologically irrelevant) SM rate at the LHC. In par-
ticular, in the singlet-extended 2HDM, the triple Higgs
production rate can be around 40 times larger than the SM
expectation, while only showing a modest and perhaps
experimentally unresolvable deviation from the SM expect-
ation in the hh channels. The sensitivity range of the HL-
LHC to triple Higgs production is yet to be analyzed in
realistic experimental projections. This will be undoubtedly
challenging, but the level of enhancement that we observe in

our parameter scan serves as a theoretical motivation to
further pursue these efforts that are currently at an early stage
of exploration by the ATLAS and CMS collaborations.

The observed enhancements are combinations of reso-
nance structures in the Higgs final state kinematics: H —
hh resonances are probed in a wider kinematic region in
triple Higgs as compared to di-Higgs production.
Furthermore, three-body decays H — hhh have the poten-
tial to dramatically increase the hhh cross sections, albeit
starting from an elusively small SM expectation. The
biggest enhancements we observe in our scan combine
these sources of hhh cross-section enlargement.

Whereas the deviations from the SM expectation in
hh(h) production are a consequence of kinematics, the
lightness of the exotic spectrum parametrically controls
the strength of the phase transition (in this work during the
percolation stage). The correlation of multi-Higgs rates
with the strength of the EWPT is therefore not a direct one
but a light exotics mass scale has observable consequences
for the multi-Higgs rates through new resonant cross
section contributions. Additional degrees of freedom widen
the 2HDM-expected correlations of couplings of the light
(and SFOEWPT-relevant) scalar degrees of freedom. The
correlated decay phenomenology of the heavy Higgs
partners can result in significant enhancements of the
multi-Higgs boson rates, in particular for pp — hhh.
Triple Higgs searches are undoubtedly challenging endeav-
ors at the LHC, yet the typical enhancements that we can
observe in extended Higgs sectors raise the cross section to
regions where events will be recorded at the LHC, in
particular with experimentally exploitable resonance struc-
tures from the Higgs decay kinematics. The futile outlook
that might be based on the small nonresonant SM rate
therefore appears to be overly pessimistic.
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