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A direct search for doubly charged Higgs bosons H** is one of the most important probes in the Higgs
triplet model, which is motivated by generation mechanisms of tiny neutrino masses. There are two major
decay modes of H**, i.e., the same-sign dilepton decay H** — £#*#* and the same-sign diboson decay
H** — W)W+ For the case where the former decay mode is dominant, the lower limit on the mass of
H** has been set at about 400 GeV by the ATLAS and CMS Collaborations. On the other hand, for the
case where the latter decay mode is dominant, no dedicated search has been performed in the past. By
taking into account characteristic signals of H** in the diboson decay scenario at LEP and the LHC
experiments, we find that the lower mass bound of 60-68 GeV can be obtained by using the same-sign
dilepton search performed by the ATLAS Collaboration with 4.7 fb~! data at the collision energy of 7 TeV.
We also show that the limit can be extended up to about 85-90 GeV, assuming the integrated luminosity of
20 fb~! and 7 TeV for the collision energy. We give detailed explanations on the decay properties of H**
for relatively small mass cases and also on production cross sections of H** at the next-to-leading order of

QCD at the LHC.
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I. INTRODUCTION

In 2012, a Higgs boson was discovered at the CERN
Large Hadron Collider (LHC) [1,2]. Its observed properties
are consistent with the prediction in the standard model
(SM) within the current experimental uncertainties [3]. In
addition, so far, no report has been delivered to us for the
discovery of other new particles. Therefore, it has been
found that the SM is a good description for particle physics
at the scale of hundreds of GeV, not only in the gauge
interactions but also in the sector of electroweak symmetry
breaking.

Although the Higgs boson has been discovered and its
property has turned out to be SM-like, we know nothing
about the structure of the Higgs sector. In fact, the minimal
Higgs sector with one isospin doublet scalar field is just an
assumption without any theoretical principle. Thus, it is
natural to consider a possibility that the Higgs sector takes
a nonminimal form with additional isospin multiplet
scalar fields, such as an extra singlet, doublet, triplet,
and so on. Most of these nonminimal Higgs sectors can
explain current experimental data as well. Furthermore,
these extended Higgs sectors are often introduced in the
context of new physics models which try to explain the
phenomena beyond the SM, i.e., neutrino masses, dark
matter, and baryogenesis. Therefore, it is very important to
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experimentally explore the possibility of extended Higgs
sectors. We then may be able to discriminate new physics
models from the property of the Higgs sector.

For example, extended Higgs sectors with multidoublet
scalar fields are introduced in supersymmetric extensions
of the SM. They are also motivated to introduce an
additional source of CP violation [4] and to realize the
strong first-order phase transition [5], both of which are
required to have successful electroweak baryogenesis [6].
Singlet scalar fields are often introduced in models with
the spontaneously broken B — L gauge symmetry [7]. The
Higgs sector with a complex triplet scalar field appears
in models that can explain neutrino masses via the
seesaw mechanism [8]. Tiny neutrino masses can also be
explained via the loop-induced effects of extended scalar
sectors [9-12]. Extended scalar sectors with a discrete
symmetry such as Z, can provide a candidate for dark
matter [13,14].

We here focus on the Higgs triplet model (HTM) [8].
Its Higgs sector is composed of an isospin doublet Higgs
field with a hypercharge1 Y = 1/2 and an isospin triplet
Higgs field with ¥ = 1. In this model, Majorana masses of
neutrinos are generated via new Yukawa interactions
among the left-handed lepton doublets and the Higgs triplet
field; (m,);; o h;jvs, where v, is the vacuum expectation
value (VEV) of the triplet field and £;; is a matrix in the
Lagrangian for the Yukawa interactions.

'We adopt the notation of Y as Q = T° + Y, where Q is the
electric charge and T? is the third component of the isospin.
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One of the most characteristic features of the HTM is the
existence of doubly charged Higgs bosons H**, in addition
to the other additional Higgs bosons, i.e., singly charged
H*, CP-even H, and CP-odd A Higgs bosons. The
discovery of H** at collider experiments is the direct
evidence of the HTM. Production of these bosons at
collider experiments has been studied in Refs. [15-36].
For the decay of H**, there are three sources, i.e., the
Yukawa interactions with left-handed lepton doublets,
electroweak gauge interactions of the gauge-gauge-scalar
type, and those of the gauge-scalar-scalar type. They cause
the same-sign dilepton decay H** — #*£%, the same-sign
diboson decay H** — W*W=, and the cascade decay
H** - H*W=, respectively.”

Although the dominant decay mode of H** is deter-
mined by parameters in the model, the dilepton decay
scenario has been considered as the most promising one for
discovery [15,17,20,22,23,25,32], because of its cleanness
for the detection at colliders. It is also quite appealing that
the structure of the neutrino mass matrix can be directly
tested by measuring the dileptonic branching ratios of H**
[17,20,22] and H* [22,38], because the branching ratios
are predominantly determined by the neutrino Yukawa
couplings. In this scenario, a sharp peak in the invariant
mass distribution of the same-sign dilepton is the character-
istic signal of H**. The experimental searches for H** in
the same-sign dilepton events have been performed at LEP
[39], HERA [40], Tevatron [41,42], and the LHC [43,44].
Assuming that the branching ratio of H** decay into y*u*
is 100%, the strongest lower bound on the mass of doubly
charged Higgs bosons has been obtained as 459 GeV at the
LHC [44]. Current bounds have also been set at around
400 GeV in several benchmark points for the structure of
the neutrino mass matrix [44].

In this paper, we discuss the direct searches for H** in
the diboson decay scenario, where H** predominantly
decay into same-sign W bosons, at the past, current, and
future collider experiments, such as LEP and the LHC with
the 7-8 TeV and 13-14 TeV runs. The same-sign diboson
decay scenario is equally important to the same-sign
dilepton decay scenario in the HTM. Collider phenom-
enology for this decay mode has been studied in
Refs. [21,30,33,36]. In Ref. [33], the lower limit on the
mass of H** has been derived by using the same-sign
dilepton events collected by the ATLAS Collaboration at
the LHC with 7 TeV and 4.7 fb=! data [45]. To our
knowledge, this is the first analysis for the constraints
on H** in the diboson scenario. The aim of the present
paper is to explain details of the analysis done in Ref. [33]

’In principle, H** — H*H?* decay occurs via the scalar triple
couplings, if there is a large mass difference between H** and
H*. However, such a situation is severely constrained by
electroweak precision measurements [37].
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and to make an update on the results by including the QCD
correction to the production cross sections.

This paper is organized as follows. In Sec. II, we briefly
review the HTM. After we define the mass eigenstates for
the Higgs bosons, we derive the Yukawa interaction and the
gauge interaction for the tripletlike Higgs bosons at tree
level. In Sec. III, we give expressions for the decay rates of
H** in all three decay modes. Partial decay widths of H**
are evaluated with particular attention to the case of
relatively small masses where one or both of the W bosons
are forced off shell. We then show the phase diagram
indicating the main decay mode of H**. Next, we evaluate
the cross section of H** productions at the LHC in the
leading order (LO) and the next-to-leading order (NLO) of
QCD. In Sec. IV, we exhibit constraints on the mass
of H** in the diboson decay scenario at the LEP experi-
ments and also at the LHC. At the LEP I experiment, the
lower limit on the mass of H** can be obtained from the
total width of the Z boson. We also evaluate the expected
number of events for the various final states in the process
of ete™ — H™"H™ at the LEP II experiment. We then
discuss the mass bound on H** by using the current LHC
limit on the cross section for anomalous production of
same-sign dileptons. Section V is devoted to our conclu-
sion. In the Appendix, the cross sections for H** pro-
duction at the LHC with various collision energies are
collected for the reader’s convenience.

II. THE HIGGS TRIPLET MODEL
The scalar sector of the HTM is composed of the isospin
doublet field ® with hypercharge ¥ = 1/2 and the triplet
field A with ¥ = 1. The most general form of the Higgs
potential under the gauge symmetry is written as
V(®,A) = m*®'® + M*Tr(ATA) + [u®Tiz,AT® + H.c]
+ /11 ((DT(I))Z + /12 [TI(ATA)]Z + /13TI'[(ATA)2]
+ 24 (DTO)Tr(ATA) + AsPTAATD, (1)

where all the parameters are taken to be real without loss
of generality [46]. The Higgs fields can be parameterized

as
+ AL AT
() (35 e
V2

where the neutral components are expressed as

1
P = 5(45% + vy + i),
AO = \%(A% T oa+iAD). 3)
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The VEVs of the doublet and triplet Higgs fields are
denoted by vy and vy, respectively. They are related to

the Fermi constant Gy by v? = v] + 203 = (V2Gp)™.
The nonzero v, deviates the electroweak rho parameter
from unity at tree level:

202

2 1+ YzA

my B vy,

2 .20 402’
mzZcos- Oy 1+%
K2

p (4)

where my,, mz, and 8y, are the W boson mass, the Z boson
mass, and the weak mixing angle, respectively. Since the
experimental value of the rho parameter is close to unity,
L., Pexp = 1.000475-0503 [47], v has to be less than about
3.5 GeV at the 95% confidence level (C.L.).

Mass eigenstates in the doubly charged states (H**)
purely come from A;i.e., H** = A**. For the other scalar
bosons, mass eigenstates are defined by introducing the
following orthogonal transformations:

% cosa —sina\ [ h
(A%)Z(sina cosa)(H)’
PF cosfp —sinp\ / G*
<Ai):(sinﬁ cosﬁ)(Hi)

$\  (cosp —sinf\ (G s
(A‘}>_<sinﬂ’ COSﬁ’)<A>’ e

where mixing angles «, 8, and f’ are given, respectively, by

U 2U§5(/14+/15)—4M2A

tan 20 = — ,
1)¢ 2’[)35),1 — Mi - 2U% (12 + 13)

2 2

tanff = \/_DA, tan f = UA, (6)
Vg Vg
with

ViU
M2 = ¢ . 7
A \/EUA ( )

In Eq. (5), G* and G° are the Nambu-Goldstone bosons
which are absorbed into the longitudinal component of W
and Z bosons, respectively. Because all the mixing angles
given in Eq. (6) are quite small due to vs/v, < 1, HS, A,
and H are mostly composed of the triplet Higgs field. We
thus call these scalars (H*, A, H, and H*™) the tripletlike
Higgs bosons. On the other hand, by the same reason, 4 can
be regarded as the SM-like Higgs boson, because it mainly
comes from the doublet Higgs field. By neglecting O(v3)
terms, the masses of these physical Higgs bosons are given
in a good approximation by

A A
) 5.2 2 A2 5.2
mHﬁ—MA—Ev, mHi_MA_ZU’
22 g2
my = my = M3y, (8)
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Thus, it can be observed that there are relationships
among the masses of tripletlike Higgs bosons [27,28];
ie., m?,, —m?. =m:, —mj and mj = mj. From these
relations, three patterns of the mass spectrum arise. The
first two patterns are my > my= > my=+ in the case with
As > 0 and my++ > my+ > my, in the case with 15 < 0. In
the special case with 15 = 0, all the tripletlike Higgs bosons
degenerate in mass.

The kinetic term of the Lagrangian for the Higgs fields is
given by

Lyin = |D,@|* + Tr[(D,A)T(D"A)], (10)

where the covariant derivatives are defined as

9 ava 9
DMCI) = (3” - lET WM - IEB”>(I),
N .
D”A:(?”A—li[r Wi, Al —igB,A. (11)
From the above Lagrangian, Higgs-gauge-gauge—type

vertices are derived. Coefficients of the vertices for the
tripletlike Higgs bosons are given as follows:

(H=WiW[): — gmysinfg,,.

(H*W;iZ,): - myy sin f3 cos f3g,,,,.
cos Oy,

(HWZ W ): — gmy(cosfsina — /2 sin B cos @) Gys

(HZ,Z,): - ﬁmz(cosﬂ’ sina — 2 sin ' cos a)g,, .
W

(12)

We note that, according to Eq. (6), all the couplings are
proportional to v,/ v.

Next, we introduce the Yukawa interaction terms with
the triplet field. Left-handed lepton doublet fields L; can
couple to the triplet Higgs field by

Ly = hLir,AL] + H.c. (13)

If we extract the VEV in the neutral component of the triplet
field, we find a Majorana mass term for neutrinos [8]:

(mv)ij = \/EhijUA- (14)

From Eq. (14), the magnitudes of 4;; are determined by v,,
because the value of the left-hand side of the equation is
given by the neutrino data. As seen in the text below
Eq. (4), v, is limited to at most ~3.5 GeV by the data of
electroweak precision observables. Couplings of the
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Yukawa interactions among the tripletlike Higgs bosons
and leptons are expressed in terms of v, and the neutrino
mass matrix (m,);; with the use of Eq. (14) as follows:

(mzz>" (mv)
HY 7)) ——=2 P, (H ¢7v;): ———LcospPy,
( i j) \/EUA L ( i j) v ﬁ L
my)ij A\my)ij
(Hl/il/j): (2vijCOSGPL, (Al/il/j): l(2vijCOSﬂ/PL,

(15)

where P; is the left-handed projection operator (1 —y5)/2.
From Egs. (12) and (15), we see that the gauge (Yukawa)
coupling constants are enhanced (suppressed) as v, gets
increased. These features are important to understand the
decay property of the tripletlike Higgs bosons which is
discussed in the next section.

We note that the interaction terms between quarks and
tripletlike Higgs bosons except H** are induced from the
Yukawa interaction for the doublet Higgs field ® via the
small mixing denoted by «, 5, and f' [22,28].

IIL. DECAY AND PRODUCTION OF H**

In this section, we discuss the decay and production of
H**. For the decay of H**, we present the decay rates for
all three decay modes. Especially, we discuss the diboson
decay mode in detail, focusing on the cases where one or
both of the W bosons are forced off shell. For the
production of H** at the LHC, we evaluate the cross
sections in the LO and the NLO in QCD. We estimate the
uncertainties of theoretical calculations by taking into
account the scale ambiguity and the uncertainty from
parton distribution functions (PDFs).

A. Decay branching ratio of H**

The decay properties of H** strongly depend on v,
and the mass spectrum of the tripletlike Higgs bosons.
For the case where H** are the lightest among all the
tripletlike Higgs bosons, i.e., my/y > my= > my==, the
same-sign dilepton decay H** — #*¢* and the same-sign
diboson decay H** — W*)W*() are possible. On the
|
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other hand, for the case where H** are the heaviest,
M+ > My+ > my/y, another  cascade-type  decay
H** — W H* is also possible.

For the diboson decay, in the case with my++ > 2m,y,, the
tree-level decay rate is given by

P o wews) = Y2Grsih
8n H
2 4
x (1—4 W12 rZW)
Mmy.s My
4 2
X 4 [1—= TW. (16)
My

Furthermore, the branching ratio for four-fermion final
states is simply given by multiplying the decay branching
ratio of the W bosons; i.e.,

B(H*™ — 4f) = B(H** — W*W*) x B(W — ff’)
xB(W = f"f"). (17)

On the other hand, in the case with my+: < 2my,, at least
one of the W bosons is forced off shell, and the decay rate
given in Eq. (16) is no longer valid. Thus, the branching
ratio of H** into four-fermion final states is not simply
described by Eq. (17). In order to clarify how the difference
in the decay rate of H** appears in the case with the off-
shell W boson(s), we first consider the decay process of
H** into the four-lepton final states:

H = WHEOWE) & prptyy, (18)

We can divide the decay modes into two cases: one is the
same-flavor (s.f.) dilepton mode such as eTe™, y*u*, and
the other is the different-flavor (d.f.) dilepton mode such as
e*u*. In the s.f. dilepton decay, two Feynman diagrams
drawn in Fig. 1 contribute, while only one Feynman
diagram contributes in the d.f. dilepton decay. For each
case, the partial decay width is calculated as

8,2
g°vy 1
D(H** — ¢5¢*w) =Ty = " i é_l/ dPy|A 13004 + Ay Ag3 (2P - p2) (23 - pa), (19)
H
g'vi
D(H™ = 50" w/) =Ty = p— / d®y|A 13804 (2p1 - p2)(2P3 - Pa)s (20)
H
I
where p% with i =1,...,4 are the four momenta of the = We neglect the mass of leptons. The difference between the

final-state leptons in the order of the last term in Eq. (18),
Ay =[(pi+ pj)* = my + imyT'y]™", and [d®, denotes
full phase-space integration over the four-body final state.

two widths exists only in the interference term in Eq. (19).
Similarly, the partial decay width for the #vjj channel is
given by I'(H** — ¢*vjj) = 2N Iys for each lepton
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+

I !
H++ W+ v v
o v v
I I

FIG. 1. Feynman diagrams of the H*" — #*¢*v, v, decay.
Both diagrams contribute for the same-flavor dilepton cases,
while only one diagram contributes for the different-flavor
dilepton cases.

flavor, where N. = 3 is a number of color and a factor of 2
comes from (u,d) and (c, s).3 In addition, there are two
contributions for the partial decay width of the jjjj
channel, i.e., the same-flavor channel I'(H™+ — uc_iuc_l) =
[(H™ — c5c5) = wrd‘f + N_I'y¢ and the different-
flavor one I'(H™ — udcs) = N2I'q;. Thus, the partial
decay width into the four-jet mode is given as
C(H** - jjjj) =2N gy + N.2N,— 1)[4;. In total,
the sum of the decay width through H** — W)W+
is given by Ty =(3+2N )y + (34 5N+
2N%)[4¢. We note that, in the case with my=: > 2my
where both the W bosons can be on shell, I'y; =Ty /2isa
good approximation by neglecting the interference term,
and the branching ratios reduce to the product of branching
ratios of the W bosons as in Eq. (17). Even for
my++ > m, + my, the decay modes which include (z,b)
can be safely neglected.

In Fig. 2, we plot the branching ratios for the decay of
H** into various four-fermion final states, such as jjjj,
£*ujj, and £+ ¢+ v with s.f. or d.f. leptons, as a function of
my+=. Notice that we neglect the dilepton decay and
cascade decay channels here. It is found that the branching
ratio of the s.f. Z*/*vv decay mode is enhanced by 80%
for  mpy+ $90 GeV, while by 10%-20% for
100 GeV < my++ <160 GeV. The ratio of all hadronic
decay modes is also enhanced for my-+ < 2my by 5%,
while the ratio of Z*vjj and d.f. #*¢*vv decay modes is
suppressed by 10% and 5%, respectively. Therefore, for
my+= < 2my, the interference term can have a sizable
and constructive contribution to the decay rate, and
consequently the s.f. Z*#* vy decay becomes relatively

|
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FIG. 2 (color online). Branching ratios of H** into jjjj,
¢*vjj, same-flavor and different-flavor #*#*vv modes as a
function of my-:. In this plot, only the H** — W) W)
mode is taken into account.

important. For the reference, on the right axis, we show
the number of the branching ratio in the on-shell W boson
limit for each decay mode, which apparently satisfies
the probability conservation by Bljjjj] + 3B[fvjj]+
3B[tvev] 4 3B[¢ve’'V] = 1, where the factor of 3 for
the latter three terms comes from the number of lepton
flavor.

The tree-level formula for the dilepton decay rate of H**
is given by

S
. |(my)ij|2mHii’ (21)

['(H** = 7fef) =
( e ") 87111%

where S;; = 1(1/2) for i # j (i = j).
For the cascade decay, taking into account the off
shellness of the W boson, the tree-level formula is given by

. 9g*cos’p m2.  mA
F(Hii —)HiWﬂ:< )):TMmHiiG mzi’mzw 5
HEE HEE

(22)

where the phase-space functions are defined as

G(x,y) = 1 {Z(x — 1) =9(x* = 1)y + 6(x — 1)y> = 3[1 + (x — y)?> = 2y]ylog x

12y

X

+6(14+x—=y)yv/=A(x,y) {tan‘1 (%) + tan™! <%>} } (23)

*We neglect the off-diagonal part of the Cabibbo-Kobayashi-Maskawa matrix.
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Ax,y) =1+x>+y> —2xy—2x—-2y.  (24)

We note that the decay rate given in Eq. (22) is valid for the
case with my+: — mpy: < myy. In Ref. [37], it is shown that
the mass difference larger than about 60 GeV is excluded
by the electroweak precision data. Therefore, the on-shell
decay mode of H** — H*W= is disfavored.

We then evaluate the decay of H* for several values of
va and mpg:z by taking into account all three decay
channels: dilepton, diboson, and cascade decays. For the
dilepton decay mode, we take all the elements of the
neutrino mass matrix (m,);; 0.1 eV. In Fig. 3, we show
the total decay width of H** as a function of v, for fixed
values of my++ = 100, 150, and 300 GeV (left panel) and
as a function of my== for fixed values of v, =1 keV,
1 MeV, and 1 GeV (right panel). The mass of H* is taken to
be the same as that of H** so that the cascade decay mode

—_—m = e e e
. S,0 0 0,00 0 0 o 5
S b b LU & L kL L LT

FH++ [GCV]

FIG. 3 (color online).
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is absent. As seen in the left panel, the total decay width
takes its minimum at around v, = 5, 1, and 0.2 MeV in the
case with my++ = 100, 150, and 300 GeV, respectively. At
these minima, the decay rates into the dilepton mode and
the diboson mode are almost the same order. In the right
panel, in the case where v, is as small as 1 keV, the decay
width increases linearly with mg:x, because the decay
width is calculated dominantly from the dilepton decay rate
given in Eq. (21). On the other hand, in the case where v, is
as large as 1 MeVor 1 GeV, the decay rate rapidly increases
at around my:: = 160 GeV, because of the threshold of
the on-shell W boson pair. We note that the decay rate of
1071 GeV corresponds to the decay length of about 1 m,
so that H** produced at colliders would decay inside a
detector.

In Fig. 4, we show contour plots for the decay
branching ratio of H** in the w,-Am plane, where

10 100
mH++ [GCV]

The total width of H**. The left (right) panel shows the v, (m-+) dependence in the case with ns = 100,

150, and 300 GeV (v, = 1 keV, 1 MeV, and 1 GeV) in solid, dashed, and dotted lines, respectively. my= = my== is assumed, so that the

cascade decay is absent.

ANI|

my =150 GeV

Cascade

N
Ll SN

Dilepton Diboson

107 107 10" 10° 10

v, [GeV]

FIG. 4 (color online).

T ‘\‘L”‘W HELRRLLL DR IR LA BELLLLLLL IR B 7 pu
- my..=300GeV /7
0'E Cascade |
> F 3
(5]
© L ]
= :
< 90°E Dilepton / Diboson =
- i E
[ [N ]
- 1 1 ]
1 1
1 1
1 1
10-1 il v 1l mk: :mmk ol vl vl 3l
1% 107 10° 10° 10" 10° 107 10" 10" 10

v, [GeV]

Contour plot for the decay branching ratio of H** on the vy-Am(=my++ — my-) plane in the case of

my=+ = 150 GeV (left panel) and my=+ = 300 GeV (right panel). The parameter regions on the black solid and red dashed lines give
the 50% and 90% branching ratio for H**, respectively, where the decay mode is indicated inside the curves.
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Am = mysr —mpyge, in the case with mpy:: = 150 (left
panel) and 300 GeV (right panel) [27,28,31]. In each block
bordered by the black (red) contours, the branching ratio for
the decay mode indicated inside the block is greater than
50% (90%). We can observe that, by increasing v, with
fixing Am smaller than about 1 GeV, the main decay mode
is replaced from the dilepton mode to the diboson mode at
vpa = 0.1-1 MeV. The regions where the diboson decay
mode dominates are enlarged by increasing m+= from 150
to 300 GeV, due to the cubic power dependence of the
diboson decay rate on m .+ as expressed in Eq. (16). In the
case where H** are the lightest among the tripletlike Higgs
bosons, the regions where the cascade decay dominates
disappear.

We here comment on the decays of the other tripletlike
Higgs bosons [22,28]. When v, is smaller than about
1 MeV and |Am| is enough small, H*, A, and H mainly
decay into ¢*v, v, and v, respectively, similarly to the
decay of H* — ¢/*¢*. When v, is large, ie.,
va 2 1 MeV, H* mainly decay into W*Z, hW*, 5,
and/or tb, while A mainly decays into hZ, bb, vz, and/or
tt. The decay of H depends on the mixing angle « in
addition to v, and Am. As seen in Eq. (6), tan2a is
proportional to v,/vy, so that small but nonzero a is
typically provided at the same order as 8 and f#, unless a
large value of 4 couplings is introduced. In such a case, the
dominant decay mode of H can be WW, ZZ, hh, bb, t* 7™,
and/or 1. In the case with nonzero mass difference, a
cascade decay H — H*W¥() can take place.

2
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In the following studies, we focus on the same-sign
diboson decay scenario where B(H** — WA W) jg
assumed to be almost 100%. This scenario can be realized
in the case with rather large v, with my,py > my+ > mpy:.
or Am < 1 GeV as discussed in this subsection.

B. Production cross sections at the LHC

The leading production processes of H** at the LHC are
pp—>H™TH ™ +X, (25)
pp — HTFHT + X, (26)

In perturbative QCD, the total cross sections for these
processes are expressed as

o(pp — H”H“)

—Z/ dT (T, Up)B g+ (78), (27)
o(pp — H*HT)
dL
_Z/ dr (z, //tF)gq;,/quiH¥(Ts)’ (28)

where ) =4m?../s for Eq. (27) and 75 = (my=+ +
mpy+)?*/s for Eq. (28). ug is the factorization scale. The
partonic cross sections are given at the LO as

wa (1 - x2)0 0,V Vi +1 (V2 + A2V,
6oomg—(8) = 1 —4dxpe 24 4 4 , 29
qu H'"H (S) 9% ( XH ) |:QHQ (1 —xz)2+x%F%/mZ ( )
ratcos’p 1
5 &) — 23/2 , , 30
04g' —~H**H+ (S) 36383‘/ 1= xw<1 T iFW/mW) ()CHii xHi) ( )

where x; = m?/8 (i =W,Z, H**, or H*), V, = (T}
charge of H*, Vy =

=20,5%)/(swew), Ay =T/ (swew), Oy = +2 is the electric
(1=2s5%)/(swew), and sy = s1n O, cyw = cos Oy . The electric charge and the third component of

the isospin for a fermion f are denoted by Q; and T3, respectively. The partonic luminosity functions are defined as

dLl,;

dLl,z

The NLO QCD corrections to the total cross sections
are calculated in Ref. [48]. We evaluate the LO and NLO
total cross sections for the processes in Egs. (25) and (26)
at the LHC. In Fig. 5, we show the cross sections and K
factors for H*TH~ (left) and H™"H~ (right) production
at the LHC with /s =7 TeV. We use CTEQ6L1 and

d:q (T, pup) = Al dx, Al dx25(f—X1X2){fq(x17ﬂF)fa(x27/iF) +f@<xl’ﬂF)fq(x2’ﬂF)}’

1
diq (T’/‘F) :A dx, Aldx25(7—x1x2>{fq(x1,ﬂF)fq’(xz’ﬂF) +fq’(x1vﬂF>fq(x2’ﬂF)}‘

(31)

(32)

CTEQ6M PDFs [49] for LO and NLO calculations,
respectively, and vary the factorization scale up and
the renormalization scale up, where the latter enters at
the NLO, to see uncertainties of the cross section
calculations. In the top panel, NLO (LO) cross sections
are plotted in solid (dashed) lines as a function of myz-.
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Cross sections of pp — H""H™~ (left) and pp — H"tH~ (right) processes at the LHC with /s =7 TeV

evaluated at LO and NLO with CTEQ6L1 and CTEQ6M PDFs, respectively. The K factors are also plotted, which are defined as the
cross sections evaluated at the LO and the NLO with varying the scales u> = u% = u% for 0*/10 < p* < 1002 divided by the LO cross
section evaluated with u> = Q2. For the second process, my: = my-+ is assumed.
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FIG. 6 (color online).

For each order, two lines are drawn which correspond to
the maximum and minimal values by varying y = up =
up from p?> = Q?/10 to u?> = 1002, where Q is the
invariant mass of the final-state scalar pair. Thus, the
difference of the two lines indicates the uncertainty of
the calculation by the choice of the scales. In the bottom
panel, the corresponding K factors are plotted, which are
defined as the ratios of those cross sections to the LO
cross section evaluated with y> = Q2. For both processes,
the K factors are about 1.2. The scale uncertainties are
typically the 5% (10%) level for the NLO (LO) calcu-
lation, while these are suppressed accidentally at around
mpy+= = 80 GeV. The uncertainties from PDFs are found
to be about 3% for the lower mass regions but about 10%
for the higher mass regions.

— ———
1 -
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The same figures as those in Fig. 5, but for /s = 8 TeV.

We also show the same figures but for /s = 8 TeV in
Fig. 6. For the reader’s convenience, in the Appendix, we
present tables for the cross sections and their uncertainties
for all the processes in Egs. (25) and (26) for various values
of my=+ and various collision energies at the LHC.

The other H** production processes, i.e., the vector
boson fusion gQ — ¢’ Q'H** [18,24,30,35] and the weak
boson associated production gg' — W+ — H**W¥, are
induced by the H**W¥ W7 coupling which is proportional
to v, as shown in Eq. (12). Therefore, these production
cross sections are suppressed due to v, /v < 1.

IV. BOUND ON THE MASS OF H**

In this section, we discuss the collider signals for the
searches for H** at LEP and the LHC in the diboson decay
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scenario. Since there have been no dedicated studies in past
experiments, to our knowledge, we start to consider the
experimental constraint from relatively small mass regions
by using the precise measurement on the Z boson width at
the LEP I experiment. Expected signal events for H** in
the ete™ — H"TH™ process are studied for the LEP II
energy and luminosity. After that, we study the constraint
on H** in the inclusive same-sign dilepton events at
the LHC.

A.LEP1

The LEP experiment was operated with the electron-
positron collision at the center-of-mass energy on the Z
boson mass (LEP I) and up to about 209 GeV (LEP II). At
the LEP I experiment, the total decay width of the Z boson
has been precisely measured [50]. The measurement can be
used to constrain H¥* whose mass is smaller than half of
my independently of the decay modes of H**. For m .+
smaller than half of m,, the total decay width of the Z

|

o’

Gee(s) = a(l _4xHii)% Q%IQ% +

where V, = (T3 = 20,%)/(swew) and A, = T3/ (syey).
The searches for H** in the dilepton decay mode have
been performed at the LEP experiment [39]. We consider
the searches for H** in the diboson decay scenario.
Through the decays of H** into the (off-shell) W bosons,
it subsequently leads to various exotic signals, such as

|

(1=x2)0u0.V.Vy + :1; (Vi+A)VE
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boson receives a sizable correction from the partial width
for the Z - H*"H™~ decay as

Gpm% 4m2:t:t 3
T, grpg— = 1-2s2)(1-—H=) .
Z—HYTH 67r\/§( sty) m%

Using the current experimental data and the SM prediction
for the Z boson width [47], T',(exp)=2.4952+
0.0023 GeV  and T'z(SM) = 2.4960 + 0.0002 GeV,
respectively, we obtain the lower bound mpyee >
42.9 GeV at the 95% C.L.

B. LEP II

For my/2 < my++ < \/s/2, a pair production process of
HY* ete~ > HTTH, is utilized to search for H+* at
the LEP II experiment. The total cross section for this
process is given by

, 33
(=377 + 2%/ (33)

[
8-jets, lepton plus 6-jets plus missing energy, same-sign or
opposite-sign dilepton plus 4-jets plus missing energy,
trilepton plus 2-jets plus missing energy, and tetralepton
plus missing energy. Produced numbers of events for these
signals are estimated to be

N(8-jets) = o, - BIH** — jjjj)*- / Ldt, (34)

N(£*Eq + 64ets) = o,, - 2B(H** — jjjj)BH** — tvjj) - / Ldt, (35)
N(£*CTEr + 4-jets) = o, - 2B(H** = ¢6w)B(H - jjjj) - / Ldt, (36)
N(£*¢FEq + 4ets) = o,, - B(HY — £vjj)*- / Ldt, (37)
N(£XCEFEp + 24ets) = o,, - 2B(H™ — ¢6w)B(H — ¢vjj) - /Edt, (38)
N(¢T¢Y¢~¢"Ey) = 0, - B(H* - ¢¢w0)* - / Ldt, (39)

where £ = e, u but the signals with z’s are neglected for simplicity.

In Fig. 7, we plot the expected number of events for these signals as a function of my++ at the LEP II experiment. We
calculate the expected number of events by collecting the cross sections for various collision energies and integrated
luminosities listed in Table I [51]. As a reference, the number of event for the total H*"H~~ production is also plotted.
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FIG. 7 (color online). Estimated number of events for various
signals in the eTe™ — HTTH™™ process in the diboson decay
scenario at the LEP II experiments as a function of my+:. The
total number of events for the ete™ — H™"H™ production is
also plotted. The collision energies and the integrated luminos-
ities collected at the LEP II experiments are listed in Table I.

Although the signal of a tetralepton plus missing energy
can be compared with the results for the ete™ —
HT™H™™ — ¢T¢T¢~¢~ search [39] which requires the
four charged leptons exclusively, no substantial bound can
been derived in the diboson decay scenario because of the
suppression of the number of signal events by B(H** —
£*¢*w)? whose numerical value is figured in Fig. 2. Up to
our knowledge, there have been no dedicated studies on
these signals as direct searches for the same-sign diboson
decay of H** at the LEP II experiment.

For the signals which include same-sign dileptons in
Eq. (36) or trileptons in Eq. (36), we wonder if there can be
a chance to find evidence for H** at the LEP II experiment.
For example, if we assume that these signals can be
discovered if the expected number of events exceeds ten,
mpy+= = 85-90 GeV can be explored at the LEP II experi-
ment. The signal of a lepton plus 6-jets plus missing energy
is similar to the process ete™ — WTW~ — £*ujj [52].
Because the invariant mass of jets is close to my, for the
latter process, the separation of the two processes seems
possible. The detection of the 8-jets event should be
suffered by a background contribution from QCD events
and WHW~ production in the all hadronic decays channel
[51]. However, detailed analysis on the event topology
variables or shape variables, such as thrust or acoplanarity,
may be used to discriminate the signal events from the

TABLE 1.  Collision energies /s and integrated luminosities £
at the LEP II experiments [51].

Vs [GeV] 188.6 191.6 195.5 199.6 201.8 204.8 206.5 208.0
L [pb~'1 176.8 29.8 84.1 833 37.1 79.0 130.5 8.6

PHYSICAL REVIEW D 90, 115018 (2014)

background [53,54]. To draw a concrete conclusion, one
needs more detailed studies on the detection efficiencies
for these signals, a realistic estimation of the background
processes, etc., which are beyond the scope of this paper.
Analyses using the real data at the LEP II experiments are
also desired.

Consequently, by using the data as far as we could
handle, we obtain the bound my=+ > 43 GeV from the I',
measurement at the LEP experiment, although the bound is
quite solid, i.e., independent of the decay of H**.

C. Bound from LHC data

Let us consider the constraint on m == in the diboson
decay scenario by using the current LHC data. As
explained in Sec. II B, the main production mode for
H** is the pair production pp — Z/y* - H**H™~ and
the associated production pp — W* — H**HT at the
LHC. Among the various final states in the diboson decay
of H**, the /*¢*vv final state brings the most clean
signature at colliders, since the background contribution
can be suppressed for the signals with same-sign dileptons.
Thus, we consider that the experimental signatures suited
for the discovery are

pp = HY"H™ + X —» 04 E; + X,
pp = H**HT + X - (*¢*E; + X, (40)

where £+ denotes e* or u*. The theoretical cross section
for the same-sign dilepton signal can be estimated to be

o(CEEr + X) = [o(H"H™™ + X) + o(H**HT + X)]
x B(H* —= ¢+ ¢*w). (41)

To obtain the direct bound on H**, we apply the results
of the same-sign dilepton search reported by the ATLAS
Collaboration [45] using the data at the collision energy of
7 TeV and the integrated luminosity of 4.7 fb~!. From the
data, 95% C.L. upper limits Nys for the event number for
the process including the same-sign dilepton have been
derived. In Ref. [45], the limits are separately given for
ete®, ptu*, and e*yu™ channels after imposing several
choices of the cut on the invariant mass M, of the same-
sign dilepton. The 95% C.L. limit for the fiducial cross
section o7 is obtained by

N
B = 42
Gﬁd fﬁdl * Efid ’ ( )

where €5 is the efficiency for detecting events within the
detector acceptance and f Ldt is the integrated luminosity
4.7 fb~!. The efficiencies are also given in Ref. [45]
reading 43%—-65% for the ee channel, 55%—70% for the
ey channel, and 59%—72% for the pu channel depending
on the assumption about momentum distributions of the
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TABLE II.  Table of the total cross sections, branching ratio of H**, and the efficiencies of acceptance and kinematical cuts for the
utu™ searches at the LHC with 7 TeV for my++ = 40-100 GeV. The resulting fiducial cross section is also listed.

M s 40 50 60 70 80 90 100 [GeV]
O (pp — H™ H™) 120. 6.95 2.90 1.56 0.93 0.594 0.398 [pb]
NO(pp — HTTH™) [my= = myp+] 65. 8.76 3.69 1.94 1.14 0.725 0.485 [pb]
BH™ - ptutw) 2.22 2.22 2.21 2.19 2.16 1.98 1.61 [%]
ea (P4 > 20 GeV and |;7”| <2.5) 0.63 6.1 12. 17. 22. 24, 23. [%]
ex (M, > 15 GeV) 78. 89. 94, 96. 98. 98. 99. [%]
oid(pp = prut + X) [my+ = my==] 20.2 18.9 16.4 12.5 9.6 6.1 3.2 [fb]

charged leptons. We find that the data for the y* ™ channel
with the invariant-mass cut M, > 15 GeV give the most
severe constraint on my=+. Thus, hereafter, we present a
detailed comparison of ofy given in Ref. [45] with the
fiducial cross section evaluated by ourselves for the p*u™
channel with a cut of M, > 15 GeV. Theoretical estima-
tion of the fiducial cross section is given by

Ofia = Otor - B - €, (43)
where €, is the combined efficiency of kinematical
acceptance and kinematical cuts. In Table II, our estimation
for each factor is summarized. In the first and second
rows, the total cross sections for pp — HTTH™ and
pp — H™TH™ processes at the NLO are listed as a
function of my==, where mpy: = my=+ is assumed for
the second process. We set 5% uncertainty for the cross
sections independently of my+: from the scale uncertainty
and the PDF uncertainty. The branching ratio of H** into
the same-sign dimuon plus missing momentum is also
listed in the third row in Table II.

The efficiencies of detector acceptance and kinematical
cuts are separately estimated by using the Monte Carlo
simulation at the parton level. In order to generate the signal
events, we use MADGRAPHS [55] and CTEQG6L PDFs [49].
In Fig. 8, we show the distributions for the signal events in

the transverse momentum of a muon, the missing trans-
verse momentum, and M, for my+ = 40-100 GeV to
check the shape of the distributions and their mass
dependence. According to Ref. [45], the kinematical cuts
by detector acceptance are taken as

Pr > 20 GeV, In,| < 2.5, (44)
where p4 and 17, represent the transverse momentum and
the pseudorapidity of a muon, respectively. In addition, a
cut on M, > 15 GeV is applied. In the fourth and fifth
rows in Table II, the efficiencies by the kinematical
acceptance for muons and that by the kinematical cut on
the dimuon invariant mass are listed, respectively. Because
only the muon momenta are measured, our parton-level
analysis is expected to be a good approximation to the
realistic detector-level observation. Finally, in the last row,
we list the fiducial cross section as a function of myz-,
calculated by using the numbers in the upper rows. The
fiducial cross section takes its maximum value at around
my++ = 40 GeV, because that for a lower mass is signifi-
cantly reduced by the acceptance cut.

In Fig. 9, the fiducial cross section for the y*u™ events is
plotted as a function of my++ by a dark green band, where
its width indicates 5% uncertainty for the total cross section
at the NLO. For the comparison, the LO results previously

S
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FIG. 8 (color online).

Normalized distributions of p; of muons, missing transverse momentum, and the invariant mass of the same-

sign dimuon for the inclusive pp — (H™" = pu"puTvv)X process at the LHC with /s = 7 TeV. Distributions are evaluated by using

MADGRAPH [55] with my+: = 40, 60, 80, and 100 GeV.
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FIG. 9 (color online). The fiducial cross section for the pytu™
events at the LHC with /s = 7 TeV as a function of m . Dark
green and light green bands show the estimated fiducial cross
sections at the NLO and LO, respectively. The widths of the band
come from the 5% (10%) uncertainty for the production cross
sections at the NLO (LO). The horizontal thick (thin) band shows
the (expected) 95% C.L. upper limit from the data with the
integrated luminosity of 4.7 fb~! (20 fb~!).

obtained in Ref. [33] are also shown in the light green band
where 10% theory uncertainty is taken into account. An
orange-shaded band gives the 95% C.L. upper limit for the
fiducial cross section obtained in Ref. [45] by using
4.7 fb~! data. The width of the data band comes from
the uncertainty of g5y for the yp system between 59% and
72% [45]. By taking a conservative examination, H** is
excluded for mpy:z <60-68 GeV in the diboson decay
scenario, depending on the value of €4 in Ref. [45]. We
emphasize again that this is the first verification by using
the collider data on the searches for H** in the diboson
scenario. We find that a stronger mass bound is obtained by
using the LHC data more than the bound obtained via the
I'; measurement at the LEP experiment. The red-shaded
band is drawn by extrapolating the ATLAS results to those
for 20 fb~! by assuming that the upper limit of the cross
section atg—lfi becomes small by a factor of 2. By comparing
the extrapolated band with the theoretical cross section,
we obtain that the regions of my:: < 85-90 GeV can be
surveyed by using the existing LHC data with 20 fb~'. We
note that the difference of the signal cross sections from 7 to
8 TeV is not taken into account for this extrapolation, since
we do not know how the background cross sections scale at
the same time. The analysis for the 8 TeV run should be
revised by taking into account the change of these cross
sections as well as the efficiencies provided from the
experimental measurements.

We remark that the lower bound obtained in this analysis
can be improved by taking into account the following:
(i) The other source of extra H** from the decay of H* is
not considered here, for simplicity, since the decay rate of

PHYSICAL REVIEW D 90, 115018 (2014)

H* — H*WT depends on the other parameters in the
model [28]. To count the H** production from the decay of
H*, all the processes of H* production have to be also
taken into account [26,28,29,31], such as pp - H H™,
pp — H*H, and pp — H*A. (ii) Although we have
studied the same-sign dileptons only from the decay of
H**, they can also appear in the decay of H*; e.g.,
H* - W*Z — ¢+¢*¢~v [28]. However, the decay of H*
also strongly depends on the mass difference among the
triplet Higgs bosons, Am = my+ — my:=, so that we here
neglect these contributions as a conservative assumption.
(iii) The mass bound obtained in our analysis is somewhat
lower than that estimated in Ref. [30] for the same collision
energy and integrated luminosity. This is partially because
of the difference between their estimation for the back-
ground events and the real data and partially because of
the difference of the analysis cuts. Although we have used
the experimental data for the inclusive same-sign dilepton
production, it has been studied that a requirement of
relatively hard jets in addition to the same-sign dilepton
can enhance the significance for discovering H** [30,36].
In the future LHC run with /s = 13-14 TeV, the mass
bound can be further improved by such an optimized
analysis.

Finally, we comment on further observations after the
discovery of H**, such as the determination of its proper-
ties and searches for the other tripletlike Higgs bosons. If
H** are discovered by the #*#*wv events, the observa-
tions of the other signals which come from the hadronic
decays of the (off-shell) W bosons are important to indeed
conclude the diboson decay of H**. The electric charge of
H** shall be determined from the charges of the same-sign
dilepton as discovery signals in either the dilepton decay
scenario or the diboson decay scenario. In the dilepton
decay scenario, the mass of H** can be easily determined
by the sharp peak in the invariant-mass distribution of the
same-sign dilepton. Angular distributions of leptons dis-
criminate the spin of H**. In addition, if H** — 77+
decays are available, the spin of H** can be directly
observed by using the spin correlation of the two recon-
structed 7 leptons [56]. On the other hand, in the diboson
decay scenario, the determination of the mass of H* is
not straightforward but still possible at hadron colliders by
using the end-point behavior of the transverse mass
distribution constructed from the dilepton momenta and
the missing transverse momentum [28]. Moreover, the
method using the lepton energy distribution [57] may be
also applicable, since clean signal events can be extracted in
the sense of the kinematical cuts for leptons and the SM
background contributions. Observation of the spin of H**
may be performed in the same method as the observation of
the spin-0 nature of the SM-like Higgs bosons at the LHC
[3]. The searches for the other tripletlike Higgs bosons will
be performed at the future LHC run and also at future
lepton colliders, such as the International Linear Collider
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TABLE IIL
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Total cross sections at the NLO with CT10 PDFs for H** production processes at the LHC with /s = 7 TeV. The errors

show the uncertainty by varying the scale y = up = ur as 0>/10 < u> < 10Q? and the uncertainty in the PDFs, in order. For the second

and third processes, my: = my=+ is assumed.

LHC /s =7 TeV, NLO with CT10 PDFs

Mass [GeV] o(HT™"H™") [pb] o(H""H™) [pb] o(H"H™™) [pb]

50 7.19 % 10° “owe 354 9.01 x 10° “o7% ik 5.60 x 10° “o7% a2k
60 298 x 10° Z03% 364 3.78 x 10° “0% i 2.26 x 10° Soiik a3
10 L6OX 100 RERE 1esx10 B Lot
80 9.51x 107! o0k Taon 1.16 x 10° 0o% a9 6.50 x 107! oo T4ty
90 6OTx10RERSE a0t REAE 400xa07 R
100 4.06 x 107! Toan T2 492 x 107! 0 s 2.60 x 107! Py il
120 200107 HEERSE 244107 R 123xa07 i
140 L10x 1070 HEERE 13ax10” NS easxa0? ER
160 641x107 HEIEE 701x107 HERE 3e6x107 AR
180 3.94 x 1072 3% taea 491 x 1072 B 2.19 x 1072 etk
200 2.52 %1072 o Tein 3.18 x 1072 0% S 1.37 x 1072 e e
250 935x 107 BEIE 121x107 REHE a0t g%
300 95107 REMEE s2x100 QRIS 196x107 EnE
350 L82x10° REENE 24sx10° SERE smxi0t Qg
400 BOIX107 My 122x10° Al 4dexlott i

(ILC) [58] and Compact Linear Collider (CLIC) [59,60].
Since the heavier tripletlike bosons would decay in the
cascade type, the searches at the LHC may be difficult and
there can be an advantage for the searches at future lepton
colliders [61]. Searches for the tripletlike Higgs bosons at
photon colliders are also discussed in Refs. [16,62].

We close this section with comments on the diboson
decay of H** in the other SU(2), multiplet. In general, an
SU(2), scalar multiplet ¢ which contains both the doubly
charged @** and neutral ¢° components can have the
@TEWFTWT vertex at tree level, when ¢° acquires a
nonzero VEV.* Although the bound obtained in this paper
is limited for the triplet scalar, the same searches can be
applied to them by adopting the appropriate production
cross section and branching ratio.

V. CONCLUSION

We have investigated the collider phenomenology of
H** in the HTM, focusing on the scenario where H**
mainly decay into the same-sign diboson. Such a diboson
decay scenario can be realized in the case with v, >
0.1-1 MeV and Am <1 GeV as shown in Fig. 4. We have
shown that the decay branching ratio for the H** —
£*¢*vv decay with a s.f. dilepton is enhanced by up to

*An effective SEEWFWTF vertex for the singlet scalar boson
S** was recently discussed in Ref. [63].

80% for mpyi: < 2my due to the interference effect.
Total production cross sections of pp - H™H™~ and
pp — H*THT are calculated up to the NLO in QCD. The
predicted cross sections are enhanced by about 20% from
those at the LO. These arguments are found to be important
to search for H** in the diboson decay scenario in
relatively small mass regions.

Since there have been no dedicated studies for the search
for H** in the diboson scenario, we have discussed the
constraints at the past collider experiments. At the LEP
experiment, by comparing the total decay width of the Z
boson with the partial decay rate of Z — H*"H~~, we have
found that my++ < 42.9 GeV is excluded at the 95% C.L.
We also have calculated the number of events for various
final states deduced from ete™ — HTTH~~ at the LEP II.
Although the signal with tetraleptons plus missing momen-
tum cannot be used to derive a constraint on m ==, due to
the reduction of the signal cross section by a square of the
branching fraction of H*™* — #*¢*uv decay, the other
signals which include a same-sign dilepton can be useful
for the search for H** in the diboson decay scenario. We
have finished our discussion by emphasizing a need of
dedicated analysis for these signals by using the data from
the LEP II experiment.

We then have discussed the searches for H** in the
diboson decay scenario at the LHC and also have discussed
the bound on the mass of H** from the current data. In
order to find evidence of H** in relatively lower mass
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TABLE 1V. The same as Table III, but for the LHC with /s = 8 TeV.

LHC /s = 8 TeV, NLO with CT10 PDFs

Mass [GeV] o(H™"H™") [pb] o(HTH™) [pb] o(HTH™™) [pb]

30 852100 BESE leex10' EESIE ek’ GEaE
60 3.57 x 10° NERN arxo RS N NPT
70 LB I00 SR 236x100 RN l0xi0 Y
50 L6 10PN L0x100 RN 803x107 REN
9 a0t ERE soa0t SEAE a0t N
100 S0Lx 107 NS 598107 WS 326x107 i
120 252107 ARG s0ixa07 MEAE st gm
140 130107 RESNE resxi0t HEEE saxi0t HHEn
160 825x102 AN 100x 107! HEE ka0 e ot
180 5.14 x 1072 Myl y i 6.30 x 1072 Hog Hi% 2.92x 1072 on Ttk
200 334x102 IS am3xa0? M 185x107 e
250 12810 BEOE exa0t R esxa0 3
300 S62x107 BN 730x10° B 287x107 et R
350 268107 GREISE asex107 QAN amxi0t R
400 L1070 s o SERNE 6ssxaot Ry
TABLE V. The same as Table III, but for the LHC with /s = 13 TeV.

LHC /s = 13 TeV, NLO with CT10 PDFs

Mass [GeV] o(HT H™™) [pb] o(H"H™) [pb] o(H"H™™) [pb]

50 2263100 AERE 20100 GESE lex100
% 1.48 x 10 R 170X NEAE S 10sx 10 s
100 LO2X100 SR lIex 100 NSl x0T i
120 3100 RERE 607x107 RERE Akt REgE
140 3.07 x 107! oo aee 3.50 x 107! oo Latk 1.97 x 107! oo Taae
160 L8ox 107 RS 2a7x0t MEIEE Lsxa0t
180 1.22 x 107! i Tate 1.41 x 107! e Taie 7.48 x 1072 T a% Ta0a
200 823107 PRSI 9sx107 ISR 405x10?
250 348 x 1072 Myt sy 4.14 x 1072 i T 2.01 x 1072 % 50
300 L6Sx 107 IEEEE 203x 107 SR esaxao® dgrise
350 882x107 QWA 109x107 HEIE S amxi0? 4y
400 495x 10 BERE 622x107 BEESNE 261x100 3lEee
450 200107 CHESE 372x107 SR s0x107 HEE
500 17X 10 BRI 231x107 BEAE o00x107 S
350 LIS 10®  REtE asx10® AR ssexa0t  agan

regions, we treat the theoretical framework for the inclusive ~ and the kinematical cuts. By combining them, we have
same-sign dilepton signal, which consists of total cross  evaluated the theoretical prediction for the fiducial cross
sections for H** production at the NLO, the decay  section for the same-sign dimuon events. By comparing it
branching ratio into the same-flavor dilepton decay with  with the upper limit reported by the ATLAS Collaboration
interference effects, and efficiencies for detector acceptance ~ using the 4.7 fb~! data at the 7 TeV run, we find that the
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TABLE VI. The same as Table III, but for the LHC with /s = 14 TeV.
LHC /s = 14 TeV, NLO with CT10 PDFs

Mass [GeV] o(H*TH™™) [pb] o(H"TH™) [pb] o(H"H™™) [pb]

80 2.49 x 10° Zoo S34n 2.87 x 10° Coa 1.83 x 10° Coo e
5% Lo 0 ECME a0 SR a0 e
100 113100 WERE sk WO asaxa0n ag
120 SOxI0T PRI e7belol RS asexiot pmen
140 34310 ERE mxiot A amsaot! g
160 212107 RERSE 2dbxlol RS dcol g
180 L3107 I sk 107 M gsyxa0 0
200 93102 PIE L0sxl0l g secio? e
250 399x107  MHENEa70x107 QERE 233xi0?
300 Lonx 10 RS 230 ST 002 s
350 1.03 x 1072 ot tsen 126 x 102 EER PP 5.66 x 1073 e b
400 SESx 107 BRI 72810t HEEE a0t e
450 349 % 1073 sk tean 441 x 107 o 180 1.82 x 107 ey
s00 2106100 IS 270100 CHEEE Loxio® S
550 1381070 Bemew 79x 100 s eo3x a0t

lower limit of my:+ in the diboson decay scenario is
revised to 60-68 GeV depending on the estimation of the
signal efficiency in the search. We have estimated by
naive extrapolation that the limit can be extended up to
85-90 GeV, if full analysis with the available 20 fb~! data
set at the 8 TeV run is performed.

Our analysis shows that relatively light H** with
my=- =100 GeV are still allowed if H** dominantly
decay into (off-shell) dibosons. In the near future at the
LHC run with 13-14 TeV, the searches for H** in the
diboson decay scenario will be performed to push the limit
toward a few hundred GeV [30,36]. At the future lepton
colliders, such as the ILC [58] and CLIC [59,60], we also
have a chance to study the properties of not only H** but
also the other tripletlike Higgs bosons [61] as long as the
masses of them are within the reach of these colliders.
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APPENDIX: H** PRODUCTION CROSS
SECTIONS AT THE LHC

In this Appendix, we present the cross sections for H**
production at the LHC. We consider the three processes
pp—> H™H™, H""H~, and H*H™~ at the LHC with
Vs =17,8, 13, and 14 TeV. We evaluate the total cross
sections at the NLO in QCD [48] with CT10 PDFs [64]
and also their uncertainties by taking into account the
scale ambiguity and the PDF uncertainty. For the latter
two processes, the mass of H* is taken to be my+ = my:+
for simplicity.

The scale ambiguity is estimated by seeking the maxi-
mum and minimum cross sections by varying the factori-
zation and renormalization scales y = up = up in the range
07?/10 < u < 10Q?, where Q is the invariant mass of the
final-state scalar pair. The PDF uncertainties are calculated
according to the Hessian method with 26 eigenvector set
provided in Ref. [64].

In Table III, the total cross section at the NLO with
u = Q, its uncertainties from the scale choice, and the PDF,
in order, are presented for the three processes for various
values of my++ at the LHC with /s =7 TeV. The same
results but for /s = 8, 13, and 14 TeV are also presented in
Tables IV, V, and VI, respectively.
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