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We demonstrate how to systematically test a well-motivated mechanism for neutrino mass generation

(type II seesaw) at the LHC, in which a Higgs triplet is introduced. In the optimistic scenarios with a small

Higgs triplet vacuum expectation value v� < 10�4 GeV, one can look for clean signals of lepton-number

violation in the decays of doubly charged (H��) and singly charged (H�) Higgs bosons to distinguish the
normal hierarchy (NH), the inverted hierarchy (IH), and the quasidegenerate (QD) spectrum for the light

neutrino masses. The observation of either Hþ ! �þ �� or Hþ ! eþ �� will be particularly robust for the

spectrum test since they are independent of the unknown Majorana phases. The Hþþ decays moderately

depend on a Majorana phase �2 in the NH, but sensitively depend on �1 in the IH. In a less favorable

scenario v� > 2� 10�4 GeV, when the leptonic channels are suppressed, one needs to observe the

decays Hþ ! WþH1 and Hþ ! t �b to confirm the triplet-doublet mixing which in turn implies the

existence of the same gauge-invariant interaction between the lepton doublet and the Higgs triplet

responsible for the neutrino mass generation. In the most optimistic situation, v� � 10�4 GeV, both

channels of the lepton pairs and gauge boson pairs may be available simultaneously. The determination of

their relative branching fractions would give a measurement for the value of v�.

DOI: 10.1103/PhysRevD.78.015018 PACS numbers: 14.80.Cp, 14.60.Pq

I. INTRODUCTION

The existence of massive neutrinos [1] is a strong mo-
tivation for physics beyond the standard model (SM). As
pointed out a long time ago by Weinberg [2], there is just
one dimension-five operator relevant for neutrino masses
in the context of the standard model: ð�=�ÞlLlLHH, where
lL andH are the leptonic and Higgs SUð2ÞL doublets. After
the electroweak symmetry breaking (EWSB), the
Majorana mass of the neutrinos reads as m� � �v2

0=�,

where v0 � 246 GeV is the SMHiggs vacuum expectation
value (vev). The smallness of m� & 1 eV is thus under-
stood by the ‘‘seesaw’’ spirit if� � v0. Assuming that the
coupling � of the dimension-five operator is the order of
unity, the observed neutrino masses imply that � &
1014–15 GeV. The crucial issue is to understand the origin
of this operator in a given extension of the SM in order to
identify the dimensionless coupling � and the mass scale�
at which the new physics enters. This dimension-five op-
erator thus guides us to look for extensions of the standard
model in which the neutrino masses are generated in a UV
complete formalism.

There are four simple renormalizable extensions of the
standard model with minimal addition to generate neutrino
Majorana masses conceivable to agree with the experimen-
tal observations:

(i) Type I seesaw mechanism [3]: One can add at least
two fermionic singlets Ni and the neutrino masses
are m� � y2Dv

2
0=MN , where yD is the Yukawa cou-

pling and MN is the right-handed neutrino mass,
which sets the new physics scale �. If yD ’ 1 and
MN � 1014–15 GeV, one obtains the natural value
for the neutrino masses m� � 1 eV.

(ii) Type II seesaw mechanism [4]: The Higgs sector of
the standard model is extended by adding an SUð2ÞL
Higgs triplet �. The neutrino masses are m� �
Y�v�, where v� is the vev of the neutral component
of the triplet and Y� is the Yukawa coupling. With a
doublet and triplet mixing via a dimensional parame-
ter �, the EWSB leads to a relation v� ��v2

0=M
2
�,

where M� is the mass of the triplet. In this case the
scale � is replaced by M2

�=�, and a natural setting

would be for Y� � 1 and ��M� � 1014–15 GeV.
(iii) Type III seesaw mechanism [5]: Adding at least two

extra matter fields in the adjoint representation of
SUð2ÞL and with zero hypercharge, one can generate
neutrino masses, m� � y2v2

0=M. Therefore, the high

scale � is replaced by the mass of the extra fermions
in the adjoint representation.

(iv) Hybrid seesaw mechanism [6]: One SM fermionic
singlet N and one fermion in the adjoint representa-
tion of SUð2ÞL are added. This is a combination of
type I and type III but with the same minimal fermi-
onic content. This mechanism has a very simple and
unique realization in the context of grand unified
theories [6]

In the case of left-right symmetric models [7] both type I
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and type II seesaws are present. Alternatively, neutrino
masses can be generated by radiative corrections [8].

To test the above seesaw mechanisms one needs to
search for the effects of lepton-number violation in their
unique way. In particular, direct observations of the new
heavy states responsible for the seesaw mechanisms would
be more conclusive. While the seesaw spirit resides in the
existence of a much higher scale � � v0, rendering the
new states experimentally inaccessible in the foreseeable
future, this may not be necessarily the case. For recent
studies where the seesaw mechanism could happen at a
very low scale, see [9]. A light SUð2ÞL triplet field respon-
sible for the type II seesaw can be present in the context of
a minimal grand unified theory [10]. The low scale type III
seesaw was also studied in [11].

The Large Hadron Collider (LHC) at CERN will soon
take us to a new frontier with unprecedented high energy
and luminosity. Major discoveries of exciting new physics
at the Terascale are highly anticipated. It is thus pressing to
investigate the physics potential of the LHC in connection
with the new physics for the neutrino mass generation.
Searching for heavy Majorana neutrinos at hadron col-
liders has been considered by many authors [12]. The
interests for the LHC have been lately renewed [13–15].
However, it is believed that any signal of N would indicate
a more subtle mechanism beyond the simple type I seesaw
due to the otherwise naturally small mixing V2

N‘ �m�=MN

between N and the SM leptons.
In this paper, we investigate the possibility to test the

type II seesaw mechanism at the LHC. Several earlier
studies for certain aspects of the type II seesaw model at
the LHC exist [16–22]. We systematically explore the
parameter space in the model. Guided by the neutrino
oscillation experiments, we first establish the preferred
parameter regions by reproducing the light neutrino mass
and mixing patterns. We then go on to predict the corre-
sponding signatures at the LHC. We find that in the opti-
mistic scenarios, by identifying the flavor structure of the
lepton-number violating decays of the charged Higgs bo-
sons, one can establish the neutrino mass pattern of the
normal hierarchy, inverted hierarchy, or quasidegenerate.
We emphasize the crucial role of the singly charged Higgs
boson decays. The associated pair production of H��H�
is essential to test the triplet nature of the Higgs field. The
observation of either Hþ ! �þ �� or Hþ ! eþ �� will be
particularly robust for the test since they are independent of
the unknownMajorana phases. Combining with the doubly
charged Higgs decay, for instance Hþþ ! eþ�þ, eþ�þ,
�þ�þ, one will even be able to probe the Majorana phases.
We investigate in great detail all the issues mentioned
above, showing all the possibilities to test this appealing
mechanism for the neutrino masses at the Large Hadron
Collider. A summary of our main results appeared in an
early publication [23].

The outline of the paper is as follows: In Sec. II we
present the type II seesaw mechanism and discuss its main

predictions. In Sec. III the constraints on the physical
Higgs couplings coming from neutrino oscillation experi-
ments are investigated. The general features of the Higgs
decays are discussed in Sec. IV. In Sec. V we study the
predictions for the Higgs decays in this theory. Taking into
account the effect of neutrino masses and mixing we show
the different predictions for the branching fractions of all
lepton-number violating decays Hþþ ! eþi eþj and Hþ !
eþi ��, where ei ¼ e, �, �. We discuss the possibility to
identify the spectrum for neutrino masses if all the lepton
violating decays are measured at the LHC or at future
colliders. The possibility to get the information about the
Majorana phases from Higgs decays is discussed. The most
important production mechanisms at the LHC are dis-
cussed in Sec. IV. In Sec. VII, we discuss the necessary
steps for testing the type II seesaw at the LHC, and we draw
our conclusions.

II. THE TYPE II SEESAW MECHANISM FOR
NEUTRINO MASSES

The type II seesaw mechanism [4] is one of the most
appealing scenarios for the generation of neutrino masses.
In this section we discuss in detail this mechanism and its
main predictions. In order to realize the so-called type II
seesaw mechanism for neutrino masses one has to extend
the Higgs sector of the standard model. In this case the
Higgs sector of the theory is composed of the SM Higgs
H� ð1; 2; 1=2Þ and an SUð2ÞL scalar triplet �� ð1; 3; 1Þ.
The matrix representation of the triplet reads as

� ¼ �þ=
ffiffiffi
2

p
�þþ

�0 ��þ=
ffiffiffi
2

p
 !

: (1)

The kinetic terms and the relevant interactions in this
theory are given by

Ltype II ¼ ðD�HÞyðD�HÞ þ TrðD��ÞyðD��Þ
þLY � VðH;�Þ; (2)

where the needed interaction to generate neutrino masses
reads as

L Y ¼ �Y�l
T
LCi�2�lL þ H:c:; (3)

and the scalar interactions are given by

VðH;�Þ ¼ �m2
HH

yH þ �

4
ðHyHÞ2 þM2

� Tr�y�

þ ð�HTi�2�
yHþ H:c:Þ þ �1ðHyHÞTr�y�

þ �2ðTr�y�Þ2 þ �3 Trð�y�Þ2 þ �4H
y��yH:

(4)

In the above equations the Yukawa coupling Y� is a 3� 3
symmetric complex matrix. lTL ¼ ð�T

L; e
T
LÞ, C is the charge

conjugation operator, and �2 is the Pauli matrix. Since we
are mainly interested in a heavy Higgs triplet, typically
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M2
� > v2

0=2, we will neglect the contributions coming from

the terms proportional to �1, �2, �3, and �4. The detailed
structure and interactions of this Higgs sector will be
presented in Appendix A.

Let us discuss some important features of this model for
neutrino masses:

(i) Imposing the conditions of global minimum one
finds that

�m2
H þ �

4
v2
0 �

ffiffiffi
2

p
�v� ¼ 0 and

v� ¼ �v2
0ffiffiffi

2
p

M2
�

; (5)

where v0 and v� are the vacuum expectation values
of the Higgs doublet and triplet, respectively, with
v2
0 þ v2

� � ð246 GeVÞ2. Because of the simulta-

neous presence of the Yukawa coupling Y� in
Eq. (3) and the term proportional to the � parameter
in Eq. (4), the lepton number is explicitly broken in
this theory. Therefore, one expects that the neutrino
Majorana mass term has to be proportional to Y� �
�.

(ii) Once the neutral component in � gets the vev, v� as
in Eq. (5), the neutrinos acquire a Majorana mass
given by the following expression:

M� ¼ ffiffiffi
2

p
Y�v� ¼ Y�

�v2
0

M2
�

; (6)

which is the key relation for the type II seesaw
scenario.

(iii) After the electroweak symmetry breaking, there are
seven physical massive Higgs bosons left in the
spectrum:

H1 ¼ cos�0h
0 þ sin�0�

0;

H2 ¼ � sin�0h
0 þ cos�0�

0; with �0 � 2v�

v0

;

(7)

A ¼ � sin	
0 þ cos	�0; with 	 � 2v�

v0

; (8)

H� ¼ � sin���� þ cos����; with

�þ �
ffiffiffi
2

p
v�

v0

;
(9)

and

H�� ¼ ���; with mass M�þþ ¼ M�; (10)

where H1 is SM-like (doublet) while the rest of the
Higgs states are all �-like (triplet), and

MH2
’ MA ’ MH� ’ MHþþ ¼ M�:

(iv) Working in the physical basis for the fermions we
find that the Yukawa interactions can be written as

�T
LC�þHþeL and eTLC�þþHþþeL; (11)

where

�þ ¼ cos�þ
m

diag
�

v�

Vy
PMNS and

�þþ ¼ V�
PMNS

m
diag
�ffiffiffi
2

p
v�

Vy
PMNS ¼ Y�:

(12)

The values of the physical couplings �þ and �þþ are
thus governed by the spectrum and mixing angles for
the active neutrinos. Therefore, one can expect that
the lepton-number violating decays of the Higgs
bosons, Hþþ ! eþi eþj and Hþ ! eþi ��ðei ¼
e;�; �Þ will be characteristically different in each
spectrum for neutrino masses.

(v) Higgs-gauge interactions: The doubly charged Higgs
boson has only one coupling to gauge bosons,
H��W�W�, which is proportional to the vev of
the triplet field v�. In the case of the singly charged
Higgs boson there are two relevant couplings for the
decays into gauge bosons, H�W�H1 and H�W�Z.
As for the heavy neutral Higgs boson H2 one finds
that its coupling to W’s is further suppressed. The
only relevant couplings for the decays are H2ZZ and
H2H1H1, see Appendix A for details.

These are the main properties and predictions of this
simple extension of the standard model where the neutrino
masses are generated through the type II seesaw
mechanism.

III. CONSTRAINTS ON THE PHYSICAL
PARAMETERS

In this section we discuss the constraints coming from
neutrino experiments, rare decays, and collider experi-
ments on the physical parameters in this theory for neutrino
masses.

A. Constraints from neutrino oscillation experiments

The relevant physical Yukawa couplings of the singly
and doubly charged Higgs bosons for the leptonic decays
are given by Eq. (12). In order to understand the constraints
coming from neutrino physics let us discuss the relation
between the neutrino masses and mixing. The leptonic
mixing matrix is given by
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VPMNS ¼
c12c13 c13s12 e�i�s13

�c12s13s23e
i� � c23s12 c12c23 � ei�s12s13s23 c13s23

s12s23 � ei�c12c23s13 �c23s12s13e
i� � c12s23 c13c23

0
B@

1
CA� diagðei�1=2; 1; ei�2=2Þ; (13)

where sij ¼ sin�ij, cij ¼ cos�ij, 0 	 �ij 	 
=2, and 0 	
� 	 2
. The phase � is the Dirac CP-violating phase,
while �i are the Majorana phases. The experimental con-
straints on the neutrino masses and mixing parameters, at
2� level [24], are

7:3� 10�5 eV2 < �m2
21 < 8:1� 10�5 eV2; (14)

2:1� 10�3 eV2 < j�m2
31j< 2:7� 10�3 eV2; (15)

0:28< sin2�12 < 0:37; (16)

0:38< sin2�23 < 0:63; (17)

sin 2�13 < 0:033; (18)

and from cosmological observations

X3
i¼1

mi < 1:2 eV: (19)

For a complete discussion of these constraints, see Ref. [1].
In this section we focus mainly on the case of NH, �m2

31 >
0, and IH spectrum, �m2

31 < 0, neglecting the Majorana
phases.

Using the above experimental constraints, we first show
the allowed values for the neutrino mass matrixM� as seen
in Figs. 1 and 2, as a function of the lightest neutrino mass.

These results directly reflect the patterns of the neutrino
mass and mixing: M11

� 
 M22
� , M33

� in the case of NH in
Fig. 1(a), and M11

� >M22
� , M33

� in the case of IH in Fig. 1
(b). For the off-diagonal elements, M23

� takes the largest
values in each spectrum due to the large atmospheric
mixing angle as seen in Fig. 2. Also seen is the ‘‘quaside-
generate’’ case for m1 � m2 � m3 > j�m31j, where the

flavor-diagonal elements are about equal. Since �þþ ¼
M�=

ffiffiffi
2

p
v�, the constraints on the neutrino mass matrix

elements directly translate into the physical couplings of
Hþþ that govern its decay widths. As for the coupling of
the singly charged Higgs boson, we sum over the final state
neutrinos since they are experimentally unobservable.
Thus the relevant couplings are written as

Yiþ � X3
j¼1

j�ji
þj2v2

� ði ¼ 1; 2; 3

for charged leptons e;�; �Þ:
(20)

The allowed values are shown in Fig. 3. Similar to the
situations forHþþ, Y1þ 
 Y2þ, Y3þ in the NH and Y1þ > Y2þ,
Y3þ in the IH.

B. Rare decays

The charged Higgs bosons may mediate tree-level lepton
flavor violation processes, leading to some stringent con-

FIG. 1 (color online). Constraints on the diagonal elements of the neutrino mass matrix M� versus the lowest neutrino mass for
(a) NH (left) and (b) IH (right) when �1 ¼ 0 and �2 ¼ 0.
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straints on the model parameters, see Ref. [25] for a recent
comprehensive analysis. In the model under consideration,
the most important constraint comes from the process� !
3e via the doubly charged Higgs boson. The branching
fraction is given by

BR ð� ! 3eÞ ’ �ð� ! 3eÞ
�ð� ! e�� ��eÞ ¼

j�11þþ�12þþj2
4M4

�G
2
F

: (21)

Using the experimental upper bound listed in [26],
BRð� ! 3eÞ< 10�12, one finds

j�11þþ�12þþj< 2:4� 10�5 �
�

M�

1 TeV

�
2
: (22)

This in turn, combining with the relation between the
Yukawa couplings and the neutrino mass matrix, gives a
lower bound on the vev for a given value of the triplet mass

FIG. 3 (color online). Constraints on the coupling squared for Hþ, Yiþ � P
jj�ji

þj2v2
�, versus the lowest neutrino mass for (a) NH

(left) and (b) IH (right).

FIG. 2 (color online). Constraints on the off-diagonal elements of the neutrino mass matrix M� versus the lowest neutrino mass for
(a) NH (left) and (b) IH (right) when �1 ¼ 0 and �2 ¼ 0.
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v2
� > 0:2� 105jM11

� M12
� j �

�
1 TeV

M�

�
2
: (23)

Even in the conservative case, the IH scenario whereffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M11

� M12
�

p
is as large as 0.02 eV, and for M� � 1 TeV,

one obtains v� * 2 eV, which is not very relevant for our
interest.

C. Other constraints

There are two dimensionful free parameters M� and v�

in this theory for neutrino masses. The current constraint
on M� comes from the direct search for H�� at the
Tevatron [27]

M� * 110 GeV: (24)

The vev of the triplet,

1 eV & v� & 1 GeV; (25)

where the lower bound is based on the naturalness consid-
eration from neutrino masses and the upper bound is from
the constraint of the electroweak �-parameter [28].

IV. GENERAL FEATURES OF HIGGS DECAYS

In this section we study all decays of the physical Higgs
bosons in the theory neglecting the leptonic mixings. In
this theory one has seven physical Higgs bosons, the
CP-even neutral scalars H1 (SM-like) and H2 (�-like), a
CP-odd neutral scalar A, two singly charged Higgs bosons
H�, and two doubly charged Higgs bosons H��. Their
decay partial widths are given in Appendix B.

A. Doubly charged Higgs boson decays

The possible decays of the doubly charged Higgs bo-
sons, H��, are the lepton-number violating decays
Hþþ ! eþi eþj , where ei ¼ e, �, � and the decays into

two W’s. The decay rates for the lepton-number violating
decays are

�ðHþþ ! eþi eþj Þ ¼
jMij

� j2
8
ð1þ �ijÞv2

�

MHþþ ; (26)

where Mij
� is the neutrino mass matrix and �ij is the

Kronecher’s delta. In the case of the decays into W’s the
decay rates are given by

�ðHþþ ! Wþ
T W

þ
T Þ ¼

2M4
Wv

2
�


v4
0MHþþ

�
1� 4M2

W

M2
Hþþ

�
1=2

(27)

and

�ðHþþ ! Wþ
L W

þ
L Þ ¼

v2
�M

3
Hþþ

4
v4
0

�
1� 4M2

W

M2
Hþþ

�
1=2

�
�
1� 2M2

W

M2
Hþþ

�
2
; (28)

whereWL andWT stand for the longitudinal and transverse
polarizations of the W gauge boson, respectively. The
decays into leptons are proportional to the Yukawa cou-
pling for neutrinos while the decays into two W’s are
proportional to the vev. The relative decay branchings
can be estimated by

�ðHþþ ! eþi eþj Þ
�ðHþþ ! WþWþÞ � j�þþj2MHþþ

M3
Hþþv2

�=v
4
0

�
�

m�

MHþþ

�
2
�
v0

v�

�
4
:

(29)

Taking m�=MHþþ � 1 eV=1 TeV, one finds that these two
decay modes are comparable when v� � 10�4 GeV. The
branching fractions for the decays of the doubly charged
Higgs boson, BRðHþþÞ, are shown in Fig. 4, assuming that
the Yukawa matrix Y� (or �þþ) is diagonal, for simple
illustration. In Fig. 4(a) we plot the branching fractions
versus v� for MHþþ ¼ 300 GeV; while in Fig. 4(b) we
show BRðHþþÞ versus the doubly charged Higgs mass for
v� ¼ 10�4 GeV. As seen from Eq. (29) and the figures, an
important feature is that when v� < 10�4 GeV the most
important decays are those with a pair of like-sign charged

10
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FIG. 4 (color online). Branching fractions of the doubly charged Higgs boson decay versus (a) v� for MHþþ ¼ 300 GeV and (b)
MHþþ for v� ¼ 10�4 GeV.
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leptons, while for v� > 10�4 GeV the most relevant de-
cays are into two W’s.

B. Singly charged Higgs boson decays

In the case of the singly charged Higgs boson, one has
the decays Hþ ! eþi �� proportional to the Yukawa cou-
pling of neutrinos, Hþ ! WþH1, W

þZ, and Hþ ! t �b
proportional to the v�. As in the case of the doubly charged

Higgs boson all decays are connected by the relationM� ¼ffiffiffi
2

p
Y� v�. In Fig. 5 one can see the relevant decay channels

forMHþ ¼ 300 GeV versus v�. The most important chan-
nels for large values of vev are Hþ ! t �b, Hþ ! WþH1,

and Hþ ! WþZ, while Hþ ! eþi �� is the dominant chan-
nel for small v� when the Higgs mass is below TeV. Here
and henceforth, we take MH1

¼ 120 GeV. Furthermore,

�ðHþ ! t �bÞ
�ðHþ ! WþZÞ � 3ðv�mt=v

2
0Þ2M�

M3
�v

2
�=2v

4
0

¼ 6

�
mt

M�

�
2
:

Thus the decays Hþ ! WþZ,WþH1 dominate over t �b for
M� > 400 GeV.
In Fig. 6(a) and 6(b) we plot the branching fractions of

the singly charged Higgs boson versus its mass for v� ¼
1 GeV and v� ¼ 10�4 GeV, respectively. In Fig. 6(a),
below the WZ threshold, it is irrelevant to our collider
search so we neglect the off-shell W�=Z� decay channels
then Hþ ! �þ� is dominant.

C. CP-even heavy Higgs boson decays

The decays of the heavy neutral CP-even neutral scalar
H2 (�-like) are shown in Figs. 7 and 8. The most relevant
decays are H2 ! H1H1, ZZ, b �b, t�t proportional to v�, and
the decays into a pair of neutrinos proportional to the
Yukawa couplings. As for all physical Higgs bosons in
the theory all decays are connected by the neutrino mass
relation in Eq. (6). As we can appreciate from Figs. 7 and 8
when the v� is large H2 ! H1H1 and H2 ! ZZ are the
most relevant channels. In this model the channel H2 !
WþW� is highly suppressed being zero at leading order
(see Appendix B for details). As one expects the decays
into neutrinos and antineutrinos become important below
M� � TeV and for small v�.

D. CP-odd heavy Higgs boson decays

The relevant decays of the CP-odd scalar field A are
A ! t�t, H1Z and the decays into neutrinos and antineutri-
nos. The branching fractions of A for MA ¼ 300 GeV and
different values of v� are shown in Fig. 9. In Fig. 10 we
plot the different decays of A for v� ¼ 1 GeV and v� ¼
10�4 GeV, respectively. As in the previous cases the de-
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FIG. 5 (color online). Branching fractions of the singly
charged Higgs boson decay versus v� for MHþ ¼ 300 GeV
(in our study we use MH1

¼ 120 GeV).
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FIG. 6 (color online). Branching fractions of the singly charged Higgs boson decay versus its mass for (a) v� ¼ 1 GeV and (b)
v� ¼ 10�4 GeV, respectively.
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cays into neutrinos and antineutrinos are the most relevant
for large Yukawa couplings and in the low mass region.
Notice that the decay A ! ZH1 is the dominant one for
large values of v�. From this discussion one can conclude
that the lepton-number violating decays of the different
physical Higgs bosons, H2, A, H

�, and H�� in the theory
dominate for small values of the triplet vacuum expectation
value.

E. Mass splitting and heavy-to-heavy transition via
gauge interactions

In our discussions thus far, we have assumed the mass
degeneracy for the tripletlike Higgs bosons. According to
Eq. (4), a tree-level mass splitting can be generated and the

squared mass difference of the doubly and singly charged
Higgs bosons is given by �4v

2
0=4. Even if there is no tree-

level mass difference under our assumption �i ¼ 0, the SM
gauge bosons generate the splitting of the masses via
radiative corrections at one loop [29], leading to �M �
MHþþ �MHþ � 540 MeV.
A small mass difference will make no appreciable ef-

fects for the Higgs production. However, the transitions
between two heavy triplet Higgs bosons via the SM gauge
interactions, such as

Hþþ ! HþWþ�; Hþ ! H0Wþ� (30)

may be sizable if kinematically accessible. Their partial
decay widths are given in Appendix B. In Fig. 11 we
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FIG. 9 (color online). Branching fractions of the heavy
CP-odd Higgs boson decay versus v� for MA ¼ 300 GeV.
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FIG. 8 (color online). Branching fractions of the heavy CP-even Higgs boson decay versus its mass for (a) v� ¼ 1 GeV and (b)
v� ¼ 10�4 GeV, respectively.
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calculate the decay branching fractions of the doubly
charged Higgs boson versus the mass splitting for v� ¼
10�4 GeV and v� ¼ 3� 10�4 GeV, taking into account
Hþþ ! HþMþðMþ ¼ 
þ; Kþ . . .Þ, Hþeþi �ðei¼e;�;�Þ,
and Hþq �q0. We find that the heavy-to-heavy transition can
be dominant for �M> 1 GeV. With our current assump-
tion, �M ¼ 540 MeV [29], the decay branching fractions
are shown in Fig. 12 versus the triplet vev. We see that the
decay mode Hþþ ! HþðWþÞ� is subleading and will be
neglected in the rest of our discussions.

V. HIGGS BOSON DECAYS IN CONNECTION TO
NEUTRINO PROPERTIES

In this section we study the properties of the lepton-
number violating Higgs decays taking into account the
experimental constraints on the neutrino masses and
mixing.

A. Hþþ ! eþi e
þ
j

In the previous section we have discussed the decays of
the doubly charged Higgs boson showing that below v� �
10�4 GeV, the decays of doubly charged Higgs Hþþ are
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FIG. 10 (color online). Branching fractions of the heavy CP-odd Higgs boson decay versus its mass for (a) v� ¼ 1 GeV and (b)
v� ¼ 10�4 GeV, respectively.
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FIG. 11 (color online). Branching fractions of the doubly charged Higgs boson decay versus the mass splitting �M � MHþþ �MHþ
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FIG. 12 (color online). Branching fractions of the doubly
charged Higgs boson decay versus v� for �M ¼ 540 MeV.
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dominated by the leptonic channels. For simplicity, we first
ignore the effects of the Majorana phases�1 ¼ �2 ¼ 0. In
Figs. 13 and 14, we show the dramatic impact of the
neutrino masses and mixing on the branching ratios for
the final states of the same and different flavors, respec-
tively. In the case of the decays with two identical (anti)
leptons as in Fig. 13, the branching fraction can differ by 2
orders of magnitude in the case of a normal hierarchy with
BRðHþþ ! �þ�þÞ, BRðHþþ ! �þ�þÞ � BRðHþþ !
eþeþÞ, and about 1 order of magnitude in the inverted

spectrum with BRðHþþ ! eþeþÞ> BRðHþþ !
�þ�þÞ, BRðHþþ ! �þ�þÞ. The impact is also dramatic
for both spectra in the case of the decays with different
leptons in the final state with BRðHþþ ! �þ�þÞ �
BRðHþþ ! eþ�þÞ, BRðHþþ ! eþ�þÞ, as in Fig. 14.
These features directly reflect the neutrino mass and mix-
ing patterns. As one expects all these channels are quite
similar when the neutrino spectrum is quasidegenerate,
m1 � m2 � m3 � 0:1 eV. The rather large regions of the
scatter plots reflect the imprecise values for neutrino

FIG. 13 (color online). Scatter plots for the Hþþ decay branching fractions to the flavor-diagonal like-sign dileptons versus the
lowest neutrino mass for NH (left) and IH (right) with �1 ¼ �2 ¼ 0.

FIG. 14 (color online). Same as Fig. 13, but for Hþþ decay to the flavor-off-diagonal like-sign dileptons.
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masses and leptonic mixings. In the future [30], once those
values will be known to a better precision one can improve
our predictions for the lepton-number violating Higgs
decays.

The total decay width of Hþþ depends on the neutrino
and Higgs triplet parameters. In terms of v�, the minimal
width or the maximal decay length occur near the cross-
over between WW-dominant and ‘‘-dominant regions
near 10�4 GeV. As seen in Fig. 15, the proper decay length
can be as large as c� * 10 �m. Although not considered

as a long-lived charged particle, the Hþþ decay could lead
to a visible displaced vertex in the detector at the LHC.

B. Hþ ! eþi ��

The predictions for the decays of singly charged Higgs
bosons taking into account the experimental constraints on
neutrino mass and mixing parameters are shown in Fig. 16,
again ignoring the effects of the Majorana phases �1 ¼
�2 ¼ 0. The general features are similar to those of Hþþ
decays. As one can see in the case of NH the BRðHþ !
�þ ��Þ and BRðHþ ! �þ ��Þ are dominant, while in the case
of IH, the BRðHþ ! eþ ��Þ is the leading one. The maximal
decay lengths of the singly charged Higgs boson is about
twice that of the doubly charged Higgs boson, as shown in
Fig. 17.
We now summarize the properties of the lepton-number

violating Higgs decays that are intimately related to the
patterns of the neutrino mass and mixing, in Table I, where
we have neglected the effects of the Majorana phases.

C. Impact of Majorana phases in Higgs boson decays

Recently, the effects of Majorana phases on the Higgs
decays have been investigated by several groups [19–21].
Wherever overlap exists, our results are in agreement with
theirs. In fact, the effects can be made quite transparent
under some simple approximations.

1. Normal hierarchy with one quasimassless neutrino:
m1 � 0

As we have discussed in the previous section, the most
important decay channels of the doubly charged Higgs

FIG. 15 (color online). Decay length and total width of the
doubly charged Higgs boson Hþþ with �1 ¼ �2 ¼ 0.

FIG. 16 (color online). Scatter plots for the Hþ decay branching fractions to leptons versus the lowest neutrino mass for NH (left)
and IH (right) with �1 ¼ �2 ¼ 0.
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boson are Hþþ ! �þ�þ, Hþþ ! �þ�þ, and Hþþ !
�þ�þ. The leading couplings, taking s13 ¼ 0 for simplic-
ity, are

�22þþ ¼ 1ffiffiffi
2

p
v�

ð
ffiffiffiffiffiffiffiffiffiffiffiffi
�m2

21

q
c212c

2
23 þ

ffiffiffiffiffiffiffiffiffiffiffiffi
�m2

31

q
e�i�2s223Þ; (31)

�23þþ ¼ s23c23ffiffiffi
2

p
v�

ð�
ffiffiffiffiffiffiffiffiffiffiffiffi
�m2

21

q
c212 þ

ffiffiffiffiffiffiffiffiffiffiffiffi
�m2

31

q
e�i�2Þ; (32)

�33þþ ¼ 1ffiffiffi
2

p
v�

ð
ffiffiffiffiffiffiffiffiffiffiffiffi
�m2

21

q
c212s

2
23 þ

ffiffiffiffiffiffiffiffiffiffiffiffi
�m2

31

q
e�i�2c223Þ: (33)

The decay rates thus depend on only one Majorana phase
�2. The behavior of branching fractions for all channels is
shown in Fig. 18. We see the rather weak dependence of the
decay branching fractions on the phase, which can be
understood by realizing the large difference between the

two interfering terms �m21 
 �m31. When the phase
�2 ¼ 
, one obtains the maximal suppression (enhance-
ment) for the channels Hþþ ! �þ�þ and Hþþ ! �þ�þ
(Hþþ ! �þ�þ) by a factor of 2 at most.

2. Inverted hierarchy with one quasimassless neutrino:
m3 � 0

In the case of inverted hierarchy the relevant channels
are Hþþ ! eþeþ, �þ�þ, as well as Hþþ ! eþ�þ,
eþ�þ. The couplings, taking s13 ¼ 0, read as

�11þþ ¼ 1ffiffiffi
2

p
v�

ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�m2

21 þ j�m2
31j

q
s212 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j�m2

31j
q

e�i�1c212Þ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j�m2

31j
2v2

�

vuut ðs212 þ e�i�1c212Þ; (34)

�23þþ ¼ � s23c23ffiffiffi
2

p
v�

ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�m2

21 þ j�m2
31j

q
c212

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j�m2

31j
q

e�i�1s212Þ
/ c212 þ e�i�1s212; (35)

�12þþ ¼ s12c12c23ffiffiffi
2

p
v�

ð�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j�m2

31j
q

e�i�1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j�m2

31j þ �m2
21

q
Þ

/ 1� e�i�1 ; (36)

�13þþ ¼ s12c12s23ffiffiffi
2

p
v�

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j�m2

31j
q

e�i�1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j�m2

31j þ�m2
21

q �

/ �1þ e�i�1 : (37)

All the relevant decays depend on only one phase �1, and
the cancellations due to the existence of the phase can be
quite substantial as seen from the above equations. In
Fig. 19 we show the dependence of the branching fractions
on this Majorana phase. The maximal suppression or en-
hancement takes places also when �1 ¼ 
. However, in
this scenario the dominant channels swap from Hþþ !
eþeþ, �þ�þ when�1 � 0 to Hþþ ! eþ�þ, eþ�þ when

TABLE I. Relations among the branching fractions of the lepton-number violating Higgs decays for the neutrino mass patterns of
NH, IH, and QD, with no Majorana phases �1 ¼ �2 ¼ 0.

Spectrum Relations

Normal hierarchy BRðHþþ ! �þ�þÞ, BRðHþþ ! �þ�þÞ � BRðHþþ ! eþeþÞ
(�m2

31 > 0) BRðHþþ ! �þ�þÞ � BRðHþþ ! eþ�þÞ, BRðHþþ ! eþ�þÞ
BRðHþ ! �þ ��Þ, BRðHþ ! �þ ��Þ � BRðHþ ! eþ ��Þ

Inverted hierarchy BRðHþþ ! eþeþÞ> BRðHþþ ! �þ�þÞ, BRðHþþ ! �þ�þÞ
(�m2

31 < 0) BRðHþþ ! �þ�þÞ � BRðHþþ ! eþ�þÞ, BRðHþþ ! eþ�þÞ
BRðHþ ! eþ ��Þ> BRðHþ ! �þ ��Þ, BRðHþ ! �þ ��Þ

Quasidegenerate BRðHþþ ! eþeþÞ � BRðHþþ ! �þ�þÞ � BRðHþþ ! �þ�þÞ � 30%
(m1, m2, m3 > j�m31j) BRðHþ ! eþ ��Þ � BRðHþ ! �þ ��Þ � BRðHþ ! �þ ��Þ � 30%

FIG. 17 (color online). Decay length and total width of the
singly charged Higgs boson Hþ with �1 ¼ �2 ¼ 0.
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�1 � 
. Therefore, this qualitative change can be made
use of to extract the value of the Majorana phase �1.

In Figs. 20 and 21, we show the predictions of the
leptonic branching fractions of the doubly charged Higgs
boson for the same and different flavors versus the lightest
neutrino mass and �1 ¼ 0, �2 2 ð0; 2
Þ. These are to be
compared with Figs. 13 and 14 where �1 ¼ �2 ¼ 0.
Generically, the allowed ranges for the branching fractions
are broadened with nonzero phases, making the branching

ratios (BR’s) less predictive and it is more difficult to
determine the neutrino mass pattern. For small values of
the lightest neutrino mass less than 10�2 eV, the BR’s for
the NH spectrum are more spread out than that for the IH
with �2 � 0 as noticed earlier. When the lightest neutrino
mass is larger than 10�2 eV, the BR’s for both the NH and
the IH spectra can be further spread out.
Similar features can been seen in Figs. 22 and 23 where

�1 2 ð0; 2
Þ and �2 ¼ 0, again to be compared with

FIG. 18 (color online). Scatter plots of the same (left) and different (right) flavor leptonic branching fractions for the Hþþ decay
versus the Majorana phase �2 for the NH m1 ¼ 0 scenario. �1 2 ð0; 2
Þ.

FIG. 19 (color online). Scatter plots of the same (left) and different (right) flavor leptonic branching fractions for the Hþþ decay
versus the Majorana phase �1 for the IH m3 ¼ 0 scenario. �2 2 ð0; 2
Þ.
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Figs. 13 and 14 where �1 ¼ �2 ¼ 0. The allowed ranges
for the branching fractions are broadened with nonzero
phases, making the BR’s less predictive. For small values
of the lightest neutrino mass less than 10�2 eV, the BR’s
for the IH spectrum are more spread out than that for the
NH with �1 � 0 as noticed earlier. When the lightest
neutrino mass is larger than 10�2 eV, the BR’s for the
NH can be completely spread out.

We thus conclude that the Majorana phases can
change the branching fractions of the doubly charged

Higgs boson dramatically. However, it is important to
note that the decays of the singly charged Higgs boson
Hþ ! eþi �� are independent of the Majorana phases.
Therefore, in order to distinguish the neutrino mass
spectra nonambiguously, it is necessary to make use of
the decays of the singly charged Higgs boson. The combi-
nation of the decays of both the singly and doubly charged
Higgs bosons may shed light on the Majorana phases, in
particular, for the sensitive dependence on�1 in the case of
IH.

FIG. 21 (color online). Same as Fig. 20, but for Hþþ decay to the flavor-off-diagonal like-sign dileptons.

FIG. 20 (color online). Scatter plots for the Hþþ decay branching fractions to the flavor-diagonal like-sign dileptons versus the
lowest neutrino mass for NH (left) and IH (right) with �1 ¼ 0 and �2 2 ð0; 2
Þ.
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FIG. 23 (color online). Same as Fig. 22, but for Hþþ decay to the flavor-off-diagonal like-sign dileptons.

FIG. 22 (color online). Scatter plots for the Hþþ decay branching fractions to the flavor-diagonal like-sign dileptons versus the
lowest neutrino mass for NH (left) and IH (right) with �2 ¼ 0 and �1 2 ð0; 2
Þ.
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VI. SEARCHING FOR SEESAW TRIPLET HIGGS
BOSON AT THE LHC

The leading production channels at hadron colliders for
these Higgs bosons are the following electroweak pro-
cesses:

qðp1Þ þ �qðp2Þ ! Hþþðk1Þ þH��ðk2Þ;
qðp1Þ þ �q0ðp2Þ ! Hþþðk1Þ þH�ðk2Þ;
qðp1Þ þ �q0ðp2Þ ! Hþðk1Þ þH2ðk2Þ:

In term of the polar angle variable y ¼ p̂1 
 k̂1 in the parton
center-of-mass (c.m.) frame with energy

ffiffiffi
s

p
, the parton

level cross section for these processes are

d�

dy
ðq �q ! HþþH��Þ ¼ 3
	2�3

i ð1� y2Þ
Ncs

�
�
e2q þ s

ðs�M2
ZÞ2

cos2�W
sin22�W

�
�
4eqg

q
Vðs�M2

ZÞ

þ 4ðgq2V þ gq2A Þs cos2�W
sin22�W

��
; (38)

d�

dy
ðq �q0 ! HþþH�Þ ¼ 2

d�

dy
ðq �q0 ! HþH2Þ

¼ 
	2�3
i ð1� y2Þ

16Ncsin
4�W

s

ðs�M2
WÞ2

; (39)

where �i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� ðmi þmjÞ2=sÞð1� ðmi �mjÞ2=sÞ

q
is

the speed factor of Hi and Hj in the c.m. frame.

The production of H��H� [31] and H�H2 can be
crucial to test its SUð2ÞL triplet nature at the collider.
Doubly charged Higgs boson and singly charged Higgs
boson can also be incorporated in other theories, for in-
stance, the Zee-Babu model [8] where H�� and H� are
both SUð2ÞL singlets, and the Majorana neutrino masses

arise at two-loop level. Both pair productions of HþþH�
and HþH2 will vanish in the Zee-Babu model due to the
absence of the SUð2ÞL gauge couplings. Drell-Yan produc-
tion of HþþH�� and HþH� will be present via the
hypercharge interaction of � and Z.
The production cross sections for all three channels are

plotted in Fig. 24(a) (HþH� is not presented since it is
phenomenologically less unique and we will not study it.)
For comparison, we also plot the production of HþþH��
and HþH� in the Zee-Babu model in Fig. 24(b). The
production rate is lower by about a factor of 2 comparing
with the rates in the triplet model. Only tree-level results
are shown in these figures. The QCD corrections to the
process HþþH�� have also been computed [32], and a
next-to-leading (NLO) K-factor of order 1.25 at the LHC
for Higgs mass range from 150 GeV to 1 TeV is predicted.
QCD corrections to the production of H��H� and H�H2

are in principle very similar to HþþH�� and we apply the
same K-factor to these two processes in our numerical
analysis. In the HþþH�� production, contribution from
real photon annihilation is shown [18] to be an increase of
10% to the Drell-Yan production for the above mass range
at the LHC. We will apply an overall K-factor of 1.35 for
the HþþH�� production and 1.25 for the HþþH�
production.

A. Purely leptonic modes

The light neutrino mass matrix and the leptonic decay
branching fractions of triplet Higgs bosons are related by
the structure of triplet Yukawa matrix �þþ (or Y�). This
direct correlation may enable us to test the neutrino mass
generation by collider observables of the decay branching
fractions for different flavor combinations. Consider the
case of large Yukawa couplings (v� < 10�4 GeV), the
triplet Higgs decays will be dominated by the leptonic
modes

Hþþ ! eþi eþj ; Hþ ! eþi ��;

H2 ! ��þ �� �� ðei ¼ e;�; �Þ:
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FIG. 24. Total production cross section at the LHC versus the heavy Higgs mass for (a) H�H2, H��H�, and HþþH�� processes
in the triplet model (left), and (b) HþþH�� and HþH� processes in the singlet model (right).
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The H2 decays are experimentally invisible and the recon-
struction of H2 becomes impossible. Hence, we focus on
the production ofHþþH� andHþþH��. In the rest of this
section, we establish the observability for the leading
decay channels at the LHC. We then discuss the measure-
ment of their decay branching fractions and connect the
individual channels to the neutrino mass patterns.

1. H��H� ! ‘�‘�‘�� (‘ ¼ e, �)

We start from the easy channels with e, � in the final
state of the Higgs decays. The signal consists of one pair of
same sign leptons and another opposite sign lepton plus
missing energy. We employ the following basic acceptance
cuts for the event selection [33]

pTð‘hardÞ> 30 GeV; pTð‘Þ> 15 GeV;

6ET > 40 GeV; j�ð‘Þj< 2:5; �R‘‘ > 0:4:
(40)

To simulate the detector effects on the energy-momentum
measurements, we smear the electromagnetic energy and
the muon momentum by a Gaussian distribution whose
width is parametrized as [33]

�E

E
¼ acalffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E=GeV
p � bcal; acal ¼ 5%;

bcal ¼ 0:55%;

(41)

�pT

pT

¼ atrackpT

TeV
� btrackffiffiffiffiffiffiffiffiffi

sin�
p ; atrack ¼ 15%;

btrack ¼ 0:5%:

(42)

For high pT leptons, the electromagnetic energy resolution
is better than muon’s tracking resolution.

The irreducible SM backgrounds to this channel are

W�Z=�� ! ‘��‘þ‘�;

W�W�W� ! ‘�‘þ‘� þ 6ET:

Although the backgrounds are quite sizable with the basic
leptonic cuts, the order of 100 fb for WZ and 1 fb for
WWW, the kinematics is very different between the signal
and the backgrounds. We outline the characteristics and
propose some judicious cuts as follows.

(i) To remove the WZ background, we veto the lepton
pairs with the same flavor but opposite charges in the
Z-mass window jM‘þ‘� �MZj> 15 GeV.

(ii) The mass reconstruction for ‘�‘� and ‘�� can be
very indicative. We first define a transverse massMT

by the opposite sign lepton and missing transverse
energy

MTð‘��Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðETð‘Þ þ 6ETÞ2 � ð ~pTð‘Þ þ ~6pTÞ2

q
:

This variable and the invariant mass of the like-sign
dileptons are plotted in Fig. 25. We then impose a

modest cut

MT > 200 GeV: (43)

The cut can be further tightened up for heavier Higgs
searches.

(iii) Finally, when we perform the signal significance
analysis, we look for the resonance in the mass
distribution of ‘þ‘þ. For instance, if we look at a
mass window of M� � 25 GeV in M‘þ‘þ , the back-
grounds will be at a negligible level.

The production cross section of H��H� ! ‘�‘�‘��
with (solid curve) and without (dashed curve) the kine-
matical cuts are plotted in Fig. 26. Branching fractions for
the Higgs decays are taken to be 100% for illustration. For
comparison, the background processes of WZ and WWW
are also included with the sequential cuts as indicated. The
backgrounds are suppressed substantially.
As a remark, we would like to comment on the other

potentially large, but reducible backgrounds, the heavy
quark production such as t�t, Wb �b, etc. The t�t production
rate is very high, leading to the ‘þ‘�X final state with
about 40 pb. Demanding another isolated lepton presum-
ably from the b quarks and with the basic cuts, the back-
ground rate will be reduced by about 3 to 4 orders of
magnitude. The stringent lepton isolation cut for multiple
charged leptons can substantially remove the b-quark cas-
cade decays. With the additional MT and M‘þ‘þ cuts, the
backgrounds should be under control.
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FIG. 25. Reconstructed invariant mass of M‘�‘� and trans-
verse mass MTð‘��Þ for the processes H��H� ! ‘�‘�‘��,
with a representative heavy Higgs mass 300 GeV.
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2. H��H� ! ‘�‘���� (‘ ¼ e, �)

The �-lepton final state fromH�� orH� decay plays an
important role in distinguishing different patterns of light
neutrino masses. Its identification and reconstruction are
different from e, � final states. There will always be a
missing �� associated with the � decay, and there is also a
missing neutrino from Hþ decay as well. If the missing
neutrinos are all from the same Higgs parent, one can still
construct this Higgs boson via the transverse mass variable.
However, if the � is from another Higgs decay like the
H��, the reconstruction will be difficult due to the mul-
tiple neutrinos from different parents. Therefore in this
section, we select the event involving a � final state only
from the decay H� ! ���.

Besides the two like-sign leptons that reconstruct the
H�� and are selected based on the basic cuts Eq. (40), we
need to adjust the threshold for the � decay products that
are significantly softer than the direct decay from a heavy
Higgs boson. We accept isolated charged tracks as � can-

didates (the ‘‘1-prong’’ and ‘‘3-prong’’ modes). For the
muons and the other charged tracks, we take

pTð�Þ> 5 GeV; pTðtrackÞ> 10 GeV:

With further kinematical selection similar to the last sec-
tion, the irreducible SM background is well under control.
There may be additional backgrounds with a jet to fake a �,
such as W�W�jj. According to ATLAS TDR [34], for a
hard � in the range of pT � 70–130 GeV, where � identi-
fication efficiency is 60%, the jet faking rate is 1% into a
hadronic decaying �. Knowing the cross section for
W�W�jj is the order of 15 fb after the basic cuts, this
leads to a faked background cross section to be way below
0.1 fb, after vetoing the extra jet before the Higgs mass
reconstruction.
There is one more complication for the event selection

for the leptonic modes. In order to identify the � flavor, we
must know if the e or � is from a � decay or from a heavy
Higgs decay. Once again, we make use of the fact that the
lepton from a � decay is softer. We simulate the events and
examine the fraction of wrong and correct � identification
with a given pT threshold and the results are presented in
Table II. If an event contains a lepton with pT less than the
values shown in the table, it will be identified as � leptonic
decay. Table II gives the misidentification rate of � from
H� ! e�, �� and the survival probability for � ! e��,
���. To effectively keep the � events, we choose in the rest
of the analysis the threshold pT < 100 GeV for MHþ ¼
300 GeV and pT < 200 GeV for MHþ ¼ 600 GeV.

3. HþþH�� ! ‘þ‘þ‘���, ‘þ‘þ����, ‘þ�þ‘���,
‘þ�þ����

The best channels for HþþH��!‘þ‘þ‘�‘� (‘ ¼ e,
�) have been discussed extensively in the literature [18].
However, it has been strongly motivated in the early sec-
tions to look for channels with �’s in the final state, such as
Hþþ ! eþ�þ,�þ�þ, �þ�þ. Identifying decays of doubly
charged Higgs bosons with � final state is crucial to dis-
tinguish different spectra of the neutrino mass.
For signals with neutrinos only from � decays, the 6pT

spectrum will be softer. This is shown in Fig. 27 for events
of �þ�þ����. Given the clean leptonic final state, we
thus adjust the 6pT cut as

6pT > 20 GeV: (44)

10
-2

10
-1

1

10

102

200 400 600 800 1000

MH
++ (GeV)

σ(
fb

)

FIG. 26. Production cross section of H��H� ! ‘�‘�‘�� at
the LHC versus the heavy Higgs mass with (solid curve) and
without (dashed curve) the kinematical cuts. Branching fractions
for the Higgs decays are taken to be 100% for illustration. For
comparison, the background processes are also included with the
sequential cuts as indicated.

TABLE II. The misidentified rate of � from H� ! e�, �� and the survival probability for � ! e��, ��� in the channels
H��H� ! ‘�‘����.

MHþ ¼ 300 GeV MHþ ¼ 600 GeV

p‘
T threshold (GeV) 50 75 100 100 150 200

‘ misidentification rate 2.9% 9.4% 17.6% 4.6% 12.4% 22.2%

� survival probability 57.0% 69.8% 78.8% 62.8% 75.7% 83.7%
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It is important to carefully consider the kinematical
reconstruction of the events with �’s. First of all, we note
that all the �’s are very energetic, coming from the decay of
a heavy Higgs boson. For events with one � and no other
sources for missing particles, the missing momentum will
be along the direction with the charged track. We thus have

~pðinvisibleÞ ¼ k ~pðtrackÞ; (45)

where the proportionality constant k is determined from
the 6pT measurement by assigning 6pT ¼ kpTðtrackÞ. For
events with two �’s, we generalize it to

~pðinvisibleÞ ¼ k1 ~pðtrack1Þ þ k2 ~pðtrack2Þ: (46)

As long as the two � tracks are not linearly dependent, k1
and k2 can be determined again from the 6pT measurement.
The Higgs pair kinematics is thus fully reconstructed. In
practice, we require that the invisible momenta pair with
the two softer leptons to solve the combinatorics of the
multiple charged leptons. The Higgs masses reconstructed
from the like-sign dileptons are shown in Fig. 28 for the
process HþþH�� ! �þ�þ����. It is clear that the ��
mass reconstruction has a better resolution than the �� pair.

One of the main features for the Higgs pair production is
the equal heavy mass in the final state,M‘þ‘þ ¼ M‘�‘� for
the doubly charged Higgs production. This serves as an
important discriminator for the signal selection against the
backgrounds. This can also be used for momentum recon-
struction with an additional �. As long as we have less than
3 unknowns, we will be able to determine the solutions.
This extends the final states to contain up to three �’s, such
as ‘þ�þ���� [17].

If the final state involves leptons plus one � (e.g.,
‘þ‘þ‘���) with � hadronic decay, the SM background
will beW�Zþ j andW�W�W� þ j. As shown in the last
section, W�Z and W�W�W� are below 1 fb after impos-
ing MZ veto. With additional jet in final state and multi-
plied the rate of jet fake hadronic � which is 1%. It will be
of the order Oð10�3Þ fb and negligible. This remains true
for events with two or more �s. For instance, ‘þ‘þ����
may encounterWþWþjj background, but the rate for both
jets to fake hadronic �’s is ð1%Þ2, resulting in a background
rate about 10�3 fb with basic cuts. As for the other reduc-
ible background, the QCD t�t production, we expect that the
combination of the small fake rate of b ! ‘, � and effec-
tive kinematical cuts on MT , M‘�‘� would be sufficient to
bring the faked background to a low level.

4. Measuring branching fractions and probing the
neutrino mass pattern

The direct correlation between leptonic branching frac-
tions of triplet Higgs decay and realistic light neutrino
mass matrix is central for the type II seesaw predictions.
Measuring the BR’s of different flavor combinations be-
comes very crucial here. For illustration, consider the
cleanest channel with four muons first, HþþH�� !
�þ�þ����. The event rate is written as

N4� ¼ L� �ðpp ! HþþH��Þ � BR2ðHþþ ! �þ�þÞ;
(47)

where L is the integrated luminosity. Given a sufficient
number of events N, the mass of the doubly charged Higgs
boson is determined by the invariant mass of the like-sign
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FIG. 27. 6pT distribution in the channel HþþH�� !
�þ�þ���� with � ! ‘� �� for MHþþ ¼ 300 GeV.
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FIG. 28. Reconstructed invariant mass distributions for the
like-sign �� (solid line) and �� (dotted line) in HþþH�� !
�þ�þ���� for MHþþ ¼ 300 GeV.
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muonsM�þ�þ . We thus predict the corresponding produc-

tion rate �ðpp ! HþþH��Þ for this given mass. The only
unknown in the Eq. (47) is the decay branching fraction.

This procedure can be applicable for any channels that
have been discussed for full reconstruction earlier. In the
type II seesaw scheme, we have BRðHþþ ! �þ�þÞ �
20%–40% for both NH and IH patterns as seen in Sec. V.
Once we have measured this BRð�þ�þÞ, we can use it to
determine other channels, such as BRðHþþ !
�þ�þ; �þ�þÞ and BRðHþ ! �þ ��Þ.

With negligible SM backgrounds, the only limitation
would be the event rate that determines the statistical error

for the BR measurements, i.e., a relative error 1=
ffiffiffiffi
N

p
if

Gaussian statistics is applicable. We present the event
contours in the BR-MHþþ plane in Fig. 29 for 300 fb�1.

To summarize our signal reconstruction in this section,
we list the leading reconstructible leptonic channels along
with the branching fractions in Table III. We also associate
these channels with predictions of the neutrino mass pat-
terns. These channels are not very sensitive to the

Majorana phase �2, and the maximal variation in the
branching fractions can be up to a factor of 2 in the case
of NH. The sensitivity to �1 can be very significant in the
case of the IH. As for the case of quasidegenerate spec-
trum, the Higgs decay branching fractions for the three
flavors of e,�, � are equally distributed as given in Table I,
while the off-diagonal channels are negligibly small.

B. Gauge boson decay modes

Although the triplet vev is constrained from above by the
�-parameter at the order of a GeV or so, the pure gauge
boson channel can still become dominant even for rather
small values of the triplet vev, i.e. v� >Oð10�4 GeVÞ,
especially for increasing the triplet mass. In this limit, the
triplet Higgs bosons will decay dominantly to the SM
gauge boson pairs as discussed in the early sections.
Unfortunately, the absence of lepton-number violation de-
cays would prevent us from extracting any information of
neutrino mass patterns. However, we would like to empha-
size that the �-term in Eq. (4) has the identical gauge
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FIG. 29. Event contours in the BR-MHþþ plane for the doubly charged Higgs decay at the LHC with an integrated luminosity
300 fb�1 for �þ�þ���� (left) and for �þ�þ���� (right), assuming BRðHþþ ! �þ�þÞ ¼ 20%.

TABLE III. Leading fully reconstructible leptonic channels and the indicative ranges of their branching fractions for v� &
10�4 GeV. The light neutrino mass patterns of the NH and IH, as well as vanishing and large Majorana phases are compared.

Signal channels Leading modes and BR range Leading modes and BR range

Normal hierarchy Inverted hierarchy

HþþH��
�1 ¼ �2 ¼ 0 �þ�þ ���� ð20%–40%Þ2 eþeþ e�e� ð50%Þ2

�þ�þ ���� ð20%–40%Þ � 35% eþeþ ���� 50%� 25%
�þ�þ ���� ð20%–40%Þ2 �þ�þ ���� ð25%Þ2

�þ�þ ���� ð35%Þ2
�þ�þ ���� 35%� ð20%–40%Þ

�1 � 
 �2 ¼ 0 same as above ee;�� ! e�; e� ð30%–60%Þ2
�1 ¼ 0 �2 � 
 ��; ��:� 1=2, ��:� 2 same as above

H��H�
�1 ¼ �2 ¼ 0 �þ�þ ��� ð20%–40%Þ � ð35%–60%Þ eþeþ e�� ð50%Þ2

�þ�þ ��� ð20%–40%Þ � ð35%–60%Þ
�1 � 
 �2 ¼ 0 same as above ee ! e�; e�, ð30%–60%Þ � 50%
�1 ¼ 0 �2 � 
 ��:� 1=2 same as above
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structure of the interactions as the Majorana mass genera-
tion in Eq. (3). We therefore argue that confirmation of the
existence of the Higgs triplet mixing with the SM doublets
would strongly indicate the Majorana mass generation to
be at work.

Collider searches for pp ! HþþH�� !
WþWþW�W� have been studied before [18]. While the
W�W� channels are unique for the signal identification,
we would like to search for channels that confirm the
mixing between the Higgs triplet and the SM doublets.
These include the decays via the following channels di-
rectly proportional to �:

Hþ !WþH1; t �b; H2 !H1H1; A!H1Z; (48)

and those proportional to a combination of � and v�,

Hþ ! WþZ; H2 ! WþW�; ZZ: (49)

Both H�H2 and H��H� production channels are cru-
cial to test SUð2ÞL gauge coupling and confirm the triplet
nature of the Higgs fields. However, it would be very
challenging to study the channel HþH2 ! WþH1H1H1,
which consists of 6 b-jetsþW�. The reconstruction of
three light Higgs bosons from the multiple b jets would
suffer from combinatorics, along with the irreducible QCD
backgrounds. We will thus focus onH��H� for our study.
We propose to reconstruct the events by looking for two
like-signW�’s fromH�� decay through a pair of like-sign
dileptons; the W� in their hadronic decay modes and the
SM-like Higgs H1 ! b �b, both from H� decay,

pp ! H��H� ! W�W� þW�H1=W
�Z=�tbðt �bÞ

! jjb �b‘�‘�6ET: (50)

The decay branching fractions to final states are, respec-
tively,

BR ðW�W�; W�H1Þ � 2:2%;

BRðW�W�;W�ZÞ � 2:3%;

BRðW�W�; �tb=t �bÞ � 3:3%:

(51)

For a MH1
of 120 GeV, the BRðH1 ! b �bÞ is about 67.7%.

The decay branching fraction of the singly charged Higgs
boson needs to be included as given in Fig. 8(a).

We again start with some basic cuts. We demand

pTð‘Þ � 15 GeV; j�ð‘Þj 	 2:5; 6ET > 30 GeV;

(52)

pTðjÞ � 25 GeV; j�ðjÞj 	 3:0;

�Rjj; �Rj‘; �R‘‘ > 0:4:
(53)

The jet energies are also smeared using the same Gaussian
formula as in Eq. (41), but with [33]

a ¼ 100%; b ¼ 5%: (54)

We show the total cross section for the inclusive process
H��H� ! jjb �b‘�‘�6ET in Fig. 30 without any cuts (dot-
ted curve) and after the basic cuts (solid curve). We see that
with the branching fractions included, the signal rate be-
comes rather low.
The leading irreducible background to our signal is

pp ! t�tW� ! jjb �bW�W�: (55)

The QCD jjjjþW�W� is much smaller. This is esti-
mated based on the fact that QCD jjW�W� ! jj‘�‘�6ET

is about 15 fb. With an additional 	2
s and 6 body phase

space suppression, it is much smaller than t�tW�. To maxi-
mally retain the signal rate, we will not demand the b
tagging. Instead, we tighten up the kinematical cuts

pmax
T ð‘Þ> 50 GeV; pmax

T ðjÞ> 100 GeV: (56)

Furthermore, for pair production of heavy particles like the
two triplet Higgs bosons of several hundred GeV, the
cluster mass of the system indicates the large threshold.
We define

Mcluster ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

4j þ ðX ~pT
jÞ2

s
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

‘‘ þ
�X

~pT
‘

�
2

s
þ 6ET

(57)

and will impose a high mass cut to select the signal events.
WithWþH1,W

þZ, t �b, andWþWþ all decay hadronically,
we consider the mass reconstruction by the di-jets. We first
impose a cut

jMW
jj �MW j< 15 GeV; (58)

where MW
jj is the jet mass of six combinatorics that is
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FIG. 30. Total cross section for H��H� ! jjb �b‘þ‘þ 6ET at
the LHC versus the heavy Higgs mass before (dotted curve) and
after the basic cuts (solid curve).
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closest to MW . The second reconstruction of Mjj will give

us the separation of MW , MZ, or MH1
.

The singly charged triplet H� decay has no missing
particles and we can fully reconstruct the H� by forming
a 4-jet invariant mass Mjjjj. The doubly charged Higgs

boson, on the other hand, gives two like-sign dileptons plus
large missing energy. We define the leptonic transverse
mass

MT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
‘‘ þ

�X
~pT

‘

�
2

s
þ 6ET

�
2 �

�X
~pT

‘ þ ~6ET

�
2

vuut :

(59)

These two variables are plotted in Fig. 31 for MHþþ ¼
300 GeV.
In the leading background t�tW, there is another top

quark that decays leptonically. Taking the b-jet left over
from the three jets of mt reconstruction, we can construct
twoMb‘1 andMb‘2 . If both b and ‘ come from the same top

quark, there will be a strict constraintMb‘ < mt. However,
this cut will also reduce the signal by 70%. The wrong pair
ofMb‘ will be smaller in the t�tW case since the b and ‘ are
both softer than the signal. We impose a cut

Mmax
b‘ > 150 GeV: (60)

We show the effects of the cuts step by step in Table IV
for both the signal withMHþþ ¼ 300 GeV and the leading
background t�tW. We combine the four decay channels in
the table. We see that all the cuts designed here are highly
efficient in retaining the signal and suppressing the back-
ground. One can reach a signal to background ratio of 2:1
and about 50 signal events=300 fb�1.
For heavier Higgs bosons, the gauge boson decay modes

of the singly charged Higgs boson take over the t �b mode.
As an illustration, for MHþ ¼ MHþþ ¼ 600 GeV, the
Hþ ! t �b is only 18% so we do not include this channel.
Another important difference for a heavier Higgs boson is
that the W, Z, top, and H1 from H� decay become ener-
getic and their decay products will be highly collimated.
The signal thus may look like

pp ! H��H�;

H��H�� ! W�W�JJ ! JJ þ ‘�‘� þ 6ET;
(61)

where J denotes a massive fat jet.
We note that the main source of the background is from

W�W� þ QCD jets. A light jet develops finite mass due to
the QCD radiation and parton showering. Although it is
difficult to accurately quantify a jet mass, we parametrize a
jet mass as a function of its transverse energy MJ ’
15%EJ

T , and require the jet mass to reconstruct MW and
MX (X ¼ H1, Z, W).
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FIG. 31. Reconstruction of triplet Higgs bosons via 4-jet in-
variant mass Mjjjj for H� and transverse mass MT for H��

with MHþþ ¼ 300 GeV.

TABLE IV. Production cross sections (in fb) at the LHC for pp ! H��H� ! W�W�W�H1=W
�W�W�Z0 ! jjjjþ ‘�‘� þ

6ET and pp ! HþþH�� ! WþWþW�W� ! jjjjþ ‘�‘� þ 6ET , and for the leading backgrounds. We take MH�� ¼ MH� ¼
300 GeV for illustration. The rates after imposing each selection criterion, as described in the text, are shown.

� (fb) Basic p‘
T cut pj

T cut Mcluster MW rec. MX rec. MT Mjjjj

cuts Cuts >50 GeV >100 GeV >600 GeV MW � 15 GeV or Mt veto <300 GeV 300� 50 GeV
t �b 0.13 0.12 0.12 0.11 0.11 0:094� 0.094 0.092

WH 0.074 0.069 0.065 0.061 0.06 0.046 0.045 0.045

WZ 0.06 0.056 0.053 0.05 0.05 0.038 0.038 0.038

H��H� sum 0.26 0.25 0.24 0.22 0.22 0.18 0.18 0.17

H��H�� 0.24 0.23 0.22 0.21 0.21 0.18 0.17 0.17

t�tW 3.1 2.5 1.8 1.4 1.4 0:88� 0.52 0.095

(MH1
rec: ! ) 0.15 0.097 0.045

(MZ rec: ! ) 0.11 0.071 0.032

(MW rec: ! ) 0.096 0.06 0.026
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The cross section for jjWþWþ is below Oð10 fbÞ after
some basic acceptance cuts. The large jet mass cut will
further reduce them. The results of the signal and back-
grounds are summarized in Table V for MH�� ¼ MH� ¼
600 GeV. We see once again that the cuts are very efficient
in retaining the signal and the background can be sup-
pressed to a negligible level. The difficulty is the rather
small signal rate to begin with, at the order of 5� 10�2 fb.

VII. DISCUSSIONS AND CONCLUSIONS

A. Discussion on testing the type II seesaw mechanism

We have discussed the general properties of the type II
seesaw mechanism for neutrino masses where the Higgs
sector of the standard model is extended by adding an
SUð2ÞL Higgs triplet, �� ð1; 3; 1Þ. As is well known, in

this scenario the neutrino mass matrix is given by M� ¼ffiffiffi
2

p
Y�v�, where v� is the vev of the neutral component of

the triplet and Y� is the Yukawa coupling. Once the elec-

troweak symmetry is broken v� ¼ �v2
0=

ffiffiffi
2

p
M2

�, where the

dimension parameter � defines the doublet-triplet mixing
and M� is the mass of the triplet. In the standard ‘‘high-
scale’’ seesaw mechanism assuming Y� � 1 and ��
M� � 1014–15 GeV one obtains the natural value for neu-
trino masses m� � 1 eV. However, even if it is a natural
scenario in this case one cannot hope to realize the direct
test of the mechanism at future colliders. In this work we
have focused on the possibility to observe at the LHC the
fields responsible for the type II seesaw mechanism. In this
case assuming M� & 1 TeV one finds that Y� �� &
1:7� 10�8 GeV. Therefore, if one assumes Y� � 1, � �
10�8 GeV and one can think about the � term as a soft-
breaking term of the global Uð1ÞL (or Uð1ÞB�L) symmetry.
Since this possibility is appealing and there is hope to test
the mechanism at the LHC we have laid out the general
properties of the Higgs bosons for both their leptonic
decays and gauge boson modes. We have also explored
the sensitivity to search for those signals at the LHC. We
now outline our general proposal in order to convincingly
test the type II seesaw mechanism.

We need the following necessary steps. First, the theory
must account for the experimentally measured values of
light neutrino masses and mixing angles, and then predict
the physical couplings of the doubly and singly charged
Higgs bosons. This was accomplished in Sec. III.
We need to establish the existence of the charged Higgs

bosons and further confirm the Higgs triplet nature. This
can be accomplished by observing the associated produc-
tion of the singly and doubly charged Higgs bosons
H��H�. We wish to utilize the physics reach at the
LHC for this purpose, so we limit ourself to the triplet
mass in the range

110 GeV & M� & 1 TeV; (62)

where the lower limit comes from the direct experimental
bound, and the upper limit is roughly the LHC reach. With
our minimal model assumption, the only other crucial
parameter, the triplet vev v�, determines the Higgs phe-
nomenology. There are three typical regions which char-
acterize the different searching strategies.
(i) 1 eV & v� < 10�4 GeV: In this case the leading

decays of the charged Higgs bosons are Hþþ !
eþi eþj and Hþ ! eþi ��. There are in total six

lepton-number violating channels for the doubly
charged Higgs boson, and three channels for the
singly charged Higgs boson. We thus expect to test
the theory once we discover the doubly and singly
charged Higgs bosons and determine their branching
fractions of different flavor combinations, in accor-
dance with the model predictions in the type II see-
saw scheme as presented in Table III.

(ii) v� � 10�4 GeV: In this situation, Hþþ ! eþi eþj
and Hþþ ! WþWþ, as well as Hþ ! eþi �� and
Hþ ! WþH1, W

þZ, t �b are all comparable. One
may thus wish to observe not only the clean dilepton
signals of lepton-number violation, but also the
gauge boson pairs or t �b. The simultaneous observa-
tion of both channels will give a direct measurement
for v�.

(iii) 10�4 GeV< v� & 1 GeV: In this case the lepton-
number violating Higgs decays are suppressed. One

TABLE V. Production cross sections (in fb) at the LHC for pp ! H��H� ! W�W�W�H1=W
�W�W�Z0 ! JJ þ ‘�‘� þ 6ET

and pp ! HþþH�� ! WþWþW�W� ! JJ þ ‘�‘� þ 6ET , and for the leading backgrounds. We take MH�� ¼ MH� ¼ 600 GeV
for illustration. The rates after imposing each selection criterion, as described in the text, are shown.

� (fb) Basic p‘
T cut pj

T cut MJ1 rec. MJ2 rec. MJJ

cuts cuts >80 GeV >200 GeV MW � 15 GeV MX � 15 GeV 600� 75 GeV

WH 1:1� 10�2 9:5� 10�3 9:5� 10�3 9:4� 10�3 9:1� 10�3 9:0� 10�3

WZ 1:0� 10�2 1:0� 10�2 1:0� 10�2 1:0� 10�2 9:9� 10�3 9:8� 10�3

H��H�� 3:3� 10�2 3:2� 10�2 3:1� 10�2 3:1� 10�2 3:1� 10�2 3:1� 10�2

JJW�W� 14.95 7. 65 4.69 0.24

(MH1
rec: ! ) 6� 10�2 4:0� 10�5

(MZ rec: ! ) 0.13 1:4� 10�4

(MW rec: ! ) 0.1 1:6� 10�4
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then must confirm its mixing with SM doublets.
Through the decays of Hþ ! t �b and Hþ !
WþH1, one can extract the � parameter which de-

fines the key relation for seesaw scheme v� ¼
�v2

0=
ffiffiffi
2

p
M2

� since

�ðHþ ! WþH1Þ � �2

MHþ
;

�ðHþ ! t �bÞ ��2m2
t

M3
Hþ

;

(63)

and

�ðHþ ! WþZÞ �
�
g21

�v2
0

M2
�

� ffiffiffi
2

p ð2g21 þ g22Þv�

�
2

�M3
Hþ

v4
0

: (64)

In Fig. 32 the ratio between BRðHþ ! t �bÞ and
BRðHþ ! WþZÞ is shown which can be predicted
once one uses the seesaw relation. The decay Hþ !
t �b is dominant at low mass, and Hþ ! WþZ takes
over for a heavier mass. Both channels should be
searched for and they are complementary.

B. Conclusions

The possibility to test one of the most appealing mecha-
nisms for neutrino mass generation, the so-called type II
seesaw mechanism, at the Large Hadron Collider has been
investigated. We first emphasize the importance to observe

the associated production H��H� to establish the gauge
triplet nature of the Higgs field. We have found very
encouraging results for further testing the theory.
In the optimistic scenarios, 1 eV & v� < 10�4 GeV,

one can test this theory to great detail by looking for the
clear signals of lepton-number violation in the decays of
doubly and singly charged Higgs bosons, at the LHC up to
a mass about 1 TeV.
(i) Observing the difference in rate by comparing the

decay channels for Hþþ ! �þ�þ, �þ�þ, �þ�þ
and Hþþ ! eþeþ, �þ�þ, one could distinguish
between the normal hierarchy and inverted hierarchy
for the light neutrino mass spectrum, when the effect
of the Majorana phases is not appreciable.

(ii) If the Majorana phases play an important role, then
the decay channels of Hþþ are less predictable.
However, it is still possible to distinguish the neu-
trino spectrum by using the singly charged Higgs
decay Hþ ! eþi ��ðei ¼ e;�; �Þ, which is indepen-
dent of the Majorana phases. For a special case in IH,
the significant changes in decay rate for the doubly
charged Higgs eþeþ, �þ�þ $ eþ�þ, eþ�þ will
probe the phase �1.

In the least favorable region of the parameter space,
v� > 10�4 GeV, where the lepton-number violating pro-
cesses are suppressed, we need to study the decays to SM
gauge boson pairs or heavy quarks. Using the decays
Hþ ! t �b and Hþ ! WþH1 one could extract the � pa-
rameter which defines the mixing between the SM Higgs
doublet and the triplet, which in turn implies the existence
of the same gauge interaction between the lepton doublet
and the Higgs triplet. Therefore, we can check the seesaw

relation v� ¼ �v2
0=

ffiffiffi
2

p
M2

� and the prediction for Hþ !
WþZ.
In the most optimistic situation, v� � 10�4 GeV, both

channels of the lepton pairs and gauge boson pairs may be
available simultaneously. The determination of their rela-
tive branching fractions would give a measurement for the
value of v�.

APPENDIX A: TYPE II SEESAWAND FEYNMANN
RULES

As we have discussed in the previous sections the type II
seesaw mechanism [4] is one of the most appealing sce-
narios for the generation of neutrino masses. In this appen-
dix we discuss in detail this mechanism. In this extension
of the standard model the Higgs sector is composed of the
SM Higgs boson, H� ð1; 2; 1=2Þ, and a complex triplet,
�� ð1; 3; 1Þ:

H ¼ �þ
�0

� �
and � ¼ �þ=

ffiffiffi
2

p
�þþ

�0 ��þ=
ffiffiffi
2

p
 !

: (A1)

The kinetic terms and relevant interactions in this theory
are given in Eq. (2) and the new interactions for the leptons

10
-2

10
-1

1

10
3

MM
H

+ (GeV)

R

FIG. 32. Ratio between BRðHþ ! t �bÞ and BRðHþ ! WþZÞ
versus MHþ

.

FILEVIEZ PÉREZ, HAN, HUANG, LI, AND WANG PHYSICAL REVIEW D 78, 015018 (2008)

015018-24



read as

LY ¼ �Y�l
T
LCi�2�lL þ H:c:

¼ �Y��
T
LC�

0�L þ ffiffiffi
2

p
Y��

T
LC�

þeL
þ Y�e

T
LC�

þþeL þ H:c: (A2)

The scalar potential for H and � is given in Eq. (4). The
simultaneous presence of the Yukawa coupling in Eq. (A2)
and the trilinear term proportional to the � parameter in
Eq. (4) tell us that the lepton number or Uð1ÞL is explicitly
broken.

Imposing the conditions of global minimum one finds
that

�m2
H þ �

4
v2
0 �

ffiffiffi
2

p
�v� ¼ 0;

v� ¼ �v2
0ffiffiffi

2
p

M2
�

; and

�M2
� � 4�2 > 0;

(A3)

where v0 and v� are the vacuum expectation values (vev)
of the Higgs doublet and triplet, respectively, with v2

0 þ
v2
� � ð246 GeVÞ2. Once the neutral component in � gets

the vev, h�0i ¼ v�=
ffiffiffi
2

p
, the neutrino mass matrix is given

by M� ¼ ffiffiffi
2

p
Y�v�.

1. Higgs boson spectrum and gauge interactions

Let us compute the spectrum of the different Higgs
bosons present in the theory. Using

�0 ¼ ðv0 þ h0 þ i
0Þ= ffiffiffi
2

p
and

�0 ¼ ðv� þ�0 þ i�0Þ= ffiffiffi
2

p (A4)

one finds that the mass matrix and the mixing angle for the
CP-even states read as

M 2
even ¼ �v2

0=2 � ffiffiffi
2

p
�v0

� ffiffiffi
2

p
�v0 M2

�

 !
and

tan2�0 ¼ � 4M2
�v�

v0ðM2
H1

þM2
H2

� 2M2
�Þ

;

(A5)

H1 ¼ cos�0h
0 þ sin�0�

0;

H2 ¼ � sin�0h
0 þ cos�0�

0;
(A6)

where
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
0 þ v2

�

q
� 246 GeV. The mass matrix and the

mixing angle for the CP-odd states are given by

M 2
odd ¼ 2

ffiffiffi
2

p
�v� � ffiffiffi

2
p

�v0

� ffiffiffi
2

p
�v0 M2

�

 !
and

tan2	 ¼ � 4M2
�v�

v0ðM2
A � 2M2

�Þ
;

(A7)

G ¼ cos	
0 þ sin	�0; A ¼ � sin	
0 þ cos	�0:

(A8)

In the singly charged Higgs sector (�þ, �þ), the mass
matrix and the mixing angle for the physical states read as

M 2� ¼
ffiffiffi
2

p
�v� ��v0

��v0 M2
�

 !
and

tan2�þ ¼ � 2
ffiffiffi
2

p
v�M

2
�

v0ðM2
Hþ � 2M2

�Þ
;

(A9)

G� ¼ cos���� þ sin����;

H� ¼ � sin���� þ cos����:
(A10)

There are thus seven physical mass eigenstates:H1 (SM-
Like), H2 (�-Like), A, H�, and H�� ¼ ���. In this
minimal setting,

MH2
’ MA ’ MH� ’ MH�� ¼ M�: (A11)

The mixing angles in all sectors are very small since v� 

v0. It is thus useful to write down the approximations

tan2�0 � �2
ffiffiffi
2

p
�v0

M2
H1

�M2
�

� 4
v�

v0

;

tan2	 � 2
ffiffiffi
2

p
�v0

M2
�

¼ 4
v�

v0

;

tan2�þ � 2�v0

M2
�

¼ 2
ffiffiffi
2

p v�

v0

:

(A12)

The Feynmann rules for the Higgs boson gauge inter-
actions are listed in Table VI.

2. Heavy Higgs boson Yukawa interactions via mixing

The triplet fields mix with the Higgs doublet via the
dimensional parameter �. Thus the standard model
Yukawa interactions will yield the heavy Higgs couplings
to the SM fermions. The Feynman rules are listed in
Table VII.

3. Heavy Higgs boson �L ¼ 2 Yukawa interactions

The physical interactions in the Yukawa sector are given
in Eqs. (11) and (12). We present the Yukawa couplings for
lepton-number violating vertices in Table VIII.
The explicit couplings in terms of the neutrino mass and

mixing parameters are as follows:

�þ ¼ cos�þ
mdiag

� Vy
PMNS

v�

and

�þþ ¼ V�
PMNSm

diag
� Vy

PMNSffiffiffi
2

p
v�

� Y�;

(A13)

and in the text we have defined the squared sum relevant
for the singly charged Higgs processes
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Yj
þ ¼ X3

i¼1

j�ij
þj2 � v2

�; (A14)

where

Y1þ ¼ m2
1c

2
12c

2
13 þm2

2c
2
13s

2
12 þm2

3s
2
13;

Y2þ ¼ ðc223m2
2 þm2

1s
2
13s

2
23Þc212

þ 2 cosð�Þc23ðm2
1 �m2

2Þs12s13s23c12
þ c223m

2
1s

2
12 þ ðc213m2

3 þm2
2s

2
12s

2
13Þs223;

Y3þ ¼ ðc223m2
1s

2
13 þm2

2s
2
23Þc212

� 2 cosð�Þc23ðm2
1 �m2

2Þs12s13s23c12
þ c213c

2
23m

2
3 þ s212ðc223m2

2s
2
13 þm2

1s
2
23Þ;

ffiffiffi
2

p
v��

11þþ ¼ m1e
�i�1c212c

2
13 þm2s

2
12c

2
13 þm3e

ið2���2Þs213;ffiffiffi
2

p
v��

22þþ ¼ m1e
�i�1ð�s12c23 � e�i�c12s13s23Þ2 þm2ðc12c23 � e�i�s12s13s23Þ2 þm3e

�i�2c213s
2
23;ffiffiffi

2
p

v��
33þþ ¼ m1e

�i�1ðs12s23 � e�i�c12s13c23Þ2 þm2ð�c12s23 � e�i�s12s13c23Þ2 þm3e
�i�2c213c

2
23;ffiffiffi

2
p

v��
12þþ ¼ m1e

�i�1c12c13ð�s12c23 � e�i�c12s13s23Þ þm2s12c13ðc12c23 � e�i�s12s13s23Þ þm3e
ið���2Þs13c13s23;ffiffiffi

2
p

v��
13þþ ¼ m1e

�i�1c12c13ðs12s23 � e�i�c12c23s13Þ þm2c13s12ð�c12s23 � e�i�s12s13c23Þ þm3e
ið���2Þs13c13c23;ffiffiffi

2
p

v��
23þþ ¼ m1e

�i�1ðs12s23 � e�i�c12s13c23Þð�s12c23 � e�i�c12s13s23Þ þm2ð�c12s23 � e�i�s12s13c23Þðc12c23
� e�i�s12s13s23Þ þm3e

�i�2c213s23c23:

TABLE VII. Feynman rules for the heavy Higgs boson
Yukawa interactions via mixing �.

Vertices Yukawa couplings Approximation

Hþ �tb �i
ffiffiffi
2

p
mtPLþmbPR

v0
sin�þ �i

ffiffiffi
2

p
mt�
M2

�

PL

H2f �f �i
mf

v0
sin�0 �i

ffiffiffi
2

p mf�

M2
�

Af �f �5
mf

v0
sin	

ffiffiffi
2

p
�5

mf�

M2
�

TABLE VI. Feynman rules for the heavy Higgs boson gauge interactions. The momenta are all assumed to be incoming and p1ðp2Þ
refers to the first (second) scalar field listed in the vertices. The approximation is based on v0 � v�, M� >MH1

.

Vertices Gauge couplings Approximation

HþþH�W�
� �ig2 cos�þðp1 � p2Þ� �ig2ðp1 � p2Þ�

HþþW�
�W

�
� i

ffiffiffi
2

p
g22v�g�� i

ffiffiffi
2

p
g22v�g��

HþH2W
�
� �i g22 ð

ffiffiffi
2

p
cos�þ cos�0 þ sin�0 sin�þÞðp1 � p2Þ� �i g2ffiffi

2
p ðp1 � p2Þ�

HþAW�
�

g2
2 ð

ffiffiffi
2

p
cos�þ cos	þ sin	 sin�þÞðp1 � p2Þ� g2ffiffi

2
p ðp1 � p2Þ�

HþH1W
�
� �i g22 ð

ffiffiffi
2

p
cos�þ sin�0 � cos�0 sin�þÞðp1 � p2Þ� �i g22

�v0

M2
�

ðp1 � p2Þ�
HþZ�W

�
� i cos�W2 ðg21 sin�þv0 �

ffiffiffi
2

p
cos�þð2g21 þ g22Þv�Þg�� i

g2
2
sin2�W

2 cos�W
ð�v2

0

M2
�

� ffiffiffi
2

p ð2þ cot2�WÞv�Þg��

H2H1H1 i 14 cos�0ð3 sin2�0�v0 þ 4
ffiffiffi
2

p
cos2�0�� 4

ffiffiffi
2

p
sin2�0�Þ ið ffiffiffi

2
p

�þ 3
2�

ffiffi
2

p
�v2

0

M2
�

Þ
H2W

þ
�W

�
� �i 12g

2
2ðsin�0v0 � 2 cos�0v�Þg�� �i 12g

2
2ð

ffiffi
2

p
�v2

0

M2
�

� 2v�Þg��

H2Z�Z� �i 12
g2
2

cos2�W
ðsin�0v0 � 4 cos�0v�Þg�� �i 12

g2
2

cos2�W
ð
ffiffi
2

p
�v2

0

M2
�

� 4v�Þg��

AH1Z�
g2

2 cos�W
ðcos�0 sin	� 2 cos	 sin�0Þðp1 � p2Þ� � g2ffiffi

2
p

cos�W

�v0

M2
�

ðp1 � p2Þ�

TABLE VIII. Yukawa Interactions for lepton-number violat-
ing vertices.

Fields Vertices Yukawa couplings Approximation

Hþþ Hþþe�T
i e�j C2�ij

þþPL C2�ij
þþPL

Hþ Hþ�T
i e

�
j C�ij

þPL C�ij
þPL

H2 H2�
T
i �ið ��i ��iÞ C cos�0ðm�i

=v�ÞPL Cðm�i
=v�ÞPL

A A�T
i �ið ��i ��iÞ C cos	ðm�i

=v�ÞPL Cðm�i
=v�ÞPL
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APPENDIX B: DECAYS OF Hþþ, Hþ, H2, AND A

The expressions for the relevant partial decay widths are
the following:

Doubly charged Higgs boson:

�ðHþþ ! eþi eþj Þ ¼
1

4
ð1þ �ijÞ j�
ij
þþj2MHþþ ; (B1)

�ðHþþ ! Wþ
T W

þ
T Þ ¼

g42v
2
�

8
MHþþ
�1=2ð1; r2W; r2WÞ

� g22M
2
Wv

2
�

2
MHþþv2
0

; (B2)

�ðHþþ !Wþ
L W

þ
L Þ ¼

g42v
2
�

16
MHþþ
�1=2ð1; r2W;r2WÞ

ð1� 2r2WÞ2
4r4W

�M3
Hþþv2

�

4
v4
0

; (B3)

�ðHþþ ! Hþ
þÞ ¼ g42V
2
ud�M

3f2

16
M4

W

; (B4)

�ðHþþ ! Hþeþð�þÞ�eð��ÞÞ ¼ g42�M
5

240
3M4
W

; (B5)

�ðHþþ ! Hþq �q0Þ ¼ 3�ðHþþ ! Hþeþð�þÞ�eð��ÞÞ;
(B6)

where �M ¼ MHþþ �MHþ and ri ¼ Mi=M�.
Singly charged Higgs boson:

�ðHþ ! ‘þi ��jÞ ¼ 1

16

j�ij

þj2MHþ ; (B7)

�ðHþ ! Wþ
T ZTÞ ¼ cos2�W

32
MHþ
ðg21 sin�þv0 �

ffiffiffi
2

p
cos�þ

� ð2g21 þ g22Þv�Þ2�1=2ð1; r2W; r2ZÞ

� g22sin
4�WM

2
Z

8
MHþv2
0

�
�
�v2

0

M2
Hþ

� ffiffiffi
2

p ð2þ cot2�WÞv�

�
2

¼ g22M
2
Zv

2
�

4
MHþv2
0

; (B8)

�ðHþ ! Wþ
L ZLÞ ¼ cos2�W

64
MHþ
ðg21 sin�þv0 �

ffiffiffi
2

p
cos�þ

� ð2g21 þ g22Þv�Þ2�1=2ð1; r2W; r2ZÞ

� ð1� r2W � r2ZÞ2
4r2Wr

2
Z

� M3
Hþsin4�W

16
v4
0

�
�
�v2

0

M2
Hþ

� ffiffiffi
2

p ð2þ cot2�WÞv�

�
2

¼ M3
Hþv2

�

8
v4
0

; (B9)

�ðHþ ! Wþ
L H1Þ ¼ MHþg22

64
r2W
ð ffiffiffi

2
p

cos�þ sin�0

� sin�þ cos�0Þ2�3=2ð1; r2W; r2H1
Þ

� �2

16
MHþ
¼ M3

Hþv2
�

8
v4
0

; (B10)

�ðHþ ! t �bÞ¼NcMHþm2
t sin

2�þ
8
v2

0

�1=2ð1;r2t ; r2bÞð1� r2t � r2bÞ

�Nc�
2m2

t

8
M3
Hþ

¼NcMHþm2
t v

2
�

4
v4
0

: (B11)

Heavy CP-even Higgs boson:

�ðH2 ! �i�i þ ��i ��iÞ ¼ 1

16

cos2�0

m2
�i

v2
�

MH2

� m2
�i

16
v2
�

MH2
; (B12)

�ðH2 ! ZTZTÞ ¼ g42
64
MH2

cos4�W
ðsin�0v0 � 4 cos�0v�Þ2

� �1=2ð1; r2Z; r2ZÞ

� g22m
2
Z

16
MH2
cos2�Wv

2
0

� ffiffiffi
2

p
�v2

0

M2
H2

� 4v�

�
2

¼ g22m
2
Zv

2
�

4
MH2
cos2�Wv

2
0

; (B13)
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�ðH2 !ZLZLÞ¼ g42
128
MH2

cos4�W
ðsin�0v0�4cos�0v�Þ2

��1=2ð1;r2Z;r2ZÞ
ð1�2r2ZÞ2

4r4Z

� M3
H2

32
v4
0

� ffiffiffi
2

p
�v2

0

M2
H2

�4v�

�
2

¼M3
H2
v2
�

8
v4
0

; (B14)

�ðH2 ! H1H1Þ ¼ 1

512
MH2

cos�20ð3 sin2�0�v0

þ 4
ffiffiffi
2

p
cos2�0�� 4

ffiffiffi
2

p
sin2�0�Þ2

� �1=2ð1; r2H1
; r2H1

Þ

� 1

32
MH2

�6M2
H1
v�

v2
0

þ ffiffiffi
2

p
�

�
2

� �2

16
MH2

¼ M3
H2
v2
�

8
v4
0

; (B15)

�ðH2 ! t�tÞ ¼ NcMH2
m2

t sin
2�0

8
v2
0

�1=2ð1; r2t ; r2t Þð1� 4r2t Þ

� Ncm
2
t �

2

4
M3
H2

¼ NcMH2
m2

t v
2
�

2
v4
0

; (B16)

�ðH2 ! b �bÞ ¼ NcMH2
m2

bsin
2�0

8
v2
0

�1=2ð1; r2b; r2bÞð1� 4r2bÞ

� Ncm
2
b�

2

4
M3
H2

¼ NcMH2
m2

bv
2
�

2
v4
0

: (B17)

CP-odd Higgs boson:
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Gonzalez Felipe, Nucl. Phys. B747, 312 (2006); P.
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