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Abstract

The potential of the non-Standard Model heavy Higgs bosons in 2HDM at a muon
collider is studied. The pair production of the non-SM Higgs bosons via the univer-
sal gauge interactions is the dominant mechanism once above the kinematic thresh-
old. On the other hand, single Higgs boson production associated with a pair of heavy
fermions is also important in the parameter region with enhanced Yukawa couplings.
Both µ+µ− annihilation channels and Vector Boson Fusion processes are considered,
as well as radiative return s-channel production. Different types of 2HDMs can also be
distinguishable for moderate and large values of tan β.

1 Introduction

There have been renewed interests for muon colliders operating at high energies in the range of
multi-TeV [1–3]. This would offer great physics opportunity to open unprecedented new energy
threshold for new physics, and provide precision measurements in a clean environment in leptonic
collisions [4–12]. Recent studies indeed demonstrated the impressive physics potentials exploring
the electroweak sector, including precision Higgs boson coupling measurements [10], the elec-
troweak dark matter detection [11], and discovery of other beyond the Standard Model (BSM)
heavy particles [12].
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In this note, we summarize the results on the discovery potential for the non-SM heavy Higgs
bosons at a high-energy muon collider in the framework of 2HDMs [13]. We adopt the commonly
studied four categories according to the assignments of a discrete Z2 symmetry, which dictates the
pattern of the Yukawa couplings. We take a conservative approach in the alignment limit for the
mixing parameter so that there are no large corrections to the SM Higgs physics.

We consider the benchmark energies for the muon colliders [1] in the range of
√
s = 3 − 30

TeV, with the integrated luminosity scaled as

L =

( √
s

10 TeV

)2

× 104 fb−1. (1)

We study both the heavy Higgs boson pair production as well as single production associated
with two heavy fermions. Both µ+µ− annihilation channels and Vector Boson Fusion (VBF) pro-
cesses are considered, which are characteristically different. We also analyze the radiative return s-
channel production of a heavy Higgs boson in µ+µ− annihilation, given the possible enhancement
of the muon Yukawa couplings in certain models. Combining together the production channels
and the decay patterns, we also show how the four different types of 2HDMs can be distinguished.

2 Higgs pair production
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Figure 1: Pair production cross sections versus the c.m. energy
√
s for annihilation (left panel) and VBF

process (right) in the alignment limit cos(β−α) = 0. The vertical axis on the right shows the corresponding
event yields for a 10 ab−1 integrated luminosity.

The cross sections of the pair productions in the alignment limit cos(β−α) = 0 via annihilation
and VBF are shown in Figure 1. For the annihilation, we see the threshold behavior for a scalar
pair production in a p-wave as σ ∼ β3 with β =

√
1− 4m2

H/s. Well above the threshold, the
cross section asymptotically approach σ ∼ α2/s which is insensitive to the heavy Higgs mass.
The VBF processes become increasingly important at high c.m. energies. We see the logarithmic
enhancement over the energy log2(s/m2

µ) (or log2(s/m2
V )). Unlike the production via annihilation,

the cross section for the VBF processes are very sensitive to the heavy Higgs masses.

In general, the annihilation process yields more events than the VBF process, except for the
H+H− production. Different decay channels of the scalars, which have different branching frac-
tions in different types of 2HDM, can be used to help distinguishing four different types. The
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leading signal channels for different cases are listed in Table 1 and several observations can be
made:

• For low values of tan β < 5, the four models cannot be distinguished since the dominating
decay channels are the same: H/A→ tt̄, H± → tb.

• For large values of tan β > 10, the decay modes of H/A → τ+τ−, H± → τν become
substantial in Type-L, which can be used to separate Type-L from the other three types of
2HDMs.

• For tan β > 5, the enhancement of the bottom Yukawa coupling with tan β in Type-II/F
leads to the growing and even the leading of H/A→ bb̄ decay branching fraction, which can
be used to separate Type-II/F from the Type-I 2HDM.

• Type-II and Type-F cannot be distinguished for all ranges of tan β based on the leading
channel, since the leptonic decay mode is always sub-dominate comparing to decays into top
or bottom quarks in all ranges of tan β. The full discrimination is only possible at tan β > 10
if the sub-leading H± → τν and H/A → τ+τ− decays in Type-II can be detected, which
has a branching fraction about 10%.

production Type-I Type-II Type-F Type-L

small tanβ < 5
H+H− tb̄, t̄b

HA/HH/AA tt̄, tt̄
H±H/A tb, tt̄

intermediate tanβ

H+H− tb̄, t̄b tb, τντ
HA/HH/AA tt̄, tt̄ tt̄, bb̄ tt̄, τ+τ−

H±H/A tb, tt̄ tb, tt̄; tb, bb̄ tb, tt̄; tb, τ+τ−;
τντ , tt̄; τντ , τ+τ−

large tanβ > 10
H+H− tb̄, t̄b tb, tb(τντ ) tb̄, t̄b τ+ντ , τ

−ντ
HA/HH/AA tt̄, tt̄ bb̄, bb̄(τ+τ−) bb̄, bb̄ τ+τ−, τ+τ−

H±H/A tb, tt̄ tb(τντ ), bb̄(τ+τ−) tb, bb̄ τ±ντ , τ
+τ−

Table 1: Leading signal channels of Higgs pair production for various 2HDMs in different regions of small,
intermediate and large tanβ. Channels in the parenthesis are the sub-leading channels.

The reach of the heavy Higgs pair production via annihilation at a muon collider is also sum-
marized in Figure 2 with the comparison of hadron collider reach in the Type-II.

3 Higgs boson associated production with a pair of heavy fermions

Heavy Higgs bosons can also be abundantly produced in association with a pair of heavy fermions
at a muon collider. The cross sections of such processes via annihilation or VBF for tβ = 1 and
cos(β − α) = 0 are shown in Figure 3. Unlike the pair production case, the production cross
sections for a single heavy Higgs boson produced in association with a pair of heavy fermions
depend sensitively on tan β. Combining with different decay channels of the heavy scalar, we can
also try to distinguish different types of 2HDM.
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Figure 2: 95% C.L. exclusion contour at muon collider with center of mass energy
√
s = 14 (dash curves),

30 (dotted curves) TeV for different types of 2HDM from pair production channels with annihilation contri-
bution only. For the Type-II 2HDM, the 95% C.L. exclusion limits from the High-Luminosity Large Hadron
Collider (HL-LHC) with 3 ab−1 as well as the 100 TeV pp collider with 30 ab−1 are also shown (taken from
Ref. [14]).
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Figure 3: Cross sections versus the c.m. energy
√
s for a single heavy Higgs production associated with a

pair of fermions via annihilation (left) and VBF (right) for tβ = 1. Acceptance cuts of pfT > 50 GeV and
10◦ < θf < 170◦ are imposed on all outgoing fermions. A veto cut of 0.8mΦ < mff ′ < 1.2mΦ is applied
to the associated fermions to remove contributions from resonant Higgs decays. The vertical axis on the
right shows the corresponding event yields for a 10 ab−1 integrated luminosity.

In Table 2 we summarized the leading signal channels of the Higgs associated production with
fermions in four types of 2HDMs in different regimes of tan β. Several observations can be made:
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production Type-I Type-II Type-F Type-L

small tanβ < 5

tbH± tb, tb
tt̄H± tt̄, tb
bb̄H± bb̄, tb
tt̄H/A tt̄, tt̄
bb̄H/A bb̄, tt̄
tbH/A tb, tt̄

intermediate tanβ

tbH± tb, tb tb, tb; tb, τντ
tt̄H± tt̄, tb tt̄, tb; tt̄, τντ
bb̄H± bb̄, tb bb̄, tb; bb̄, τντ
tt̄H/A tt̄, tt̄ tt̄, tt̄; tt̄, bb̄ tt̄, tt̄; tt̄, τ+τ−

bb̄H/A bb̄, tt̄ bb̄, tt̄; bb̄, bb̄ bb̄, tt̄; bb̄, τ+τ−

tbH/A tb, tt̄ tb, tt̄; tb, bb̄ tb, tt̄; tb, τ+τ−

large tanβ > 10

tbH± − tb, tb(τντ ) tb, tb −
bbH± − bb, tb(τντ ) bb, tb −
bb̄H/A − bb̄, bb̄(τ+τ−) bb̄, bb̄ −
tb̄H/A − tb̄, bb̄(τ+τ−) tb̄, bb̄ −

very large tanβ > 50

τντH
± − τντ , τντ

τ+τ−H± − τ+τ−, τντ
τ+τ−H/A − τ+τ−, τ+τ−

τντH/A − τντ , τ
+τ−

Table 2: Leading signal channels of single Higgs associated production with a pair of fermions for various
2HDMs in different regions of small, intermediate and large tanβ. Channels in the parenthesis are the
sub-leading channels.

• In the small tan β < 5 region, all six production channels have sizable production cross
sections. However, it is hard to distinguish different types of 2HDMs since they all lead to
the same final states.

• In the large tan β > 10 region, all the production channels for the Type-I are suppressed,
while Type-II/F have sizable production in tbH±, bbH±, bbH/A and tbH/A channels. Type-
II and Type-F can be further separated by studying the sub-dominant decay channels of
H± → τντ and H/A → τ+τ− in the Type-II. Same final states of Type-II can also be
obtained via τντH±, τ+τ−H±, τ+τ−H/A and τντH/A production.

• The intermediate range of tan β is the most difficult region for all types of 2HDMs, since top
Yukawa couplings are reduced, while bottom Yukawa coupling is not big enough to compen-
sate, resulting in a rather low signal production rate. A rich set of final states, however, are
available given the various competing decay modes of H± and H/A.

• At very large value of tan β > 50, the tau-associated production τντH±, τ+τ−H±, τ+τ−H/A
and τντH/A would be sizable for Type-L.
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4 Radiative return

While the cross sections for heavy Higgs pair production are un-suppressed under the alignment
limit, the cross section has a threshold cutoff at mΦ ∼

√
s/2. The resonant production for a single

heavy Higgs boson may further extend the coverage to about mΦ ∼
√
s, as long as the coupling

strength to µ+µ− is big enough. The drawback for the resonant production is that the collider
energy would have to be tuned close to the mass of the heavy Higgs, which is less feasible at future
muon colliders. A promising mechanism is to take advantage of the initial state radiation (ISR),
so that the colliding energy is reduced to a lower value for a resonant production, thus dubbed the
“radiative return” [15].

The cross section of the “radiative return” process is calculated in two ways: (1) µ+µ− → γH
and (2) µ+µ− → H with ISR spectrum. The results are given in Figure 4, where the left panel
shows the dependence on c.m. energy while the right panel shows the tan β dependence. We
can see that the cross section of such process increases as the heavy Higgs mass approaches the
collider c.m. energy. On the other hand, although, the cross section is much smaller than the other
productions channels in previous sections at moderate tan β, it could be largely enhanced at large
(small) tan β for Type-II/L (Type-I/F). It could even be the dominant production for heavy Higgs
in the large tan β region of Type-L when pair production is kinematically forbidden and quark
associated productions are suppressed.

5 Executive summary

Motivated by the recent interests in future high energy muon colliders, we explore the physics reach
in studying heavy Higgs bosons in 2HDM at such facilities. We point out that the pair production
of the non-SM Higgs bosons via the universal gauge interactions is the dominant mechanism once
above the kinematic threshold. In contrast, single Higgs boson production associated with a pair
of heavy fermions is important in the parameter region with enhanced Yukawa couplings. As such,
µ+µ− annihilation channels and Vector Boson Fusion processes are complementary for discovery
and detailed property studies. The radiative return mechanism in the s-channel production can
extend the mass coverage close to the collider c.m. energy. Different types of 2HDMs can also be
distinguishable for moderate and large values of tan β.
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