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Phenomenology of a Higgs triplet model at future e* e~ colliders
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In this work, we investigate the prospects of future et e~ colliders in testing a Higgs triplet model with a
scalar triplet and a scalar singlet under SU(2). The parameters of the model are fixed so that the lightest
CP-even state corresponds to the Higgs particle observed at the LHC at around 125 GeV. This study
investigates if the second heaviest CP-even, the heaviest CP-odd and the singly charged states can be
observed at existing and future colliders by computing their accessible production and decay channels. In
general, the LHC is not well equipped to produce a Higgs boson which is not mainly doubletlike, so we turn
our focus to lepton colliders. We find distinctive features of this model in cases where the second heaviest
CP-even Higgs is tripletlike, singletlike or a mixture. These features could distinguish the model from other

scenarios at future e™e™ colliders.
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I. INTRODUCTION

The discovery of the Higgs boson at the LHC [1,2]
confirms the particle content of the Standard Model (SM)
of particle physics. Still, one of the main puzzles beyond
the SM remains neutrino mass generation. Several exten-
sions to the SM Higgs sector that give a mass term to
neutrinos involve the spontaneous violation of lepton
numbers via the vacuum expectation value of an SU(2)
singlet (for a review, see Ref. [3]). A common feature of
these models is the presence of a massless Goldstone
boson, the Majoron J.

We investigate the phenomenology of a Higgs triplet
model (HTM) of the kind mentioned above that has a scalar
singlet and a scalar triplet under SU(2), in addition to a
SU(2) scalar doublet. The model was originally proposed in
[4], where the authors defined it as the “123” HTM. Once the
triplet field acquires a vacuum expectation value (vev), a
neutrino mass term is generated. The parameters in the
neutrino sector include the vev of the triplet and the Yukawa
couplings between the two-component fermion SU(2)
doublet, including charged leptons and majorana neutrinos,
and the triplet field. In this work, we study the collider
phenomenology of the “123” model, which is almost
decoupled from its neutrino sector [5]. This is why we do
not discuss experimental constraints on neutrino masses and
mixing angles, which are beyond the scope of this paper and
which we leave for a future work. Models in which neutrino
masses arise from the interaction with a triplet field have
also been discussed extensively in the literature [6—10].
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The phenomenology of “123” models was studied before
in [11,12], paying particular attention to the consistency of
the presence of the Majoron with experimental data. The
Majoron is mainly singlet in this model, so its interaction
with gauge bosons such as the Z is negligible, making its
existence fully consistent with collider data. This is in
contrast to what happens in models with spontaneous
violation of lepton number without the singlet field [13],
which are excluded.

A characteristic signature of models with Higgs triplets
is the existence of a doubly charged scalar (A*%), in
addition to the existence of a tree-level H*W¥Z vertex,
where H* is a singly charged Higgs [7]. The LHC collider
phenomenology of a doubly charged scalar in Higgs triplet
models (in particular the “23” HTM, without the singlet
field) has been discussed in [8,14]. Production of doubly
charged scalars at eTe™ colliders has also been studied in
the literature as probes of Higgs triplet models [15], the
Georgi-Machacek model [16] and left-right symmetric
models [17], which have a similar phenomenology.

The phenomenology of the neutral scalar sector in Higgs
triplet models has been less studied than the charged sector.
Production and decays of the neutral Higgs bosons in the
“23” HTM was studied in [18,19]. Associated production
of the charged and neutral Higgs at the International linear
collider (ILC) was studied in [20,21]. In particular, for the
“123” HTM of interest in this paper, only discovery
prospects at colliders were discussed in [11] and a
fermiophobic Higgs was studied in [12].

The collider phenomenology of neutral and singly charged
Higgs bosons in the HTM has received much less attention in
the literature than the doubly charged Higgs. In addition, the
phenomenology of the doubly charged Higgs depends
directly on neutrino physics we are not evaluating at this
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time (as noted earlier), so we focus on the neutral sector and
singly charged Higgs of the “123” HTM.

In this paper, we study the production and decay of the
next to heaviest neutral CP-even Higgs h,, the CP-odd
Higgs A and the singly charged Higgs H* of the “123”
HTM. We extend the work in Refs. [11,12] by identifying
the lightest state in the CP-even neutral sector, Ay, as the
SM-like Higgs discovered at the LHC. This rules out the
fermiophobic SM-like Higgs boson scenario described in
[11]. Constrains are imposed on the parameter space of the
model in order to retain the SM-like Higgs properties. In
particular, we define %; to be mainly doublet and fix its
mass to be m;,, ~ 125 GeV. We also identify the necessary
constraints on the parameters of the scalar potential to
suppress its decays to Majorons, so that its invisible decay
width is negligible.

We identify three characteristic benchmarks of the
model related to the composition of /,. h, can be mainly
singlet, mainly triplet or a mixture. Note that /1, can not be
mainly a doublet since this is reserved for the SM like
Higgs-boson. We compute production cross sections and
decays in these three benchmarks. We find that the main
2-body production mode for £, is associated production
with a CP-odd state A and note that cross sections are in
general larger when A is produced on shell. Production of
A may be observable at CLIC when produced in associ-
ation with an h, or h3 (the heaviest CP-even Higgs),
depending on the benchmark. The singly charged Higgs
boson H™ is potentially observable at CLIC when pro-
duced in association with another H~. Decay rates of /, to
fermions are suppressed. Invisible decays of h, to
Majorons can be very important, depending on the bench-
mark. Decays of A - h;Z, with i=1, 2 or A —1f
dominate, depending on the benchmark. The decays of
H* — hyW* dominate in all three benchmarks.

The paper is organized as follows. In Sec. II we introduce
the model under study. Section III describes our restrictions
and scan over the parameter space. In Sec. IV we comment
on the low production cross section of the new heavy Higgs
of this model at the LHC. Section V describes production of
h,, A and H* at future e e~ colliders, while in Sec. VI we
comment on the decay phenomenology of the model. We
briefly comment on the most promising channels for
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discovery in Sec. VII. After a summary and conclusions
in Sec. VIII, we define the relevant Feynman rules in
Appendix B, for easy reference by the reader.

II. THE MODEL

The model under consideration was introduced in Ref. [4]
and studied further in Refs. [11,12]. The scalar sector includes
a singlet ¢ with lepton number L, = 2 and hypercharge
Y, =0, a doublet ¢ with lepton number Ly =0 and
hypercharge Y, = —1, and a triplet A with lepton number
L, = -2 and hypercharge Y, = 2. The notation we use is

1 .
0= 75(1)0 +Xo T 1%)7

1 .
b= (7§(U(I) +xp+ l(ﬂ(/)))’
b
A \/%(UA +xa +iga)
AT/\V2
where v, vy, v5 are the vacuum expectation values (vev) of
the neutral components of each scalar field. The presence of
the triplet allows to have a term that can give mass to
neutrinos [6,7,10].
Following the notation of [11], the scalar potential can be

written as

V(o,¢,A) = iio"o + 3"+ iATr(ATA) + 2, (¢7)?
+ 1 [Tr(ATA)? + 43 (¢ ) Tr(ATA)
+ L Tr(ATAATA) + 5 (pTATAP) + B (676)?
+ (¢ p)(c70) + 3 Tr(ATA) (670)
—x(¢pTAgpo + H.c.). (2)

A+

At/V2
/ ) (1)

Imposing the tadpole equations (the equations stating
that the vevs are obtained at the minimum of the scalar
potential) permits the elimination of the parameters u?, y3
and u% in favor of the vevs [11].

When expanding around those vevs, the real neutral
fields y,, x4» xa become massive. At the level of the
Lagrangian this means that a term 3 [xox 1 al M2 [xox g a)”
appears, where

1,2
P3vavs — 5KV

(A3 + A5)vpva — KVHV, | . (3)

|

O, o Xp-xal" = [h1. ha, h3]". We assume that the lightest
of them is the Higgs boson discovered in 2012 [1,2], with
mass my, ~ 125 GeV [22]. In the present article we
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concentrate on the phenomenology of the second
CP-even Higgs boson #h,, the massive CP-odd Higgs
boson A and the charged Higgs boson H*, in consistency
with the SM-like higgs found at the LHC being /; in the

“123” model.
The pseudoscalar fields ¢,, ¢, and @, mix due to the

mass matrix M,%,. The term in the Lagrangian has the form
3 [0o@y0slME @0 ppa]" with

L2 Va 1,2
TKVL A KUyua KD,
Mg): KUpUx  2KUAU,  KUyU, |. (4)
14002 14002 Vs
2KV KUpUp  5KUg®

By inspection, we know that there are two null eigenvalues
since two rows are linearly dependent of the third. The
mass matrix is diagonalized by another rotation given by
0,M.0! = diag(méo, m%, m}), where G is the massless
nonphysical neutral Goldstone boson and J is the massless
physical Majoron. A is the massive pseudoscalar, and
0,05, 4. @a)" = [G°,J,A]" is satisfied. The pseudosca-
lar A has a mass

2
1 /v,
mg:_,c(—” 4’

N
> +ﬂ+4vgm>. (5)

VA Vo

A value of « different from zero is necessary to have a
massive pseudoscalar A. For experimental reasons, we
would like to take the massless Majoron as mainly singlet
in order to comply with the well measured Z boson
invisible width [23,24]. Nevertheless, in the “123” model
imposing this is unnecessary because the Majoron remains
mostly singlet as long as the triplet vev is small (see
Appendix A). The Majoron can acquire a small mass via
different possible mechanisms [25]. In cases where this
particle has a small mass, it can be a candidate for Dark
Matter [26].

We mention also the electrically charged scalars. The
singly charged bosons ¢~ and A" mix to form the term in
the Lagrangian [¢~, AT |M? [¢p~*, AT]T, with

1y .2
, _EJSUA +K'1/AUG
My=| | ) .
2/245Va = p KVl

1 1
m/lstl)q; —7§K’U¢’UO-
— 34505+ 3KV5V,/ Vs

(6)

which is diagonalized by a rotation given by O, M?% 0% =
diag(mZ.,m%.). As in the previous case, by inspection
this mass matrix has a null eigenvalue corresponding to
the charged Goldstone boson. The mass eigenstate fields
satisfy O, [¢p*, AT]T = [G*,H"]". The charged Higgs
mass is
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1/ v,

1
m7. —§<Ka—§is>(v§,+2vi). (7)

Finally, the doubly charged boson A** mass is given by

1

2 g .2 _
My = —A4Vy 7

1 v
Asv? + kv 2 8
5v¢+2kv¢vA (8)

since it does not mix (it is purely triplet).

III. RESTRICTIONS ON THE PARAMETER SPACE

In this section we explain our restrictions on the model
parameters. We first comment that the invisible decay width
of the Z gauge boson in our model is suppressed since the
Majoron J is mostly singlet (O2' ~ 1). We define I'}2> as
the decay width of the Z into undetected particles excluding
the decay into neutrinos, Z — v. Experimentally, I'}23 <
2 MeV at 95% C.L. [23,24], and in our model there could
be a contribution from the mode Z — JZ* — Jov. This
contribution is automatically suppressed because the
Majoron is mainly singlet (see Appendix A).

Also, this model includes three CP-even Higgs bosons.
We assume that the lightest of them is SM-like, and
therefore fits with the experimental results. That is, we
assume its mass is near 125 GeV, that it is mainly doublet
(0)*~ 1), and that its invisible decay width is negligible
[27]. This last condition is obtained if we suppress the £,
coupling to Majorons taking |3,| < 0.05.

The constraints we implement are
(a) 02! >0.95 (J mainly singlet)

(b) The p parameter is also very well measured: p =
1.00037 £ 0.00023 [23]. In this model it is

©)

This restricts the value of v, to be smaller than a few
GeV. Nevertheless, we consider v, < 0.35 GeV as in
Ref. [11] in order to satisfy astrophysics bounds.
(¢) my, =125.09 +0.24 GeV [22]
(d) 10}%| = 0.95 (h; mainly doublet)
(e |f>| £0.05 (small &, invisible decay)
() my+ > 80 GeV [23].
We make a general scan where we vary all the independent
parameters. We generate their values randomly from uni-
form distributions. We do our scan with positive values of
A1, P1 and k, as negative values of these parameters
typically result in negative eigenvalues of the mass matrix
in Eq. (3). The window for v, is reduced because of its
dependency with the masses of the W and Z bosons [12].
Considering the range of v, and v3, the scanned range for
A1 1s mostly fixed due to its strong dependency with
my, ~ 125 GeV, and also because of the small effects of
the mixings with other CP-even scalars [see Eq. (3)]. Terms
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outside of the mass matrix diagonal are generally much
smaller than those on the diagonal, making the terms in the
diagonal lead almost directly to the masses of &, h, and h5.
The scanned range for f3, is forced to be small to avoid a
large A, invisible decay (see Sec. VI A).

After imposing our constraints we note a clear hierarchy
where v, > v, > v, that we have partially imposed: v, is
small in order to account for the measured p parameter, and
vy ~ 246 GeV to account for the Higgs mass. With that, a
large value for v, comes naturally.

We find a small effect from our filters in 4,, 45, 44, 45 and
5. We note that the value of x cannot be zero because in
that case the CP-odd Higgs A would be massless, and since
it is mostly triplet, that would contradict the measurements
for the invisible decay of the Z boson. Its value cannot be
too large either because mixing in the CP-even sector
would move &, away from the mostly doubletlike scenario
(a SM-like Higgs boson). After the scan and imposing the
filters, we can see the distribution of the physical masses in
our model. This is shown in Fig. 1, where the thick black
line shows the distribution before cuts to appreciate their
effect. The most distinctive feature is that we impose the
lightest scalar mass to be m,, ~ 125 GeV. All the other
masses are free. The model allows for heavier scalars
considering that we still have room for large parameters.

We highlight that the Majoron is massless in this model
and is naturally mainly singlet, as can be inferred from
Eq. (AS), which is related to the exact diagonalization of
the CP-odd mass matrix shown in Appendix A. Also notice
that the new scalar states have the tendency to be heavy,
with extreme values for the masses obtained for high values
of the parameters. The shape of the distributions in Fig. (1)
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of course depends on using a linear generation of random
values, which highlights large masses. Anyhow, we con-
sider this to be an argument against colliders with small
values for the center of mass (CM) energy.

There is also an ambiguity related to the composition of
the h, field: it can be mainly singlet, mainly triplet or
anything in between, as long as it is not mainly doublet,
which is reserved for &, our SM-like Higgs boson. If &, is
mainly triplet, its mass tends to be similar to the masses of
A, H" and A™ (all these fields are mainly triplet). If &, is
mainly singlet, the mass of %5 tends to be equal to the
masses of A, H™, and A™", and in this case, a mainly
singlet /1, can be lighter. The masses of h, and h; are
strongly correlated with the values of (M,)?, and (M,)3;
depending on which is mainly singlet or triplet. Obtaining a
scenario where h, and h; are not purely singlet or triplet
requires (M, )%, numerically very close to (M,)3;, making
that scenario highly fine-tuned.

The splitting between the mainly triplet fields is con-
trolled by |4s]. This can be algebraically understood starting
from the hierarchy v, < vy, v, and approximating Eq. (5)
as follows:

(10)

Using the same approximation in Egs. (7) and (8), we get
for the singly and doubly charged Higgs masses,

1
mi. & my — 1/151)55
1
m?HNmi—iﬂs%NmHi —Asvg,. (11)

Blunier, Cottin, Diaz, Koch (2016)
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Distribution of the physical masses in the general scan. Parameters are varied as in Table II.
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TABLE 1. Characterization of the three benchmarks under
study, giving the composition of #4,.

Composition
Benchmark of h, |02 |OZ| |OZ|
Bl mostly triplet 1.0 x 107 1.5 x 1073 1.0
B2 mostly singlet 1.0 9.7 x 1073 8.7 x 107~
B3 mixed 8.9x 107" 9.8 x 107* 4.6 x 107!

Thus, H*, A™ and A can differ appreciably in mass as
long as |4s] is large.

The previous considerations motivate us to define three
benchmarks, characterized by the composition of h, in
Table I. The parameters for each benchmark are defined in
Table II. Note that these are chosen thinking of e'e”
colliders, given the masses below 1 TeV.

We stress the fact that there is an ambiguity in the
composition of 4,. By definition %, is mainly doublet. The
H' and A" fields are always mainly triplet. The A field is
also always mainly triplet because J is mainly singlet. The
composition of h3 is complementary to the composition
of hz.

Table III shows the physical masses obtained for the
three benchmarks. In B1 /4, is mainly triplet; thus, it has a
mass similar to A, H* and A** masses, with /5 heavier. In

TABLE II. Scanned range for the independent parameters and
their values for the different benchmarks.

Parameter Scanned Range Bl B2 B3 Units
Vg [0,5000] 1500 3300 2500  GeV
vy [245,247] 246 246 246 GeV
Va [0,0.35] 0.2 0.2 0.3 GeV
A [0.127,0.15] 0.13 0.13 0.13 -
A [—4,4] 0.1 0.1 0.1 -
A3 [—4,4] 0.1 0.1 0.1 -
A4 [-4, 4] 0.1 0.1 0.1 -
As [—4, 4] 1.0 0.5 0.8 -
B [0,4] 0.3 0.02 0.008 -
P [-0.05,0.05] 0.02  0.005 0 -
P [—4,4] 0.1 0.5 0.6 -

K [0,1] 0.001 0.0015 0.0004 -
TABLE 1II. Physical masses in GeV for the different
benchmarks.

Parameter B1 B2 B3
my, 125 125 125
mp, 476 660 316
my, 1162 865 318
ny 476 865 317
M+ 460 861 298
Mp++ 443 857 271
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B2 h, is mainly singlet; thus, it is /5 that has a mass similar
to the masses of A, H* and A**, with &, lighter.

IV. PRODUCTION AT THE LHC

Here we briefly comment on the production cross section
at the LHC for the scalars h,, A and H* for our model
benchmarks (which we choose thinking of e*e™ colliders).
We implement the “123” HTM in FEYNRULES [28] and
interface the output to the MADGRAPHS [29] event gen-
erator to compute production cross sections.

When thinking of a SM-like Higgs boson (such as i,
in our model), the main production mode at the LHC is
gluon-gluon fusion (ggF),

g

g

This process dominates SM-like Higgs production not
only because the hff coupling is large, but also because
the parton distribution functions indicate that it is easier to
find a gluon inside the proton than a heavy quark or an
electroweak gauge boson.

Nevertheless, this mechanism is not be efficient for a not
mainly doublet Higgs boson (which is the case for 4, and A
in our model benchmarks) because that Higgs couples to
quarks very weakly. In the model studied here, the ratio of
production cross sections in the gluon-gluon fusion mode
for h; and h, is

o(ggF. hy) _ (0_52
or

2
~ (O22)2

O-<ggF’ hlvmhl = mhg) ) - (OX ) ' (12)
The last approximation is valid because we have 4, mainly
doublet (SM-like). The production cross section at /s =
14 TeV for h, reaches 5.7 x 107® pb in B1, 5.7 x 10~ pb
in B2 and 3.9 x 10~ pb in B3. For A production, the above
ratio is proportional to (037)?, and we get similar numbers.
The cross section at /s = 14 TeV reaches 6.8 x 107 pb
in B1, 4.0 x 10~/ pb in B2 and is somewhat higher in B3,
reaching 2.5 x 107 pb. So we conclude that the above
ratio is around 10~* at most. This is why, if the model is
correct, we may have not seen s, (nor A) at the LHC via
ggF, as it is not a dominant production mode since %, does
not behave like a SM-like Higgs.

Other production mechanisms that can be relevant at the
LHC are electroweak modes—for example, vector boson
fusion (VBF)—but they also produce small cross sections
for our given benchmarks. When considering the sum over
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all VBF processes like the diagram below, the highest cross
section at /s = 14 TeV we get is 2.5 x 107 pb for the
charged Higgs production

q q

W+

in B3. Production processes via quark antiquark annihila-
tion can also be relevant. In the case of %, production, the
highest contribution comes from the diagram

/h]

q 7z
HV%
w+ P w+

N
A
N

q ~ he

for B1 and B3. The cross section at /s = 14 TeV for Bl is
4.5 x 107 pb. Production of A at \/s = 14 TeV dominates
in B1 when in the above diagram we replace h, with A, W+
with a Z, h; also with a Z and H™ with h,, leading to the
AZZ final state. This gives a cross section of 3.7 x 107 pb.
It can go higher in B3 in the AJJ final state, with a cross
section reaching 2.3 x 1073 pb. Charged Higgs production
at /s = 14 TeV can reach 4.3 x 107 pb in B3 in the
H™W~W~ final state (replacing W and h; with W=, H™
with A=~ and h, with H" in the above diagram).

The highest cross section found in our model bench-
marks for each characteristic production mechanism at the
LHC is summarized in Table IV for comparison.

To finish, not even the HL-LHC [30] will help, because it
is expected to have a factor of 10 increase in luminosity,
and it will not compensate for the smallness of the
production cross section.

In summary, it seems hadron colliders are not well
equipped to produce the new states h,, A and H*.

TABLE IV. Highest LHC production cross section (in units of
pb) found in our benchmarks for 4,, A and H* at /s = 14 TeV
via the three characteristic production mechanisms: ggF, VBF
and ¢g annihilation.

o hz A I'Ii

ggF  5.7x1075 (B2) 2.5x 1075 (B3) -
VBF 44x107° (B3) 22x107° (BI) 2.5x 1075 (B3)
9 45%10* (BI) 23 %1072 (B3) 4.3x 1073 (B3)
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Production for i, and A via ggF at the LHC is not efficient
since these Higgs bosons are not mainly doublet.
Productions for h,, A and H* via VBF can be only as
large as ~107> pb for our benchmarks. Electroweak pro-
duction via quark antiquark annihilation can be as high as
~1073 pb. Given that our benchmarks are not likely to be
observed at the LHC (a dedicated analysis is needed to
confirm this), the large hadronic background at the LHC
and the advantage of a cleaner collider environment at
lepton colliders, we focus on the production for these states
at future electron-positron colliders.

V. PRODUCTION AT e*e~ COLLIDERS

In order to assess the discovery potential of the model,
we implement it in FEYNRULES [28] so we can extract
relevant parameters and Feynman rules. We then interface
the output to the MADGRAPHS [29] event generator in order
to compute production cross sections, as we did in the
previous section.

The FCC-ee machine is a hypothetical circular e*e™
collider at CERN with a high luminosity but low energy,
designed to study with precision the Higgs boson [31]. We
consider its highest projected energy 350 GeV with a
luminosity of 2.6 ab~!, which was calculated by taking the
0.13 ab~! quoted in [31] and assuming four interaction
points and five years of running of the experiment.

The canonical program for the ILC [32] includes three
CM energies given by 250 GeV, 500 GeV and 1000 GeV,
with integrated luminosities 250 fb~!, 500 fb~! and
1000 fb~!, respectively. Compact linear collider (CLIC)
[33] has three operating CM energies: /s = 350 GeV,
1.4 TeV and 3 TeV, with estimated luminosities 500 fb~!,
1.5ab™! and 2 ab~!, respectively. Based on this, we
compute e"e~ production cross sections for h,, A and
H™ for our three benchmarks at different CM energies.

A. h, Production

Table V shows h, production cross sections at e*e”
colliders, prospected luminosities and CM energies for
the FCC-ee, ILC and CLIC colliders. The cross sections
are calculated by summing all ete™ — h,XY 3-body

TABLE V. Production cross section (in units of ab) for /, at an
ete™ collider for projected energies in the 3 benchmarks.
Estimated luminosities are also given in units of ab~!.

\/E [TeV] EFCCee LILC ﬁCLIC Bl: o B2: o B3: o
0.250 - 025 - 0 0 0
0.350 26 - 05 0 0 1.7 x 107
0.500 - 05 - 31x10° 0 25x107
1.0 - 1 - 14x10° 0.9 3.7 x 103
1.4 - - L5 11x10* 3.6 4.1x103
3 - - 2 6.1x10° 3.5x107220x10°
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production modes, plus the 2-body production modes
ete™ — h,X, where X is a particle that does not decay.
The production cross sections shown in Table V are
dominated by the 2-body production process (or mode)
eTe” —>hyA and by 3-body production processes as fol-
lows. In B1 the process ete™ — h, (7 is the most important
one. In B2 the dominating process is e e~ — hyAh;. In B3

et

PHYSICAL REVIEW D 95, 075038 (2017)

the process ete™ — h,Zh, is the dominant one. All of
them are enhanced when a second heavy particle is also on
shell. We show in Fig. 2 the main 4, production modes for
all three benchmarks. In B1 (left frame) this particle is
potentially observed at CLIC only when the A scalar is also
on shell. Thus, the main 2-body production mode is the so-
called associated production

defined when £, is produced together with an A. The coupling ZA#, is given in Appendix B. Since A is mainly triplet, 02,3
is of order 1. In addition, in B1 4, is mainly triplet, so 0)2(3 is also of order 1. Therefore, the whole coupling ZA#, is not

suppressed with respect to the gauge coupling g.

The most important 3-body production modes in B1 are also displayed in the left frame of Fig. 2. The main production
process is h,1f when A is on shell. Diagramatically it looks like

t
e~ t -
A,
Z?’Y N Z // %
N h2 +
\\
e+ f + A h2
Blunier, Cottin, Diaz, Koch (2016)
B1 B2 B3
T T T T T I I I T T T T T T T
| v hoAhg
10—2 L m— hoZhs3
— F haveVe
= - hpATFA— s~<
o [ ho HYW = ’ """"""" ~ S
o
£ 107
L [
2
o
8 L
o 107
9 ;
-~
3
=
'g L -
= -5 - ha A : = h2A
-~ 1077 — hatf ' heZhy |
< vio haZhny . = haATTATT
— hoyA ; hoHYW—
1 haHAW— [ - : — hnA
106 I I T T I I I I L' I L T T
00 05 10 15 20 25 30 05 1.0 15 20 25 30 05 10 15 20 25 3.0
Vs [TeV] Vs [TeV] Vs [TeV]

FIG. 2. Production modes for &, at an e™ e~ collider in the three benchmarks. The legend shows the final state after the e* e~ collision.
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plus a similar graph with £, emitted from the antiquark and
another graph with the A boson being replaced by a Z boson.
This production process is enhanced when the A scalar boson
is on shell, ete™ — hyA — hyti, corroborated by the fact
that B(A — ¢7) = 0.5 is large for B1, as shown in Table IX.

In the central frame of Fig. 2 we see B2. In this case,
production cross sections are systematically smaller
because in this benchmark /%, is mainly singlet and
|

/h2

7
//
e <
hi// N
Z // \hl
+
AN
N
N
AN
et VA

PHYSICAL REVIEW D 95, 075038 (2017)

couplings to gauge bosons are smaller. Also, the main
production modes are different. The process ete™ — hy1t
is no longer efficient, with a cross section of the order
of 1078 pb and outside of the plot. The reason is
that the coupling Zh,A is small when h, is mainly
singlet. The main production mode for B2 is ete™ —
h,Ah;, with Feynman diagrams for the subprocesses
given by

/h2

7
//
e <
AJ, N
7 P ~ A
N
N
N
AN
e-‘r N h1

plus Feynman diagrams where in the last subprocess we replace (A, J) with Z and/or interchange h; with /,. This mode is
enhanced when h3 is on shell, since in B2 h;y is mainly triplet and the coupling ZAh; is large resulting

in €+€_ g l’l3A = thIA'

B3 is an intermediate situation. Even in this case, &, production cross sections are potentially observable when A is also
on shell. The production cross section ete™ — h,A is smaller than in B1, but still large. The main 3-body production mode

in this case is ete™ — hyZh,, with subprocesses given by

et

where i = 1, 2, 3, and missing are a graph with the CP-odd
scalar replaced by a Z and one formed with a ZZh, h, quartic
coupling. This production mode is enhanced when the A
boson is on shell, et e~ — hyA — hyh,Z, with a branching
fraction B(A — h;Z) = 0.9 as shown in Table IX.

Fig. 3 shows a scan for the production mode e*e™ —
hytt (left frame) and eTe™ — hyh A (right frame), two of
the important 3-body %, production modes. In the case of
eTe™ — hytt, the production cross section reaches up to
0.01 pb. The largest cross sections are seen when h, is
mainly triplet (black triangular points), with a typical value
between 0.001 and 0.01 pb. B1 is shown as a black solid
curve. The value of the cross section drops when h, is
mainly singlet (orange star points), with values typically
smaller than 10~* pb. This is because a singlet does not
couple to the Z gauge boson. The chosen B2 lies within the
cloud of points. The case where %, is mixed is much more
rare, and no point has been generated in this scenario due to
its fine-tuned character.

P h27h1

67 7
A’J’/%
A d A

N
AN
AN

N
+ N hl,hg

The case of e e~ — hyAh, is shown in the right frame of
Fig. 3. This is the main process in B2, where /h, is mainly
singlet (orange star points). In this case, cross sections can
reach up to 1073 pb, but can also be as low as 10~'% pb,
depending on whether /5 is on shell or not. In the case
where /1, is mainly triplet (black triangular points) the cross
section is more restricted. It can vary between 10~ and
1078 pb, and B1 is a very typical case. Cross sections
are larger when an intermediate heavy scalar is also
on shell.

Notice that the popular modes for the production of a
SM-like Higgs boson in a e*e™ collider, known collec-
tively as vector boson fusion, eTe™ — hyeTe™ (fusion of
two Z bosons) or e* e~ — hyv, D, (fusion of two W bosons)
do not work in our case because the %, couplings to vector
bosons are suppressed by the triplet vev v,. In addition,
most of the charged leptons go through the beam pipe; thus,
c(ete™ — hyete™) is further penalized when a cut on
the charged lepton pseudorapidity is imposed. We use
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FIG. 3. Production modes e"e™ — h,tf and e"e™ — hyh A.

MADGRAPHS default cuts, which impose that the absolute
value of the charged lepton pseudorapidity is smaller
than 2.5.

B. A Production

Table VI shows A production at ee™ colliders, pro-
spected luminosities and CM energies for the FCC-ee, ILC
and CLIC colliders. The cross sections are calculated in the
same manner explained before. In B1 and B2 the domi-
nating process is ete~ — AZZ, and in B3 the dominating

It is enhanced when £, is on shell, with a branching
fraction B(h, — ZZ) = 0.6, as indicated in Table VIIL. As
explained later in the decay Sec. VI, the coupling h,ZZ is
large if h, is mainly triplet (B1).

In B2 the CP-even Higgs boson created in
association with A is no longer h, but hs. If h, is

process is ete™ — AJJ, and all of them are enhanced when
a second heavy particle is also on shell.

Fig. 4 shows the production cross sections for an A
boson. In B1 (left frame) A is potentially observable at
CLIC when produced in association with an /. In this case
the mode ee™ — Ah, is suppressed because O, and 0,’
are both small (see Feynman rule in Appendix B); thus, the
coupling i AZ itself is suppressed with respect to g. Three-
body production modes are also in Fig. 4. The dominant
3-body production mode in Bl is ete™ - AZZ, repre-
sented by the Feynman diagrams,

Z
o
hi//
Z L7 Z
et A
[
mainly singlet, h; is mainly triplet, and the

coupling ZAhs is not suppressed. This is confirmed
in the central frame of Fig. 4 where we have B2.
The most important 2-body production mode is
precisely eTe™ — Ahs, represented by the Feynman
diagram
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TABLE VI. Production cross section (in units of ab) for A at an e e~ collider for projected energies in the 3 benchmarks. Estimated
luminosities are also given in units of ab™!.
\/E [TCV] EFCCee EILC L:CLIC Bl: o B2: o B3: o
0.250 - 0.25 - 0 0 0
0.350 2.6 - 0.5 0 0 1.4 x 10710
0.500 - 0.5 - 1.5x 10712 0 1.5 %1072
1.0 - 1 - 1.4 x 103 2.2 %1073 2.5 x 10*
1.4 - - 1.5 1.1 x 10* 3.5x 1073 2.1 x 10*
3 - - 2 6.2 x 10° 3.6 x 10° 7.5 x 10°
e~ ;A Also, in the central frame of Fig. 4 we see the main
7 . 3-body A production modes. The most important one is
Z 3 again eTe” —>AZZ, and itis enhanced when A5 is on shell.
N B3 is an intermediate case, and we can see in the right
AN frame of Fig. 4 that the two 2-body production modes
et ~ hs ete™ — Ah, and e"e™ — Ahj; are important since both £,
and A3 have a large triplet component. Among the 3-body
production modes, the largest one is e*e™ - AJJ,
|
e < e~ < :
Z L7 ~J A L7 ~ A
+
® N\ N A
N A
€+ N A €+ N J
and it is enhanced when h, and A5 are on shell.
Blunier, Cottin, Diaz, Koch (2016)
B1 B2 B3
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= 1! 1
.S, ' i
2 105 — Ah 1 ! AJJ
A~ - AZZ ks 1 Ahs
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FIG. 4. Production modes for A at an e™ e~ collider in all three benchmarks. The legend shows the final state after the e e~ collision.
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FIG. 5. Production modes ete™ - AZZ and ete™ — AJJ.

Figure 5 shows scans for the process e™e™ — AZZ (left
frame), important for B1 and B2, and the process ete™ —
AJJ (right frame), important in B3. In the first case, the
production cross section is increased when /, is also on shell,
as explained before. The cross section is not larger than
0.01 pb, and B1 is not far below from that value. In the last
process a triple scalar coupling is important, and the exact
values of the parameters in the potential are crucial. In this
case, B3 is characterized by a large value of 3; which increases
the coupling h3J.J. As before, in Fig. 5 we include the curves
corresponding to each benchmark to facilitate comparisons.

C. H* Production

Table VII shows HT production cross sections at e*e™
colliders, prospected luminosities and CM energies for the
FCC-ee, ILC and CLIC colliders. Besides the 2-body
production cross section for ete™ — HTH™, in B1 and
B2 the 3-body process e"e™ — H"h; W~ dominates. In B3
the process e™e™ — HTWTA™ dominates. The last case

presents a high interest, as the doubly charged Higgs boson
gives us an independent window to study neutrinos.

Figure 6 shows the 2-body and 3-body production of an
H™ boson. The charged Higgs boson is potentially observ-
able at CLIC when produced in association with another
H~, represented by the graph

The couplings H"H~y and H' H~Z are both of the order
of electroweak couplings, as can be seen in Appendix B.
Among the 3-body modes, in Bl and B2 the main
production mode is ete” — H*h W™, represented by
the subprocesses
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TABLE VII. Production cross section (in units of ab) for
H* at an ete™ collider for projected energies in the three
benchmarks. Estimated luminosities are also given in units of
ab™!.

V5 [TeV] Leccee Luc Leie Blio B2: ¢ B3: o
0.250 - 025 - 0 0 0
0.350 26 - 05 0 0 5.8x 1073
0.500 - 05 - 19x10™ 0 0.5

1.0 - 1 - 1.6x10° 41x1073 1.7 x 10*
1.4 - - 15 70x10° 35x1072 1.5x10*
3 - - 2 50x10° 24x10° 6.6x10°

plus a graph where the external particles H and A~ are
interchanged and at the same time the intermediate
A* is replaced by H™, plus two graphs where the H™
is replaced by a W~ with Z exchanged for a photon, and
two graphs with quartic couplings. As was mentioned
before, the production of a A™* is important because it
could lead to the observation of its decay into two charged

PHYSICAL REVIEW D 95, 075038 (2017)

plus a graph where the intermediate charged Higgs is replaced
by a W and removing the intermediate photon, graphs where
the external charged Higgs and the W are interchanged (also
removing the photon), a graph where (A, J) isreplaced by a Z,
graphs that involve quartic couplings, and a graph with a
neutrino in the 7 channel. This mode is dominated by the graph
where the charged Higgs is on shell. Note that the coupling
ZH"W~ is suppressed by the triplet vev. This mode is
enhanced when H™ is also on shell, corroborated by the fact
that B(H- — hyW~) = 0.8 in B2.

Similarly, in Fig. 6 we see that the mode eTe™ —
H*W*A~" dominates in B3. It is represented by

et SATT

I
leptons, which could probe the mechanism for neutrino
masses.

Figure 7 shows a general scan for the 3-body production
modes ete” — H hyW~ (left frame) and ete™ —
H"WTA™™ (right frame). For the case ete™ —
H*h W~, the majority of the scenarios give a cross section
between 1072 and 10~* pb, as long as a second heavy

Blunier, Cottin, Diaz, Koch (2016)
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FIG. 6. Production modes for H" at an e* e~ collider in all three benchmarks. The legend shows the final state after the e e~ collision.
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FIG. 7. Production modes ete™ - H"hyW™ and ete” - HTWTA™.

particle is also on shell. In the case of eTe™ - HTWTA™,
the cross section is of the same order between 10~ and
1073 pb, also independent of the composition of h,. If
neutrinos acquire their mass via a coupling to the triplet, the
mechanism can be probed through the production of a
double charged Higgs boson.

VI. DECAY BRANCHING FRACTIONS

In this section, we study the decay modes of the SM-like
Higgs boson h, the next-to heaviest Higgs h,, the CP-odd
Higgs A, and the charged Higgs H*. For the computation
of branching fractions, we consider B = I'(H — (XX),)/
S C(H = (XX);), with H = hy, hy, A, H*. For the CP-
even Higgses we have XX = 77, bb, WW, ZZ, vy, 2y, g9,
JJ, JZ for hy and we include 7 and h, h, to the previous list
for h,. For A we consider XX = 77, bb, 11, hZ, hiJ,yy, Zy,
gg, with i = 1, 2. For H*, we have XX = tb, h W=, JW*,
ZW*, with i = 1, 2.

We define

Ma,b,c) = a*+ b* + c¢* —2ab — 2ac — 2bc.  (13)

In the special case b = c, it is reduced to the function 3,

Bb/a) = éﬂl/z(a,b,b) —\1 —42.

(14)

A. hy and h, Decays

We first mention the decay modes to fermions for 7;
(i = 1, 2), which include h; — bb and h; — 77. The decay
h, — tt is considered for h,, but not for i,. The corre-
sponding Feynman diagram is

|

with Feynman rule given in Appendix B.
The decay widths are given by

Nc.mhl_

F(hi*ff)zv (15)

B (m3 [ mi; ) A1

where the number of colors is N. = 3 for quarks and N. =
1 for leptons. We define the coupling 4;, ;s = Oj‘(zhf/ V2,
where h; corresponds to the respective Yukawa coupling in

the convention m; = hfv¢/\/§.

Since h; is always mainly doublet and 7, is not, decay
rates of h; to fermions are consistently larger than decay
rates of 1, to fermions. Similarly, since the 4, component to
doublet is larger in B2 compared to Bl and B3, the
corresponding decay rate is larger too.
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Also important are the vector boson decays h; > WTW~,
h; — ZZ, with Feynman diagram

Z,W

Z,W

The decay rate where both gauge bosons are on shell is

T(h; = VV) =

m;, 8y | _dm} N 12m%
128zm?, 2

x p(my /mj, ) [Mpyy (16)

with V. =Z, W, §, = 2 and §, = 1. The decay rate where
one vector boson is off shell is

. 39%/mhi5V
[(h; » VV*) = WF(mV/mh,)‘Mh,VV % (17)
with gy = g, g7 = g/cw, Sy =1 and 6, = 5= 3 +335%,

where sy and cy, are the sine and cosine of the Weinberg
angle. The F function is defined in [34]. The relevant
couplings (with units of mass) can be read from
Appendix B, from where we define

1 . .
MhiWW :592(0}2U¢+20;(3UA), (18)

1 , .
M,.z7 25(924‘9/2)(0}2% +405(3”A)’ (19)

and use them in Eqgs. (16) and (17). In the case of h,, since
the penalization due to vev is already large (v, /v, ~ 1073
for our benchmarks), the 4, component to doublet becomes
important. Thus, the couplings /1, V'V are larger for B2, and
in turn for the decay rate (and branching fractions).

The decay to yy is given by [18,35]

F(hi rY) Fo(Ti +) Mh,»H*H*
102473 miy H H.
+4F(th) ——Mjpera-
A++
42 L
+F1(Tw)7thw+ 3, Fip(tt) )

(20)

where the couplings M), 4+ - (in our convention H* = hy),
M, p++p-- and M),y are defined in Appendix B and in
Eq. (18). In Eq. (20) we have defined 7}, = 4mj3/mj, where

PHYSICAL REVIEW D 95, 075038 (2017)

a=HT', A, W.The Fy, F| and F, functions are defined
in [34].
The decay to Zy is given by [18,35]

2 2\ 3
ag m
U(h; > Zy) = 20487 ml, AP mj, (1 —m—§> . (21

where A is defined as
A=Ay +A +AHT + 240, (22)
with

Ay +A; = cyMy wwAi (Tw. Aw)
ng

cQt( 4QtS%V)/1hittA1/2(Tt’/1t)
Cw
H* iy
Ay = ﬁzmH M, - Ao(ty+, Ag+)
gswm H*
2
A€++ = AAZAJHrA——Mh A++A——A0(TA++ /1A++)
gswm3i.
(23)
where
Azb+H- = _L(SZ - 25%@/)’
2ey P
g
Azp+ia— = —— (C%v - S%V) (24)
Cw

as can be seen from Appendix B. The loop functions are

Ag(r.4) = I, (7. 4),

A,(2,2) = 4(3 — tan? 0y I (z, 2)
+[(1+2/7) tan2 By — (5 + 2/2)]1, (2, 2),
Aip(7,4) = 1,(7,2) = I(7, 4), (25)

. am? 4m?
with 7, = m”, Ay = n';b, b=1t, W, H", A™™, and the
z

parametric 1ntegrals I, I, are specified in [34].
We also consider the 1-loop decay to gg for complete-
ness. It is given by [34]

agm}

128ﬂ3m2

2

4v2 . (26)

3h, Fl/z(Tr)/lh it

['(h; = g9) =

with the F/, given in Appendix C of [34].

The decay to Majorons h; — JJ and h; — JZ proceeds
with a negligible Majoron mass. The decay rates are
given by
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3 2\ 3
my,. m
L(h = JZ) = ——5 Az, 21 -—£ 27
(i 12) = oo s (1 -2 ) @
and
M),
I'(h; » JJ) = ——, 28
(hy = 30) =350 (28)
with
9 i i
j’Zh,J - 2— (0)(20(2#2 - 20)(3 0(2;) (29)
Cw

M,y is defined from the corresponding Feynman rule in
Appendix B.
Finally, the decay h, — hyh; is given by

plmi, /m3,)

F(hz - hlhl) = 32am,
2

M, >, (30)

where M, , is defined from the corresponding Feynman
rule in Appendix B.

In the case of h; we require that its mass is ~#125 GeV
and that it is mostly doublet. Besides the usual decay modes
for this SM-like Higgs boson, in this model there are two
more. These are h; —JJ and hy —JZ. For the three bench-
marks, the branching fractions are B(h; — JJ) ~ 3 x 107
and B(h; = JZ) ~3 x 10713, We are well within exper-
imental constraints on the Higgs invisible width, as
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branching fractions bigger than 22% are excluded at
95% C.L. [27]. These modes are suppressed due to two
different reasons. The mode h; — JZ is suppressed because
the Majoron J is mostly singlet. The decay mode h; — JJ is
suppressed because, in addition, we require a small value
for f,.

Fig. 8 shows the branching fractions of our light Higgs
hy. In the top frame we scan the parameters without any
restriction, varying A; between [0, 4], in order not to
constrain the Higgs mass, as we need to make sure the
points in the plot are consistent with a SM-like Higgs. Also
is useful to keep the mass free to observe the effect of the
constraints and to facilitate the comparison with /,. On the
top frame /3, is not constrained and varies between [—4, 4]
so we can clearly see the suppression in the Majoron decays
once we constrain its value in the bottom frame. The bottom
frame includes all constrains from Section III. The branch-
ing fractions in our three benchmarks for £, are given in
Table VIII. We mention first that s, has a larger doublet
component in B2, and for that reason decay rates to
fermions are larger in that benchmark. Nevertheless, this
fact is obscured in branching fractions because the total
decay rate is also very different. Similarly, decay rates to
gauge bosons are larger in B2, but not necessarily the same
is true at the level of branching fractions. Clearly, looking at
branching fractions, decays of 4, to two Majorons (invis-
ible decay) dominate in B2 and B3 because /, has a large
singlet component in those two benchmarks.

Figure 9 shows the branching fractions as a function of
the scalar mass m,,, evolving from our three benchmarks,
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Branching fractions for the i, scalar with (bottom) and without (top) restrictions, as explained in the text.
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TABLE VIII. Branching fractions for A, in the three different
benchmarks.

Branching Fraction Bl B2 B3
B(h, — 17) 0.3 7.9 x 1073 -
B(h, — bb) 6.0x 10  95x10°  34x1077
B(h, = 1t 30x107°  45x107 1.6x107%
B(hy, - WW) 7.0x 107 3.0x 1072 3.6 x 107°
B(h, » Z7) 0.6 1.0 x 1072 1.3x 107
B(hy, = g9 72x1073  1.3x107* 1.0 x 1076
B(h, = yy 7.7x107%  29x107 1.8 x 1073
B(hy, = Zy) 1.6x10°%  1.6x107  1.9x 107’
B(h, = JJ) 1.2x 1074 0.9 0.9
B(h, —» JZ) 30x 1072 36x1072  25x10°°
B(hy = hihy) 0.1 1.7 x 1072 1.0 x 107°

while Fig. 10 shows a scan of the &, decays, with all the
constraints from Sec. III implemented.

The curves shown in Fig. 9 confirm the previous
observations. These curves are found by keeping the values
of the independent parameters as in the three different
benchmarks and varying the value of « in order to keep m;,,
free. Since due to mixing this procedure will also vary the
value of m;, ~ 125 GeV, we keep 4; also free to compen-
sate, as in Table II. We show also as a vertical solid line the
value of m,, in the corresponding benchmark. In the case of
B2, near the vertical line 4, is mainly singlet, and « affects
my,, very little. If « is sufficiently different from its starting
value in B2, i, becomes mostly triplet. The value for m;,,

PHYSICAL REVIEW D 95, 075038 (2017)

cannot be larger than its value in the benchmark because by
then &, is mostly singlet and « has little effect. Something
similar happens with B3. In all cases h, - ZZ and
h, - WW are important. Decays to fermions depend
strongly on the (small) 4, component to doublet. In the
scan in Fig. 10, we plot &, branching fractions while all the
parameters are varied according to Table II. We see that the
values of the branching fractions separate in two regions,
which we plot separately in the two-column plot. These two
sectors correspond to a mainly triplet (left column) or
mainly singlet (right column) /,. The scan shows that if 4,
is mainly triplet (as in B1), decay modes h, - ZZ and
hy — h;h; can dominate, with h, — JZ sometimes also
important. On the contrary, if 4, is mainly singlet (as in B2)
the decay mode h, — JJ dominates by far, with 1, - WW
and h, — ZZ following in importance. The h, — 17
branching fractions can be large as long as the other decay
rates are also small.

B. A Decays

Now we study the decays of the CP-odd Higgs boson A.
The relevant decays at tree level are to third generation
fermions, A — t7, A — bb, A — 17, to CP-even Higgs
bosons and a Majoron, A — h;J, and to CP-even Higgs
bosons and a Z gauge boson, A — h;Z. We also consider
the 1-loop decays to yy, Zy and gg for completeness.

The decay of A to fermions, represented by the Feynman
diagram

Blunier, Cottin, Diaz, Koch (2016)
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FIG. 9. Branching fractions for the /, scalar in the three benchmarks as a function of m;,,. The parameter « is varied to move m,, as
explained in the text. The vertical solid line in each frame corresponds to our benchmark point. The plot includes all constraints from

Sec. III.
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FIG. 10. Branching fractions for the &, scalar as a function of m,,. The left column shows points where h, is tripletlike (i.e.
|OZ| > 0.95). The right column shows points where h, is singletlike (i.e. [03!| > 0.95). Parameters are varied according to Table II.

The scan includes all constraints from Sec. III.

f
A
f
is given by
_ Ncm m2 3
ra = 7 =Yer |1=4"2 s @D
A
with a coupling
1
s =5 Oyhy, (32)

as seen in Appendix B. A is the Yukawa coupling of the
fermion. Since A is always mainly triplet, 077 is always
small. The decay A — ff proceeds just because the A
eigenfunction has a small component of doublet, as
indicated in Eq. (AS5).

The A boson can also decay into a CP-even Higgs and a
Z boson. The corresponding Feynman diagram is

The decay rate is given by the formula

/‘LZ 3
D(A = hZ) = 2280301 S, md/m3),

33
167 m2 (33)
with a coupling
g i i
Aanz = 5 (0)(20;2 - 20130;3), (34)
Cw

as seen in Appendix B. The A function is defined in
Eq. (13). In the case A — h,Z, since A is always mainly
triplet, there is no phase space in B1, where £, is also a
triplet and has a mass almost equal to the mass of A. In the
case A — hZ, since the couplings are more or less similar
for B1 and B2, the difference is due to the value of my.
The decay to a CP-even Higgs boson and a Majoron is
represented by the following Feynman diagram,
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The decay rate is

2

Mh-u]a
:Wm/jﬂ'/z(l,mi/mﬁ,mﬁ/mﬁ), (35)

with the coupling M), , ,, (with units of mass) given in
Appendix B.
The decay to yy is given by [34]

g mf‘

102473 m

2

4v2

[(A—yy) = 3,

F1/2(Tt)/1An (36)

with 7, = 4m?/m? and the F, /2 function for a pseudoscalar
is defined in Appendix C of Ref. [34].
The decay to Zy is given by [34]

ag? m%\ 3
(A~ Zr) = 3500 4|t|2 l—m—g . (37)

where A, is defined in equation (23) (replacing i with A).
Finally, the decay to two gluons is [34]

2

4v2
3h,

agmA

(A - gg) = 158,57

F1/2(71)/1Att (38)

Branching fractions for the decay of A for our three
benchmarks are given in Table IX. The A boson component
to doublet is the same for B1 and B2, but m, is not. This
leads to larger decay rates to fermions in B2. Since the total
decay rate is also different, this is not observed for
branching fractions and in fact, the opposite happens.

TABLE IX. Branching fractions for A in our three different
benchmarks.

Branching Fraction B1 B2 B3
B(A — 17) 0.5 0.2 -
B(A — bb) 5.5 x 107 1.5x10*  6.0x 1073
B(A — 17) 26x107°  70x10° 28x107*
B(A - hZ) 0.5 0.8 0.9
B(A - hJ) 1.7x1072  44x1073  20x1072
B(A = h,Z7) - 5.0 x 1072 -
B(A — hyJ) - 1.1x107* -
B(A - gg) 14x1072  27x1073%  62x1072
B(A - yy) 1.7x1075  34x10°%  7.7x107°
B(A - Zy) 82x 1077  26x107 20x107°

PHYSICAL REVIEW D 95, 075038 (2017)

Note that in B1 and B3 the decays of A to h, and a J or
a Z are not kinematically allowed. The same happens in B3
for the decay to top quarks. In B2, A can be much heavier
than h,; thus, the decay A — h,Z is open.

Figure 11 shows the branching fractions of A as a
function of its mass. The curves are obtained starting from
each of the three benchmarks and vary x to change my.
Since this procedure will also change m;, , which we want
fixed to 125 GeV, we also change the value of 4, to recover
my, ~ 125 GeV, as in Table II. In all cases, the modes A —
h,Z and A — tf dominate. In B3 the decay mode A — h,Z
is open and can be relevant too.

Figure 12 shows a general scan where all the parameters
are varied according to Table II. It shows that the decay
mode A — hZ dominates. If the channel is open when #,
is mainly singlet, the decay channel A — h,Z is also very
important.

C. H* Decays

In this section we study tree-level decays of the singly
charged Higgs boson. The decay to tb, represented by the
Feynman diagram

b
o+
t
has a rate
_ Nc(021>2
C(H* — 1b) = W [(h? + h)(m3y. —m} — mp)
— 4h,hym,mp| AV (m2 . m? m3). (39)
Similarly, the decay H* — h;W*
s hi

has a rate given by

92 MHih;W* |2

2

F(H:t — 3
64mm;, my,

hiWi) _ /13/2(m?1i,m%li,m%‘,), (40)

with

Aepwe = 03102 = 202203, (41)
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FIG. 11. CP-odd Higgs A branching fractions in the three benchmarks as a function of my4. The parameter « is varied to move m, as
explained in the text. The vertical solid line in each frame corresponds to our benchmark point. The plot includes all constraints from
Sec. III.
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FIG. 12. Branching fractions for the A scalar as a function of my,. The left column shows points where h, is triplet-like (i.e.

|07| > 0.95). The right column shows points where £, is singletlike (i.e. [07'| > 0.95). Parameters are varied according to Table II.
The scan includes all constraints from Sec. III.
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TABLE X. Branching fractions for H* in our three bench-  To finish, the decay to a Z and a W* boson is
marks.

Z
Branching Fraction B1 B2 B3 .
B(H* — th) 70x 1072 2.0x1072 0.2 _H_ -
B(H* — hy W) 0.7 0.8 0.6
B(H* = h,W™) - 5.7 %1073 -
B(H* - JW¥) 30x 107 S5.1x10%  1.6x1073 W+
B(H* — ZW%) 0.2 0.2 0.3

and has the following decay rate:

2

The d to a Maj daW*b i
e decay to a Majoron and a 0son 1is [m?{i +md 4 10m2md,

4 2
D(HE — ZW*) = M
L7 256mxmymy,,.

: ity = 20 (o + A
2 2 2

_____ x (m2..m%. mi,), (44)
W with

with a decay rate M= = Olsyry = V202(L+ si)vs. - (45)
In Table X we show the singly charged Higgs branching
2 2 . .
i o Tl AgewElt oomn fractions in our three benchmarks. Note that the decay
P(H* > JW=) = 64”’”%1 Lmiy [ty — miy (42) H* — h,W* is not kinematically allowed in B1 and B3.
Branching fractions of H* — h;W* are dominant in the
three benchmarks.

where . . .
Figure 13 shows the branching fractions of H* as a
2002 4 30202 function of its mass. The curves are obtained starting from
A gwe = 010y + V20705 (43) each of the three benchmarks and vary x according to
Blunier, Cottin, Diaz, Koch (2016)
B2 B3
T - - - iy m 1 m o1 omo1m o om -|T ______ Te t m 1 m w1 omoom 3 T T WI-TI-.T_.W_.J -]
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FIG. 13. Branching fraction for the H" scalar in the three benchmarks as a function of m+. The parameter  is varied to move my-, as
explained in the text. The vertical solid line in each frame corresponds to our benchmark point. The plot includes all constraints from

Sec. III.
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FIG. 14. Branching fractions for the H™ scalar as a function of my+. The left column shows points where h, is tripletlike (i.e.
0%' > 0.95). The right column shows points where £, is singletlike (i.e. O7° > 0.95). Parameters are varied according to Table II. The

scan includes all constraints from Sec. III.

Table II to change the value of m3. A; also varies as in
Table II to recover my, =~ 125 GeV.

Figure 14 shows the H* branching fractions as a
function of its mass in a general scan. Decays to h, W*
dominate, independent of the composition of /,. Decays to
ZW= follow in importance. Also important are decays to
h,W*; when h, is singletlike, as when h, is tripletlike, its
mass is very close to the mass of my=+ (as in B1), so there is
no phase space for the decay in this case.

VIL. PROMISING CHANNELS FOR h,, A AND H*

We now briefly comment on the most promising chan-
nels for discovery of h,, A and H + at future ete™ colliders.

A promising channel for the discovery of h,, given
its large cross section as discussed in Sec. VA, is
ete™ — hytt. Thinking of B1, the largest decays fractions
for h, are to ZZ as shown in Table VIII. Considering
leptonic decays of the W and Z, the signal is

etem = ZZti — I 1T - 1My, l-v,bb (46)

with [ = e, u. The signal contains 2 b-jets + 6 leptons +
PR (missing transverse momenta). For B1 at \/s=1TeV,
the cross section is estimated as
62b61p171_1is> ~ 6(e+e_ d hzt}) X B(h2 e ZZ)
X B(Z - ITI7)? x B(W* - [*v)?

~ 3 x 107 fb, (47)

resulting in less than one event to be discoverable with
L = 1000 fb~!, which is too little to be observed, unfortu-
nately. Possible SM backgrounds to this signature include
ete” > ZZZ and ete™ — ZZti. Multilepton signatures in
the “23” HTM were studied in the context of the LHC in
Refs. [19,36], where it was shown that after requiring
kinematic cuts in the transverse momenta of the leptons,
signatures with six leptons have no background, even
though the signal is also scarce. Therefore, multilepton
signatures are relevant for higher integrated luminosities.
We could require similar leptonic kinematic cuts in the case
of ete™, in addition of requiring two b-tagged jets and
small pss due to the two neutrinos.

For B2 the decay h, — JJ dominates. If one W boson
decays hadronically and the other leptonically, then we will
have a four b-jets + p™* signature, assuming the lepton
escapes undetected. This channel was studied in detail in
Ref. [11] for our “123” model, where it was shown that
with appropriate cuts in piFs*, number of jets and invariant
mass distributions, the background is removed while
keeping high signal efficiency.

In the case of the CP-odd Higgs A, there are two relevant
processes. ete™ — AZZ has the highest cross section for
B1 and B2. In the case where A — 17 we have the same
signature as before for h,. The decay A — h;Z also
dominates in our benchmarks. The dominant decay /; —
bb follows, leading to topologies with leptons and b-jets
(with no missing transverse momenta), depending on the
decay of the Z. The cross section for
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ete” —» AZZ — hZZZ — bbITI7IT 1711~ (48)

leads to a 2 b-jet 4 6 leptons signature. The cross section
for B1 at /s =1 TeV is estimated as

Ooper X 0(eTe” = AZZ) x B(A = hZ) x B(h; — bb)
x B(Z = ITI7)?
~ 1.0 x 107 fb, (49)

resulting in less than one event with £ = 1000 fb~!.
Possible backgrounds are very similar and include the
ones in Eq. (47), so similar cuts can be applied to
suppress them.

The associated production e* e~ — AJJ dominates in B3
with A — bb, leading to the topology of 2 b-jets + pss.
This signal was studied for the “23” HTM in [37], with
largest background coming from eTe™ - WTW~ and
ete™ — ZZ. The authors concluded that the most efficient
way to improve the signal-to-background ratio is to require
b-tagged jets and large p™s, in addition to charged
multiplicity and an invariant mass cut close to the mass
of the visibly decaying particle.

Production for the singly charged Higgs dominates in
ete” > HYH™ — H"hyW~ for most of our benchmarks
(see Fig. 6). This is followed by the decay of H — h;, W,
which has the highest branching fraction (see Table X). An
optimal discovery channel would be when 7, — bb and
when one W boson decays hadronically and the other
leptonically,

ete” - H W~ — h\Wth W~ — bbl*v,bbgg  (50)

resulting in an event topology of 4 b-jets+2 jets+
1 lepton + piiss, where the lepton [ = e, p. This distinctive
signature was studied for a charged Higgs in the context of
two-Higgs doublet models [38,39]. The mass of the singly
charged Higgs can be reconstructed and the events can be
selected with b-tagging techniques, in addition to requiring
one isolated lepton. Also, two jets must have the W mass.

We can estimate the visible cross section for this final
state. For /s = 1 TeV in B1 we have,

Oyppmsij ~ o(eTe” — H iy W)
x B(H" — hyW*) x B(h; — bb)*
x B(W* = IFv)) x BIWW* - ¢g)
~ 0.04 b, (51)
and since the ILC has a yearly integrated luminosity of
1000 fb~!, this results in about 40 potentially discoverable
events. A relevant SM background for this signature is the

process e*e™ — tfbb. Our estimation yields a visible cross
section of oy 4pmisyj; & 0.4 fb, which is quite significant.

PHYSICAL REVIEW D 95, 075038 (2017)

The signal-to-background ratio can be enhanced by apply-
ing the selection cuts above mentioned. It was also shown
in Ref. [38] that one can suppress this big irreducible
background to a negligible level by using a technique that
allows the reconstruction of the neutrino four-momentum.

Of course, a more detailed simulation study should be
done in order to suppress backgrounds further and improve
signal efficiency for the channels mentioned. A fully
fledged study in this direction, also considering detector
efficiencies, goes beyond the scope of this paper, and we
leave it for a future work.

VIII. CONCLUSIONS

We have studied the Higgs phenomenology of a model
with a scalar triplet, a scalar singlet and a scalar doublet
under SU(2). In this “123” variant of the Higgs triplet
model the singlet acquires a vacuum expectation value,
which spontaneously breaks lepton number. The vacuum
expectation value generated for the triplet provides a mass
term for neutrinos. This feature makes it a well-motivated
model to look for at particle colliders.

The lightest CP-even Higgs, h;, has been identified with
the SM-like Higgs boson discovered at the LHC, which
constrains the parameters in the scalar potential of the
model. We studied the production cross sections and decay
ratios of the second heaviest CP-even Higgs h,, the CP-
odd Higgs A and the singly charged Higgs H*. We found
that production cross sections at hadron colliders can be
very low for these states, so we performed a numerical
analysis assessing the discovery potential at future lepton
colliders.

We found characteristic features in cases where h, is
singletlike, tripletlike or a mixture. The main 2-body
production mode for 4, is associated production with a
CP-odd state A. We note that cross sections for A and H*
are enhanced when a second heavy particle is also produced
on shell. Invisible decays of #, to Majorons can be very
important. Decays of the singly charged Higgs H* —
h;W#* dominate. These features lead to promising channels
for discovery of h, and A, in particular in the 4 b-jets +
PSS and 2 b-jets + ps* final states, as shown in Ref. [11]
and Ref. [37], respectively, as we estimate that the most
promising signal channels for discovery with leptons in the
final state have too small number of events to be observed.
The 4 bjets + 2 jets + 1 lepton + p™* final state is optimal
for the discovery of the singly charged Higgs. These signals
provides a test of the “123” HTM at future e™ e~ colliders.
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APPENDIX A: CONVENTION FOR
DIAGONALIZATION

The diagonalization in the charged scalar sector is
hi‘r 0 d)_* ¢—*
h} At AT |

(A1)
and the diagonalization in the neutral scalar sector proceeds
as

Gt

_ —Cp
=

S/;

Cp

Sp

hl Xo GO

ap Do
hy | =0, x4 |> a|=|J | =0,|94],
hy xa as A N
(A2)

where O, and O,, are 3 x 3 matrices.
The mass matrix in Eq. (4) is diagonalized by the matrix

1 2 v
U A
_ | N 2 )
Op=| % ~Nun “Nul| (A3
N 2 Va €
Ny 04 Ny vy Na
where
2
v
Ng=[1+4-5,
v
¢
1)4 1)2
Ny=|N{+4-2 1+ -4
U(/b o o
2 2
vy U
Ny=[1+45+5 (A4)
vy Vs
The mass eigenstate fields are
1 2 [N
G'=—q@,—— " @p,
NG(ﬂqs Ng v(/)(ﬂA
N2 2 03 | )]
J=—"6,p - = _"A - Ao,
Nj(p0 NJU¢UG(p leiagoA
1 va 2 wp 1
A=——=@,+——@p + —@a. A5
N, N, 0 TN (A5)

From here we conclude that the Majoron has the tendency
to be mainly singlet and that the neutral Goldstone boson
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has no singlet component (the singlet does not couple to the
Z boson).

APPENDIX B: FEYNMAN RULES

1. One scalar and two fermions

f

I

-
f
f

a;

- 0405
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2. One scalar and two gauge bosons
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3. Two scalars and one gauge boson
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h; B
p/{/ o p/i/ o
Zy s wr P
ANNNNK ANNNNKL
AN AN
p \g p \s
bl N h;r b N hj
i i1 il i2)J2 i1 g i2 )j
= —32 [0L0L (- 5h,) — 2020753, | (0 + P — i%(0L032 — V20203 (p + 1),
s ATTE
0
Zy 7 ig (.2 2 / o hi
AMNANANK = —aw G —sw)P+ 1) %
N f\/M g
AT N
2% g
LN a
e = 14010 + VIO20%) (p+ )
/71/ !
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p\ v = —ie(p+p)udyy 4. Three Scalars
A N h7_+ For the case with one CP-even and two CP-odd Higgs
' bosons, the relevant term in the Lagrangian is
, ATH* 'Chiajak = Mhiafakhiajak, (Bl)
/ 7/
4, P
MIAANK . = —2ie(p+1p), where we sum over i, j, k. The coupling M}, , ,, (With units
DY of mass), after symmetrization in j and k is given by the
NATT expression
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|
This leads to the following Feynman rule, For one CP-even and two charged Higgs bosons, the
s relevant term in the Lagrangian is
s
/
h; .’ Ly = My hilf i, (B3)
----< N = iMp,qa;a, (twice larger if j = k).
N . where we sum over i, j, k. The coupling M), Wi (with units
SO of mass) is given by the expression
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and the Feynman rule is

AN = ijk
N —
~hy

For one CP-even and two doubly charged Higgs bosons,
the relevant term in the Lagrangian is

Ly a++a— = MhiA++A--h,-A++*A++, (B3)
with

MhiA++A—— = —2/121)A0)i(3 - 23 U¢0)i(2 - ﬂ3 1)60)!.(1, (B6)
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[
leading to the following Feynman rule

N
/

h; Y
= iMhiAJr*A** .

AT

For three CP-even Higgs bosons, the relevant term in the
Lagrangian is
L = Mpnnhihjhy, (B7)

where we sum over i, j, k. The coupling M}, 5, (With units
of mass), after symmetrization in j and k, is given by

= (A3 + 45)v4 (0205 08 + 012020} + 0} 08 0]
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The corresponding Feynman rule is given by

(B8)
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