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We show that a muon collider is ideally suited for the study of heavy H/A scalars, cousins of the Higgs
boson found in two-Higgs-doublet models and required in supersymmetric models. The key aspects
of H/A are: (1) they are narrow, yet have a width-to-mass ratio far larger than the expected muon
collider beam-energy resolution, and (2) the larger muon Yukawa allows efficient s-channel production.
We study in detail a representative Natural Supersymmetry model which has a 1.5 TeV H/A with

my —mp = 10 GeV. The large event rates at resonant peak allow the determination of the individual
H and A resonance parameters (including CP) and the decays into electroweakinos provide a wealth of
information unavailable to any other present or planned collider.

© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.

1. Introduction

The discovery at the LHC of a standard model (SM) like Higgs
at my = 125 GeV [1,2] has greatly altered our theoretical expec-
tations. The couplings of this state to electroweak gauge bosons
makes it clear that the majority (if not all) of electroweak symme-
try breaking is associated with this SM-like Higgs boson.

Within supersymmetric models, this Higgs mass is at the upper
end of previous expectations and this, coupled with the lack of any
experimental evidence (to date) for supersymmetric particles, has
lead to a reevaluation of viable models. In particular, theoretical
efforts have focused on avoiding serious fine-tuning while still al-
lowing a portion of the sparticle masses at scales well above a TeV.
Phenomenological efforts are focused on finding at what scale new
physics will arise and what is the best machine to probe that scale.

It is required in supersymmetric models that there are other
spin-zero states left behind after electroweak symmetry break-
ing. More generally, heavy neutral Higgses H/A and charged Hig-
gses HE, of two-Higgs-doublet models (2HDM), are a simple and
well-motivated possibility for new physics. Despite their intimate
connection to electroweak symmetry breaking, the H/A inter-
act weakly with the Higgs boson itself, thus H/A can be quite
heavy without rendering these scenarios unnatural. In this limit
of large my, the masses of all the H, A, H* states become nearly

* Corresponding author.
1 Visiting scholar.

degenerate.” Additionally, large tan suppresses the couplings to
up-sector fermions, and the near SM-like coupling of the 125 GeV
Higgs to electroweak gauge bosons implies that couplings of H, A
and H* to WTW~ and Z°Z° are greatly suppressed; as a result,
the heavy Higgses remain relatively narrow. As m, is increased,
H/A become increasingly difficult to discover at the LHC, yet they
remain targets for next-generation lepton colliders. In this Letter
we therefore evaluate the prospects for discovery and precision
studies of heavy H/A at a muon collider. While we will focus on
H/A within supersymmetric setups (so-called Type-Il 2HDM), our
results apply to a wider class of 2HDM models.

As we will show, a muon collider with nominal beam resolu-
tion and luminosity parameters (R = 1.0 x 10~3 and luminosity
> 10%* cm?sec™! [3]) is the ideal collider for the study of H/A
properties and decay product for any H and A masses between
the present LHC bounds and up to at least 6 TeV. Although, some
muon collider studies have been performed previously for relative
low mass H/A (~ 400 GeV) [4-12], these studies mainly focused
on the observability of the states as separate resonances. In light
of the present reevaluation of viable supersymmetry models we
consider heavier H/A - up to at least 6 TeV - and find new and
exciting opportunities for H/A factories.

The setup of this Letter is the following. In Section 2 we will
briefly review the limits and H/A discovery potential at the LHC
and at prospective eTe~ machines. Next, in Section 3, we describe
the basics of the muon collider and the s-channel resonance pro-
duction of heavy neutral Higgs. The resonance production of H/A

2 This degeneracy is automatic in supersymmetric models. In more general 2HDM
there are additional parameters which allow a wider splitting.
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in various alternative supersymmetry scenarios are presented in
Section 4. Although the features we are studying are general, we
will focus in detail on a representative ‘Natural Supersymmetry’
model constructed to evade the present LHC bounds and still have
particles accessible to a 1 TeV e*e~ Linear Collider. We show the
performance of a muon collider in measuring the parameters of
these H and A states in Section 5. Then in Section 6 we study
what can be learned from the decays into both SM and supersym-
metric particles. Finally, we conclude with a discussion of how to
find these extra scalar states in Section 7.

2. H/A at the LHC and e*e~ colliders

Heavy Higgses have been searched for at the LHC by both AT-
LAS [13-15] and CMS [16-19] using a variety of final states. Cast
in term of Type-Il 2HDM parameters, the current bounds exclude
mpsa <300 GeV for tanp = 10, stretching to mpy,a S 600 GeV
for tan 8 = 40 [20-28]. After the full 8 TeV dataset has been an-
alyzed, these bounds are expected to increase by an additional
50-100 GeV, and the limits are estimated to approximately dou-
ble (mpy,a $S900 GeV,tan B =10, and mpa S 1.5 TeV, tan g = 40)
after 150 fb~! of 14 TeV LHC running [22,25,26]. Indirect bounds
from precision studies of the couplings of the 125 GeV state may
also give some insight [25,29,30], but these bounds depend on as-
sumptions about loop contributions from other light states in the
spectrum.

The discovery potential of H/A at TeV scale ete™ colliders
has also been studied in detail [31-34]. At an ete~ collider,
heavy Higgses must be produced in association with some other
particle, since the electron Yukawa coupling is too small for ef-
ficient s-channel production. One popular production mode is
ete~ — HZO, however this process suffers from a small HZ%Z°
coupling, as we will explain in more detail later. Other produc-
tion modes include eTe~ — tt H/A and ete~ — HA. While these
modes yield distinct final states, the cross sections are usually so
low that the rate at a prospective linear collider is insufficient
for precision studies. Additionally, the fact that the heavy Higgses
must be produced in association makes extracting the H/A masses
and widths challenging.

3. Muon collider basics

In this work we will assume the muon collider specifica-
tions laid out in Ref. [3]. Specifically, we assume energies from
1.0-6 TeV, a beam resolution of ~ 0.1% and an integrated lumi-
nosity of at least 500 fb~1.3

The muon collider is already known to have unique capabili-
ties as an SM-like Higgs factory [36]; including the measurement
of Higgs mass to sM(h®) = 0.06 MeV, a direct width measure-
ment to §I" = 0.15 MeV and sensitivity to second generation cou-
plings through the measurement of Br(u™u~™) x Br(WW*) to
two percent [37]. Studies are ongoing for the accuracy of other
Higgs couplings (see e.g. [38]). Because the SM Higgs width so
small, I},/mp = 3.4 x 1074, the requirements on a muon col-
lider (R = 8E/E ~ 3 x 10~> with luminosity of approximately
1032 cm? sec™! [39]) are very demanding [40].

3.1. Resonant production

To see why a muon collider is so well suited to H/A produc-
tion, we need to understand how the production rate is affected

3 Nominal luminosities are: 1.25 x 103 cm2sec™! (/s = 1.5TeV), 4.4 x
103 cm—2sec™! (/s=3.0TeV) [3] and 1.2 x 103> cm2sec™! (/s =6.0 TeV) [35].

by various physical scales. The cross section for resonant H/A pro-
duction with subsequent decay into a final state X is given by:

47 I'; 4 Bx

o(ptu™ > H/A— X) = (1)

Q 2 2 2
(R mH/A)Z + FH/A mH/A

where By = Br(H/A — u™u™)Br(H/A — X) and V5 is the center
of mass energy of the collider. This parton-level cross section must
be convolved with the beam-energy resolution, taken as a Gaus-
sian with variance A = R./s/+/2, where /s is the nominal beam
energy [37].

Oeff (5) =/d\/§o(§) x Gauss(x/s, A). (2)

When A « I'y/a, the beam-smearing function collapses to a delta
function. On resonance (+/s = mpy/a), the cross section then be-
comes a constant times the product of branching ratios

0(M+M——>H/A—>X)=<m42n )Bx. (3)
H/A

In the opposite limit, A >> I'j/4, the rate is

B I
2x ( Z/A>’ ()

o(utu™ > H/A— X)~
My /A

and is suppressed relative to the previous limit by ~ I'y,4/(47 A).
The highest rate will therefore be achieved for particles that
are wide compared to the beam resolution A <« I'y/4, yet narrow
enough that Br(H/A — ™) is not infinitesimal. To get a rough
idea for how large Br(H/A — u* ™) needs to be, we can plug in
some numbers assuming A <« I'yya and Br(H/A — X) ~ 0(1):

Events/year = 1.54 x 10°

( c )(lTeV)2<BR(H/A—>;ﬁu)> 5)
% 1034 cm=2s5~1 )\ mpya 104 ’

3.2. H/A widths

While there is still much to be learned about the couplings and
properties of the 125 GeV Higgs from future LHC analyses, the
couplings of the Higgs boson to W* and Z° bosons are already
limited to be close to their SM values [41,42]. Within a 2HDM,
the hV'V couplings are set by sin(8 — «) where tan g is the ratio
of vacuum expectation values and « is the measure of how much
the two CP-even, neutral components of the two Higgses mix to
form the mass eigenstates. Nearly SM-like hVV couplings imply
sin(8 — o) ~ 1, the so-called ‘alignment limit’ [43]. With the cur-
rent data, the deviation from the alignment limit is restricted to be
|sin(8 — o) — 1] <10% [43] in a Type-Il 2HDM.*

The coupling of the heavy Higgses to WTW~, Z°Z% and hh
are governed by the complementary function cos(8 — «). As the
125 GeV Higgs couplings approach their SM values, the heavy
Higgses decouple from WtW=/Z%Z°%/hh. For sizable HVV cou-
plings, the decay width to VV grows rapidly with Higgs mass
I'/my ~ mf,. For decoupled H/A, this growth is absent; the re-
maining (tree level) decay channels are (predominantly) fermionic,

2
. me/v . .
which lead to I'/my ~ const x 1’(;7/12 . From this expression, one
may worry that the combination of heavy fermions accompa-

nied by large, i.e. tan S-enhanced couplings could generate a large

4 This estimate is based on tree level couplings and neglects new-physics contri-
butions to production and decay. In Type-I 2DHM, Ref. [43] shows larger deviation
from the alignment limit is allowed, especially at large, up to 0(50%) for large tan j.
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width. However, this combination does not occur in supersymme-
try or Type Il 2HDM. The couplings of the top quark to H/A are
suppressed by tan g, while the couplings of H/A to b/t are en-
hanced by tan 8 but come with the price of the small bottom/tau
mass.” Finally, there is a Z#(H 9, A) interaction that could conceiv-
ably lead to an my-enhanced partial width, however this mode is
typically strongly suppressed by phase space since the H/A are of-
ten nearly degenerate.

Extra light matter that interacts with H/A will also contribute
to the width, so there is no model-independent way to guarantee
that H/A remain narrow, even in the alignment limit. However, in
scenarios where the extra matter is only weakly coupled to H/A,
such as supersymmetry, the H/A width typically remains low. The
heavy Higgses do couple strongly to third generation squarks, but
the resulting partial widths do not grow with my4:

2 9 2 a2
FH/A N mq n mq Aq (6)
m vZm2 ' vim?
H/A H.A H/A

The only corner of parameter space where the H/A partial width
into superpartners can become large is where w, Ar > mpy,4 while,
simultaneously, at least one stop/sbottom mass eigenstate remains
far lighter than my a.

While the fact that the hVV couplings are close to their SM
values allows us to make fairly general statements about the H/A
width, we know much less about the H/A mass. Within supersym-
metry, the Higgs potential simplifies (compared to general 2HDM
form) and deviations from the alignment limit can be expressed in
terms of the my:

m2 sindp

(7)

cos(B — o) lalign Zm,zq
Because of the quadratic dependence on my, limits on sin(8 — «)
need to improve significantly before indirect limits on m,4 limits
are pushed much above the weak scale.

While the widths we are discussing are low, a I'y/mpy ~ 62 is
still an order of magnitude larger than the nominal muon collider
beam-energy resolution.

4. Benchmark scenarios

We illustrate the general picture with specific supersymmetry
benchmark examples for which complete spectra are specified. For
ease of comparison, we will use some of the supersymmetry spec-
tra proposed in Ref. [44] as benchmarks for Linear Collider studies.

A comparison of the cross section for resonant H/A produc-
tion with other Higgs production processes is shown in Fig. 1. The
top panel of Fig. 1 compares the cross sections for s-channel reso-
nances H/A for a number of different supersymmetry benchmark
models. In all these cases, the s-channel rates dominate the cross
sections for associated production of the light SM-like Higgs. The
bottom panel of Fig. 1 compares the s-channel for the Natural Su-
persymmetry benchmark with other production modes for these
heavy Higgses available to both a muon collider and a linear elec-
tron collider. The resonant production available in a muon collider
is over two orders of magnitude larger than the other processes.

5. Natural supersymmetry example

In order to study the opportunities of the muon collider as
a H/A factory in detail, we focus here only one benchmark of

5 For Type-I 2HDM all SM fermion decay modes of H/A are suppressed by tan j.
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Fig. 1. Top panel: comparison of resonant H/A production in several benchmark su-
persymmetry scenarios [44] with Z°h and y*/Z° production. The models are: HS =
Hidden Supersymmetry, NS = Natural Supersymmetry, NUGM = non-universal
Higgs mass, and TDR4 = light-slepton, stau NLSP model. For the complete spec-
tra in these scenarios, see Ref. [44]. Bottom: comparison of H/A production in the
Natural Supersymmetry model with Z°h, ZOH and heavy Higgs pair production. In
both plots H/A production is the sum of u*u~ — H and u*pu~ — A as the states
are nearly degenerate.

Ref. [44] the Natural Supersymmetry model. The masses and prin-
cipal decay modes of the H/A in this model are given in Table 1.°

First, we consider cross section for the largest decay mode of
the H/A, ie. bb. Since a muon collider requires shielding in the
forward and backward cones, we make fiducial cuts at 10° about
the beam axis. In Fig. 2 the bb cross section is shown for a scan
from /s = 1450-1650 GeV in 100 steps of 2 GeV with a lumi-
nosity of 5.0 fb~! per step. The cross section at a given nominal
luminosity is calculated using PYTHIA6 [45] with modifications to

6 This particular benchmark yields a Higgs mass that is too low, my, ~ 121 GeV.
However this can be remedied by increasing the stop squark mass/mixing without
changing any of the physics relevant to this study.
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Table 1

Properties of the H and A states in the Natural Supersymmetry benchmark model
[44]. In addition to masses and total widths, the branching ratios for various decay
modes are shown. For this benchmark point, tan 8 = 23°.

H A

Mass 1.560 TeV 1.550 TeV

Width 19.5 GeV 19.2 GeV
(Decay) Br (Decay) Br
(bb) 0.64 (bb) 0.65
(rtr7) 8.3 x 1072 (tt17) 8.3x1073
(s5) 3.9x10°* (s5) 4.0x1073
(utu) 29x1074 (utp™) 29x1074
(tt) 6.6 x 1073 () 7.2x1073
(gg) 1.4x107° (gg) 6.1x107°
(yy) 1.1x1077 (yy) 3.8x107°
(292%) 2.6x107 (2%) 43 x 1078
(h®n0) 44x107°
(WTw™) 53x107°
(F) 9.2x1073 (F)) 9.5 x 1073
(0117) 3.1x1073 G2y 1.1x 1073
x2x?) 2.6 x 1073 xPx9) 3.2x1073
(x9xd) 1.3x 1073 xxd) 1.1x 1073
(x2x9) 2.8x 1072 x?x9) 3.9x 1072
x2xd) 1.7 x 1072 xPx) 4.0 x 1072
%) 3.8x 102 X9 2.7x 1072
x3x) 4.0 x 1072 (x9x2) 1.5 x 1072
(%) 5.7 x 1072 X 6.0 x 102

@ For tanB = 10 (5), the branching ratio to muons drops by a factor of 4 (15),
while the branching fraction increases by a factor of 1.3 for tan 8 = 30.

include gaussian beam-energy smearing with a resolution param-
eter R =0.001. As can be seen from the top panel of Fig. 2, the
peak signal is more than an order of magnitude larger than the
background.

We use this channel to study the ability of extracting separate
information about the two nearby resonances. We fit the cross sec-
tion in this region by a sum of background, o given by:

03(«/§)=C1M (8)

and one or two Breit-Wigner’s (Eq. (1)) for the signal contribu-
tions.

The resulting fits are shown in Table 2. A single Breit-Wigner is
completely ruled out while the two resonance fit provides an ex-
cellent description of the total cross section and allows an accurate
determination of the individual masses, widths and B,; branching
ratios of the A and H.

As can be seen in Fig. 1, a large H/A signal to background ratio
at a muon collider is fairly independent of mp, 4, provided H/A are
narrow and assuming § has been tuned to my,4. The separability
of the signal into two distinct resonances, however, is more model
dependent because depends on the overall H/A mass, and the ra-
tio of the H/A mass difference Amy,4 to the width I'y/a. The
mass sets the overall rate, and thereby the number of events one

7 Note that interpreting the improved fit as evidence for a 2DHM Higgs sector
requires some caution: a scenario with three resonances where two of the three
states are degenerate (or a similar configuration with more than three resonances)
would generate the same rate vs. /s shape as H/A.
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Fig. 2. Pseudo-data (in black) along with the fit results in the bb (top) and T+~
(bottom) channels. The two Breit-Wigner components (A in green, H in red) along
with the background component (yellow) are also shown. In each bin, the expected
number of events - the PYTHIA cross section times 5 fb~! was allowed to fluctuate
according to Poisson statistics. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 2

Fit of the H/A region to background plus Breit-Wigner resonances. Both a sin-
gle and two resonance fits are shown. General form of the background fit is
o5(+/3) = ¢1(1.555)%/s (in TeV?). The values of the best fit for one or two Breit—
Wigner resonances are given.

Mass (GeV) I' (GeV) Opeak (PD)

One resonance

1555 £0.1GeV 242 +0.2 1.107 £ 0.0076

X2 /ndf = 363/96 c1 =0.0354 £ 0.0006
Two resonances

1550 £ 0.5 GeV 19.34+0.7 0.6274 +0.0574
1560 £ 0.5 GeV 20.0+£0.7 0.6498 + 0.0568

x2/ndf =90.1/93 ¢1 =0.040 = 0.0006

can fit, while Amp,a/I'y/a quantifies how much the resonances
overlap.

To study the separability, we performed a small Monte Carlo
study. Specifically, we created pseudodata by randomly draw-
ing a fixed number of events from a truth distribution made
from two Breit-Wigner lineshapes with a given width-to-mass
and mass-difference-to-width ratio. We then compared a fit to
the pseudodata using a single resonance to a fit from two sepa-
rate resonances. If the difference in x2 between the double- and
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single-resonance fits was more than 30, we considered the setup
separable. Following this procedure, we find that, after 10° events,
scenarios with Amy/a/Iy/a ~ 1-1.5 are separable,8 while after
2 x 10° events, one can go as low as Amya/I'y/a ~ 0.5. Us-
ing Eq. (5) and assuming nominal values for BR(H/A — u™u™)
and £, we can convert a number of events into years of running:
10° events correspond to 0.6 years of running for my A =1TeV,
6 years or mpy,;4 =3 TeV, and 23 years for my 4 =6 TeV.

6. H/A factory

In the previous section, we investigated the principal decay
mode of the H/A resonances, the bb channel. Working with a
benchmark ‘Natural Supersymmetry’ setup, we have determined
the masses, total widths and branching ratio Br(u* ™) x Br(bb)
for both the H and A. We now consider other decay modes.

6.1. The T 1~ decays

The t pair branching fractions are typically large (~ 10%) and
so we have high statistics for this mode as well. The signal cross
section to the final state T"7~ is shown in Fig. 2. The signal
to background ratio is S/B = 1.5. So we can fit the individual
states with the same form of two Breit-Wigner resonances and
a background as before. Here we use the masses and widths al-
ready determined from the bb channel. So we have 3 parameters
(one for the background fit, and a peak cross section for each of
the two resonances). This allows the extraction of relative branch-
ing fraction Ry .- = Br(r*r‘)/Br(bI;) for each state. We obtain
R;y;-(A)=0.141+£0.014 and R, .- (H)=0.121+0.013.

Furthermore, we may be able to use the large rate for the T+t~
decay modes to determine the CP properties of the H and A (as-
suming that there is no CP-mixing). When both t* decay hadron-
ically, one can determine the CP properties [46]. The practicality
of this in the real muon collider environment and with a feasi-
ble detector needs to be investigated. The use of rare decay modes
that are not common to both H and A: H — z°Z% w+w~—, hh,
and A — Z%h seems more problematic. Within the benchmark sce-
narios, the branching fractions to these modes are < 1073. After
paying the price of additional V /h branching fractions to clean fi-
nal states (to avoid mass overlap), we are left with only a few
events per year according to Eq. (5).

6.2. Decays to neutralinos and charginos

If there are additional light states that interact with the H/A,
rare decays of H/A offer an additional, often complementary pro-
duction mechanism. Within the context of supersymmetry, the
electroweakinos (bino, winos, Higgsinos) and sleptons are two such
examples. The H/A branching fractions to electroweakinos and
sleptons are each O(few %) (see Table 1), leading to an effec-
tive cross section of O(70 fb). As the Lorentz structure of Yukawa
and gauge interactions are different, sleptons/inos produced from
H/A decay will have a different handedness structure compared to
events produced via y*/Z°. Thus, by combining both production
mechanisms, we become sensitive to a wider set supersymmetry
parameters.

Because the resonance production of H or A is only through the
scalar channel, any polarization of the initial muon beams does not
change the relative production of the electroweakino final states.

8 The spread comes from some dependence on the width-to-mass ratio of the
resonances.

Thus for these processes the small (~ 15%) polarization of initial
muon beams will not adversely affect the physics sensitivity.’

As the superpartner mass is increased, H/A decay quickly be-
comes the dominant production mechanism, and, at some point,
a muon collider H/A factory is the only feasible way to study cer-
tain parts of the spectrum. One example is the mixed chargino
state xzi XlTr within the Natural Supersymmetry benchmark; as
my, ~ TeV, EW production of this final state is tiny « fb, both
at the LHC and a /s = mp/a ~ 1.5 TeV muon collider. However,
Br(H/A — x3 x77) is still O(few %), so thousands of XziX;F pairs
would be produced per year from H/A decay.'”

The invisible decay modes of H/A are expected to be very
small (see Table 1), but could be probed by running at /s slightly
above the my,4 resonances. The incoming muons can return to
the resonant /s by emitting a photon. This photon can help tag
otherwise invisible decays.!! The feasibility of this method needs
further study.

7. Discussion

The muon collider is an ideal H/A factory for masses well into
the multi-TeV range. The s-channel production of the heavy spin-
zero H and A at a muon collider provides a unique opportunity to
study the properties of the states. We have shown the masses and
widths of the individual states can be disentangled with high ac-
curacy even for nearly degenerate states. Furthermore, the tau pair
decays allow the measurement of the individual CP of these two
states. Finally, the decay products include large rates for supersym-
metric pairs, mostly neutrinos and charginos from a well-defined
initial state. This eliminates the need for polarization of the initial
muon beams for these studies.

Two important issues need to be addressed in order to re-
alize this potential for H/A. First, these results have to be val-
idated with a realistic detector simulation and the shielding at
the machine-detector interface. The shielding is required to sup-
press the substantial backgrounds arising from muon decays in
the beams that will flood the detector with (mainly low energy)
photons, neutrons, and other particles. Second, we need to find
the H/A resonance. In the context of supersymmetric models, the
LHC direct observation of these heavy scalars will be limited to
mpy,a ~ 1 TeV depending on tang. If the H/A are more massive,
we will need theoretical guidance from the observation of other
light sparticles or small deviations in the SM-like Higgs branch-
ing fractions. In the worst case, the muon collider at high energy
(e.g. 6 TeV) could possibly be used to both study new physics and
search for any H/A resonance below this energy using the small
associated production or initial state radiation cross sections.

We emphasize that while we have performed detailed analy-
sis on a particular supersymmetric 2DHM, our main results are
not sensitive to this choice. Measurements of the 125 GeV Higgs
imply the heavy Higgses - if they exist — are generically narrow.
Provided I'y/4 is larger than the beam-energy resolution, narrow,
heavy Higgses can be produced abundantly at a muon collider, re-
gardless of whether they are part of a supersymmetry, or even

9 It has been suggested that transversely polarized muon beams may be also used
to determine Higgs (or other resonance) CP properties [47]. A detailed study of the
feasibility of this method at a high-energy (TeV-scale) muon collider is beyond the
scope of this Letter.

10 Access to heavier electroweakinos is especially important in scenarios, such as
the Natural Supersymmetry setup, where the light inos are compressed Myx ~m
and are therefore difficult to probe at the LHC.

1 This approach is not specific to neutralinos. It can be used for any H/A —
invisible decays, such as those arising from dark matter Higgs portal [48-51] in-
teractions.

X
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a Type-II 2HDM. The possible final states and exact branching frac-
tions will, however, depend on the model.
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