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CMS and ATLAS have searched for a doubly-charged boson H** which may arise from type II seesaw
in the 7 TeV run at the LHC by considering pair or associated production of doubly-charged bosons
under the assumption of degenerate triplet scalars. In this work, we consider non-degenerate triplet
components with the mass gap AM ~ 1-40 GeV which leads to enhanced pair-production cross-sections
of H** added by the gauge decays of the heavier neutral and singly-charged bosons. We reevaluate

the constraints in the AM-My++ plane depending on the triplet vacuum expectation value v, in the
type II seesaw model which are much more stringent than the current search limits. We further study
the possibility of observing same-sign tetra-lepton signals in the allowed parameter space which can be
probed in the future runs of the LHC.

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

1. Introduction

One of the key questions in physics beyond Standard Model is
the origin of the neutrino masses and mixing. It can be attributed
to an SU(2) triplet boson which couples to both the lepton dou-
blet fermions and the Higgs doublet boson realizing the so-called
type Il seesaw mechanism [1]. An essential feature of this scenario
is the presence of a doubly-charged boson H** whose decay to
same-sign di-leptons with different flavor states may allow us to
probe the neutrino mass structure at the LHC [2]. CMS [3] and AT-
LAS [4] have searched for doubly-charged bosons at /s =7 TeV
with about 5 fb~! of integrated luminosity of data. CMS have con-
sidered three- and four-lepton final states coming from the associ-
ated production process pp - H*tH™ — Kﬂfﬁk’ v [5-7] and the
pair-production process pp - HTtH™— — e;re;rzk—e,— [8] to put
constraints on the doubly-charged boson mass Mpy++ in four dif-
ferent benchmark points that would probe different neutrino mass
structure. On the other hand, ATLAS looked at same-sign di-lepton
(SS2L) signals to probe H¥* in pair-production of doubly-charged
boson at the LHC. In their analysis, they put strong bound on lep-
tonic branching fractions of the doubly-charged boson depending
on its mass.

In both analyses, degenerate masses for the triplet bosons,
H**, H*, HY and A? are assumed, which is possible only when

* Corresponding author.

a particular scalar coupling called A5 in the scalar potential van-
ishes. But there is no reason to assume this particular coupling to
be zero. Indeed, interesting phenomena arise for non-vanishing s
[2,9-11]. When A5 is positive leading to AM = Mpy+ — My++ =~
My g — My+ > 0, H** is the lightest among triplet scalars and
other triplet scalars decay dominantly to H¥* through cascade de-
cay associated with several W¥ * in a large parameter space of 1s.!
In this parameter space, pair-production cross-section is enhanced
significantly since other (pair and associated) triplet production
channels contribute to pair-production of doubly-charged bosons
through the cascade decays of the pair/associate-produced heav-
ier components H* or H?/A%: HO/A? - HE*WF — HFWFWT.
This leads to a more stringent bound on doubly-charged boson
mass Mp++ as compared to the current CMS and ATLAS bounds.
In this Letter, we evaluate the exclusion regions in the My++-
AM plane in the type Il seesaw model utilizing the search strat-
egy employed by CMS and ATLAS Collaborations. We consider As
(and thus AM) to be non-vanishing and thus expect much stronger
bound on My++ than obtained by CMS and ATLAS. This bound
depends also on the triplet vacuum expectation value v, which
controls the ratio of the branching fractions for H*+ — l,.Jrl;r and

WTWT through the neutrino mass relation [2]. For the illustra-
tion of our analysis, we choose three different values of v to
examine the parameter regions of (My++, AM) allowed by the
current data and then look for the possibility of observing same-
sign tetra-lepton (SS4L) signal [13] at 8 TeV LHC (LHC8), and

! The mass gap AM is restricted by |AM| < 40 GeV independently of My++ due
to electroweak precision constraints [12] and thus the associated W* are always
off-shell.
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13 TeV LHC (LHC13) with 20 fb~! and 100 fb~! integrated lumi-
nosities, respectively. When v > 10~ GeV, the branching frac-
tion of HY+ — WHWT is almost 100% resulting in highly sup-
pressed same-sign di-lepton [14] or four-lepton signals [15] from
W decays and thus very loose bounds on My++. We take v as
large as 2 x 10~* GeV for which the branching fraction of Ht*+ —
I*I™ is around 20% and thus still a sizable number of four-lepton
final states can arise. Note that SS4L signals arise due to a novel
phenomenon of the triplet-antitriplet oscillation guaranteed by
a tiny mass splitting between H® and A° related to the neutrino
mass, which leads to pair-production of same-sign doubly-charged
bosons after the chain decays of H?, A — H* — H** allowed by
sizable AM [13].

2. Type Il seesaw model

When the Higgs sector of the Standard Model is extended to
have a Y =1 complex SU(2); scalar triplet A in addition to the
standard doublet @, the gauge-invariant Lagrangian is written as

L= (D,®) (D*®) +Tr(D, A (D A) — Ly — V (@, A)

where the leptonic part of the Lagrangian required to generate
neutrino masses is

Ly = fiL{ CitaALj+ H.c. 1)

and the scalar potential is

V(®,A) =m? @ 4 11 (70)” + M2Tr(ATA) 4 25[Tr(aTA)]?
+ 13Det(ATA) + a4 (0T@)Tr(ATA)
+1s5(eTr@)Tr(AT7A)

1 [%M(QDTI"QA@)—I—H.C}. (2)

Here used is the 2 x 2 matrix representation of A:

+ ++

A:(AA/Oﬁ AA+ ) 3)

—AY/V2
Upon the electroweak symmetry breaking with (®°%) = vg/+/2, the
u term in Eq. (2) gives rise to the vacuum expectation value
of the triplet (A%) = va/+/2 where vo ~ uv3/+/2M2. For non-
vanishing v, the neutrino mass matrix is generated as a product
of the leptonic Yukawa coupling (1) and va:

M = fijva. (4)

This allows us to reconstruct the Yukawa matrix fj; from the cur-
rent neutrino oscillation data up to unmeasured CP phases and
mass hierarchy. For our analysis, we use two neutrino mass ma-
trices for normal and inverted hierarchies derived in Ref. [13] as-
suming vanishing CP phases.

After the electroweak symmetry breaking, there are seven phys-
ical massive scalar eigenstates denoted by H**, H* HO9, A, hO.
Under the condition that |[§] < 1 where & = va/vo, the first five
states are mainly from the triplet scalar and the last from the dou-
blet scalar. For the neutral pseudoscalar and charged scalar parts,

¢+ — G+ + \/ESH+,
At =Ht —V2gct (5)

¢ =G° —26A°,
A9 =A% +2¢6°,

where G? and G* are the Goldstone modes, and for the neutral
scalar part,

¢2 =h° —agH",

AY = HO 4 agh® (6)
where a =2+ 4(4h — As — h5)M3, /gZ(MiIO — Mﬁo). Neglecting the
triplet-doublet mixing, the masses of the triplet bosons are

Ag — A5

Mipes = M? 2= My,

A
2 2 5002
Mizs = Miss +225Miy.
A5
2 2 2
MHO’A(]:MHi—l-ZEMW. (7)

The mass of the Standard Model boson h° is given by m?, = 41v3,
as usual.

Eq. (7) tells us that the mass splitting among triplet scalars to
the linear order for small splitting (that is, for |As|Mw < gM) can
be written as

AsM
AM ~ SgW. (8)

Furthermore, depending upon the sign of the coupling As, there
are two mass hierarchies among the triplet components: Mpy=+ >
Mpyz > Mo, 40 for As < 0; or My== < Myx < Mpo, 40 for As > 0.
In this work, we focus on the latter scenario, where the doubly-
charged scalar H¥* is the lightest so that it decays only to liilf

or WEW= whose coupling constants are proportional to f;j or &,
respectively:

L= %[f,-jlfPLlj+g.§MWW’W’]H+++h.c. (9)
Thus the branching fraction for Ht+ — l;“l}' is completely deter-
mined for given v, and the neutrino matrix (4). On the other
hand, H%/A® (H*) decays mainly to HE¥WF* (H¥*W¥*) unless
the mass splitting AM is negligibly small.

The di-lepton decay rates of H** are given by

1

| fijI?
ﬂiszF(A++—”‘+lj‘+)=5ﬁMA++ (10)

where S =2(1) for i # j (i = j). From the neutrino mass relation,
Mi‘j = fijva, one gets the total di-lepton rate which is inversely

: 2.
proportional to v4:

n=Y Iy = L m—gm (11)
= - lilj - 167 VZA At
ij

where m? =3 m‘%l_ is the sum of three neutrino mass-squared
eigenvalues. On the other hand, the di-W decay rate I'yw =
r'(Htt — W*wH) is proportional to v4, and thus the lep-
tonic branching fraction BF(H** — ItI7) = I} /I'y++ is a sen-
sitive function of va. In Fig. 1, we provide a plot for the lep-
tonic branching fraction depending on v for two values of
Mpy++ =200 and 500 GeV, reproducing the previous results [6,11,
14] though for different H** masses. For our collider analysis in
the following sections, we will take three example values of v to
discuss the dependence on the leptonic branching fraction and the
mass gap.

Given the neutrino mass matrices for the normal (NH) and in-
verted (IH) hierarchies [13], the individual di-lepton decay rates
I},; normalized by the total leptonic decay rate [} are given by

Ty /T (%) ee ep et o 74 TT
NH 062 511 051 268 356 314 (12)
H 471 127 135 117 237 149
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Fig. 1. Branching fraction of H** — ¢*¢* as a function of triplet vacuum expecta-
tion value v for My++ =200 GeV and 500 GeV.

For given v one can read off the flavor-dependent branching frac-
tion BF(Ht* — liﬂf) = I,/ Ty++ combining Eq. (12) and Fig. 1.

An important quantity for an SS4L signal is the mass splitting
SMpa between H and A° which is much smaller than the mass
difference AM between different triplet components. The i term
in Eq. (2), which is lepton number violating, generates not only the
triplet VEV:

vy
VA= s
V2MZ,

but also the mass splitting between the heavy neutral scalars,
8MHA EMHO _MAO:

(13)

2 M?2
v
SMpa =2Mpo—5 ——H° . (14)
v MH0 —my,

As will be shown later, My, can be comparable to the total decay
rate of the neutral scalars, I'yo,40, for a preferable choice of va,
which enhances the same-sign tetra-lepton signal [13].

3. Constraining AM-Mpy=+ from SS2L signals

As stated earlier, CMS and ATLAS both have assumed degen-
erate triplet scalars and thus could only study the process pp —
HTTH~~ in their analyses. In type Il seesaw model, when scalar
coupling A5 > 0, there are several triplet scalar production pro-
cesses which can contribute to pair-production of doubly-charged
bosons which are listed below:

1. pp - H**HT followed by HF — HFFW=**,

2. pp — HEHT followed by HF — HFFW**,

3. pp — HEHO/AO followed by H°/A® - HFW=** and H* —
HEEWF*,

In Fig. 2, we plot the branching fraction of H¥ — H¥*W¥* in
the vo-AM plane. Similar analysis has been made in Refs. [9-11,
13]. The purple and pink regions denote the parameter space
where BF(H* — HT¥*WF*) is greater than 90% and 50% respec-
tively. As can be seen from the figure that when there is non-zero
mass splitting among the triplet scalars, there can be large pa-
rameter space where this BF is dominant. Furthermore this would
lead to a significant enhancement in the number of events for

10

2 — —

90%

50%

0 L

106 10 104 103
va (GeV)

Fig. 2. Branching fraction of H¥ — H¥*W¥* in the vo-AM plane for My++ =
300 GeV. The purple and pink regions denote the parameter space where BF(H* —
H*:WF*) is greater than 90% and 50% respectively. (For interpretation of the ref-
erences to color in this figure, the reader is referred to the web version of this
article.)

pair-production of doubly-charged bosons and thus may result in
a more stringent constraints on doubly-charged boson mass My++.

One of our aims in this Letter is to revise the constraints on
Mpy++ obtained by CMS and ATLAS after including all the processes
which contribute to pair-production of doubly-charged bosons. We
use CTEQ6L [16] parton distribution function (PDF) and the renor-
malization/factorization scale is set at 2My+. CALCHEP [17] is
used to generate the parton level events for the relevant pro-
cesses. Then, using LHEF [18] interface, we pass these parton
level events to PYTHIA [19] for fragmentation and initial/final
state radiations. We use PYCELL, a toy calorimeter in PYTHIA,
for hadronic level simulation for finding jets using a cone algo-
rithm. For a more realistic simulation, we utilize the same analysis
strategy as employed by CMS and ATLAS Collaborations [3,4] in
the study of doubly-charged boson. We use selection criteria for
four-lepton events from Table 3 of the CMS paper [3]. As for the
same-sign dilepton analysis which was performed by ATLAS, we
put following selection criteria. Leptons must have a transverse
momentum above 20 GeV and be well isolated. In pairs where the
higher-pr lepton is an electron, it is required to have pr > 25 GeV.
All pairs of electrons or muons with the same electric charge are
considered. The invariant mass of the lepton pair must be larger
than 15 GeV, and for e*e® the region close to the Z-boson mass
(70 GeV < m(eTe®) < 110 GeV) is excluded due to a large back-
ground from Z — ete™ events with an electron charge misidenti-
fication.

In Fig. 3, we plot exclusion region in the M++-AM plane ob-
tained by including all the processes contributing to Ht+-H~~
pair-production for NH and IH in Eq. (12). In the left panel, we
utilize the four-lepton analysis as performed by CMS and in the
right panel, the same-sign dilepton analysis of ATLAS has been uti-
lized to constrain the parameter space in the M++-AM plane. Our
results, depending on the neutrino mass patterns (NH or IH), go
significantly beyond the analysis of Fig. 2 in Ref. [10] which used
preliminary data obtained by the CMS in 2011. For our analysis, we
consider three values of triplet vacuum expectation value, namely,
va =1076 GeV, 5 x 107> GeV and 2 x 10~* GeV. We find that the
parameter space is the most constrained for va =5 x 107> GeV
and the least for vo =2 x 10~* GeV. Notice that the constraints
are weaker for NH as BF(HT* — etet + utut +etut) is con-



EJ. Chun, P. Sharma / Physics Letters B 728 (2014) 256-261 259

| \“ _
|
- { 7 TeV, NH, CMS 1
S \
o |
g |
S ol |
S 10} .
| ‘ vp=2.10* GeV
vp=106 GeVv | |
| | \ | LAy 0 GeV \
100 150 200 250 300 350 400 450 500
Mp++ (GeV)
| 7 TeV, IH, CMS 1
f | |
S s‘
> ‘
o} |
S 10l |
5 10 “ ]
- vp=2.10% Gev EEEEE
| ‘ vp=100Gev ! L
| | 1A‘=5.1o-5 GeV
100 200 300 400 500 600
MH** (GeV)

| \ ]
|
o F ‘ 7 TeV, NH, ATLAS -
>
[} |
) |
S 10l _
3 10f “ 1
I | ]
- ‘ vp=2.10% Gev
vp=10C GeV | |
| | \ | | vae5109Gev
100 150 200 250 300 350 400 450 500
Mp++ (GeV)
3 7 TeV, IH, ATLAS -
= \
() \
©] \
S 0l ‘ _
S 10] \‘ 5
| ! ]
| ‘ ]
| vp=2.10* Gev [ |
| vp=10° GeV | L
vp=5.10 GeV
‘ L . . ‘
100 200 300 400 500 600
MH** (GeV)

Fig. 3. Exclusion region in the My++-AM plane utilizing CMS (left) and ATLAS (right) analyses for vy =2 x 10~ GeV, 10~% GeV and 5 x 10~ GeV. For the upper (lower)

panels, the NH (IH) neutrino mass pattern is assumed.

siderably smaller than that for the case of IH as can be seen from
the table (12).

From Fig. 1, one finds that BF(H** — ¢*¢*) is around 15%-40%
for vo =2 x 107% GeV when My++ is 200-500 GeV while for
VA =5 x 107% GeV and smaller, it is over 80%. Thus, the con-
straints on the doubly-charged boson mass gets stronger for
smaller va. Note that in Fig. 3 there appears a peculiar behav-
ior for vo = 107% GeV. When mass splitting AM is very small,
the bound on charged Higgs mass is very loose while for rel-
atively large AM > 10 GeV, constraints become comparable to
the case of vo =5 x 10~ GeV. This behavior has to do with
the branching fraction of, e.g, H* — H*TW™ shown in Fig. 2.
One can see that BF(HT — HT¥*WT*) is always below 90% for
va =107% GeV unless AM > 10 GeV, and thus none of the pro-
cesses for triplet production mentioned above will contribute to
pair-production of H** unless AM > 10 GeV. On the other hand,
for vA =5 x 107> GeV, the BF is more than 90% even for AM as
low as 2 GeV and thus have large number of events for HF*-H~—
production which lead to stringent constraints on My++ even for
small AM.

The gray region in My++-AM plane for AM > 38 GeV is ex-
cluded by considering electroweak precision constraints on As,
hence on AM [12]. This bound on AM is found to be inde-
pendent of doubly-charged boson mass My++. One can also see
that bounds obtained by utilizing ATLAS analysis are stronger than

those obtained by following CMS. This is because ATLAS Collabora-
tion have considered same-sign di-lepton signals coming from the
decay of only one doubly-charged boson in pair-production while
CMS have looked at four-lepton final states. It is clear that ATLAS
would have large number of signal events as compared to CMS.

4. SS4L signals at LHC8/13

Apart from the well-studied same-sign di-lepton signals, there
can appear also a novel phenomenon of same-sign tetra-leptons in-
dicating the neutral triplet-antitriplet oscillation [13]. Such a signal
would be an indisputable evidence for the discovery of a doubly-
charged boson in type Il seesaw. For this to occur, one needs a con-
dition for the oscillation parameter:
x= A ~ (15)

A0
where My, is the mass splitting (14) between two real de-
grees of freedom of the neutral triplet boson, and I'yo ~ I"'(A? —
HTW=*). Arising from the lepton number violating effect, sMya
is proportional to £2 and thus can be comparable to the decay rate
of I'yo ~ G%AM?’ /73 which is also quite suppressed for a small
mass gap AM ~ Myo — My+. Once the oscillation parameter is de-
termined, one can calculate the production cross-sections for the
same-sign tetra-lepton final states from the following formula [13]:
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Fig. 4. The quantity xp (17) in the My++-AM plane for vy =2 x 10~ GeV. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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2(1 +x2)
2+ x2 x?
2(1+x2) 2(1+x?)

x [BF(AD — HEWF)]? }

+0o(pp — AOAOT)[

x [BE(HE — HEEWF) P [BF(H* — ¢5¢5)]". (16)

To analyze the effect of oscillation, let us define,

2
XB= [ﬁ]BF(AW — HEWF)[BE(H* - H¥*wWF)]?

x [BE(HEE — ¢e%)]", (17)

which determines the viability of SS4L signal originating from
process pp — HT A at the LHC. It includes factors such as
BF(AY® — HEWT"), BR(H* - H¥*WF") and oscillation prob-
ability which are indispensable components for the occurrence of
SS4L signal at the LHC.

In Fig. 4, we plot xp in the plane of My++-AM. One can see
that xp is sizable only in the limited range of AM = (1,4) GeV at
Mpy++ = 200 GeV. The blue region in the figure is the area where
probability of SS4L signal is maximum. Lower values of AM are
disfavored because BF(A?® — HEWF") and BF(HT — HEEWF")
are too suppressed (as seen from Fig. 2) while higher values are
suppressed due to increase in I'yo which leads to very small os-
cillation probability (x* « 1). For larger My++, I'yo also increases
and thus leads to narrowing down of allowed parameter space in
the My++-AM plane.

Let us now discuss if observable same-sign tetra-lepton sig-
nals can be obtained in the allowed parameter region of Fig. 3.
For this analysis, we consider two values of v =5 x 107> GeV
and 2 x 107% GeV for which My++ larger than about 400 and
200 GeV is allowed respectively, and discard v, = 10~% GeV which
gives a vanishingly small oscillation probability xz. We consider
all triplet production processes which can contribute to SS4L sig-
nal at 8 TeV (LHC8) and 13 TeV (LHC13) of LHC with 20 fb~! and
100 fb~! of integrated luminosities respectively.

In Fig. 5, we plot the number of SS4L events achievable for
va =2 x 1074 GeV at LHC8 with 20 fb~! of the integrated lu-
minosity assuming the IH neutrino mass structure. The signal
numbers are smaller for NH. The number of events for va =

2
5 \ \ \ \ 10
IH, 8 TeV, 20 fbl
vp=2x10" GeV —

10 E4100

0 ‘ ‘ ‘ ‘ L1100
200 220 240 260 280 300

My++ (GeV)

Fig. 5. Contour plots for SSAL signal numbers in the My++-AM plane at LHC8 for
va =2 x 1074 GeV. Here the IH neutrino mass structure is taken.

5 x 107> GeV at LHC8 are very low for My++ > 400 GeV, and
thus this case is not interesting. We find that a sizable number
of SS4L events can be obtained in the range of AM ~ (1,4) GeV
for which the oscillation probability is large enough. In order to
see SS4L events at LHC8, we need Mpy++ < 260 GeV which, how-
ever, is almost ruled out by the current ATLAS results shown in the
lower left panel of Fig. 3.

Fig. 6 shows the number of SS4L events at LHC13 with 100 fb~!
of the integrated luminosity for va =2 x 10~% GeV (left) and
va =5 x 107> GeV (right) taking NH (upper) and IH (lower) for
the neutrino mass structure. As expected from the table (12), more
leptonic final states are obtained for IH and thus better sensi-
tivities for SS4L events are obtained. If we assume that 10 SS4L
events would be sufficient for the claim of H™ discovery, then for
va =2 x 1074 GeV, H**t can be probed up to 330 GeV at LHC13
in the case of [H. On the other hand, for vo =5 x 107> GeV, H*+
can be probed up to 750 GeV at LHC13. In the case of NH with
va =2 x 10~* GeV, observable signals can be obtained only for
Mpy++ < 200 GeV which is excluded by the current ATLAS data,
whereas My++ up to 550 GeV can lead to observable SS4L signals
for va =5 x 107> GeV.

5. Conclusion

Type Il seesaw model of neutrino mass generation introduces
an SU(2); triplet boson which contains a doubly-charged scalar
and thereby leads to peculiar collider signatures. Collider phe-
nomenology of the triplet boson sector depends on three param-
eters: the mass gap AM = My+ — My++ = Mo, 40 — My+ among
the triplet components H¥*, H* and HY/A?, the doubly-charged
boson mass My++, and the triplet vacuum expectation value v
(or the leptonic Yukawa coupling fj; of the triplet). Considering
the case of AM > 0 for which the doubly-charged boson is the
lightest, we studied the LHC bounds on its mass depending on AM
and v utilizing the current CMS and ATLAS search for the doubly-
charged boson from same-sign di-lepton (SS2L) resonances. In the
range of AM 2 1 GeV, the gauge decays of the heavier triplet com-
ponents end up with producing doubly-charged bosons and asso-
ciated W*’s and thus augment the search limit of My++. On the
other hand, the bound is weakened for larger v for which the
leptonic decay modes of the triplet bosons are more suppressed.
The results are summarized in Fig. 3 taking three representative
values of v, for the cases of two neutrino mass hierarchies (NH
and [H).

When the tiny mass splitting between two neutral components
HO and A° is comparable to the decay rate I'yop0, there can ap-
pear an oscillation phenomenon which leads to pair-production of
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Fig. 6. Contour plots for SS4L signal numbers in the My++-AM plane at LHC13 for vao =2 x 10~ GeV and 5 x 10~ GeV. The upper (lower) panels assume NH (IH) for the

neutrino mass pattern.

same-sign doubly-charged bosons and thus same-sign tetra-lepton
(SS4L) final states at the LHC. For allowed parameter region from
the current SS2L search, we analyzed the prospects for observ-
ing SS4L signals at LHC8 and LHC13 which are summarized in
Figs. 5 and 6. Note that more leptonic final states (with e and w)
are produced in the case of IH compared to NH and thus bet-
ter search sensitivity is obtained for IH. Observable SS4L signature
can be obtained only in the limited region of AM ~ 1-4 GeV and
probed up to Myz:+ ~ 750 GeV at the LHC13 with 100 fb~! of
the integrated luminosity for the most probable case of IH with
va =5 x 1073 GeV. On the other hand, the SS4L search becomes
much more restricted due to the reduced number of leptonic final
states or smaller oscillation probability for larger or smaller va. In
the case of vo =2 x 10~% GeV, SS4L signals can be observable up
to My+ ~ 350 GeV.
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