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We investigate the phenomenology of the Higgs sector of the minimal B� L extension of the standard

model. We present results for both the foreseen energy stages of the Large Hadron Collider (
ffiffiffi
s

p ¼ 7 and

14 TeV). We show that in such a scenario several novel production and decay channels involving the two

physical Higgs states could be accessed at such a machine. Amongst these, several Higgs signatures have

very distinctive features with respect to those of other models with an enlarged Higgs sector, as they

involve interactions of Higgs bosons between themselves, with Z0 bosons as well as with heavy neutrinos.
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I. INTRODUCTION

In the past years, major efforts has been devoted to the
realization of the Large Hadron Collider (LHC), the largest
and most powerful running collider in the world. One of its
scopes is discovering the means of generating masses for
all known (and possibly new) particles.

As a matter of fact, while it is widely accepted that the
way of realizing the aforementioned mass generation is
represented by the Higgs mechanism, there is still no
experimental evidence of any Higgs boson.

As for the models implementing the Higgs mechanism,
the standard model (SM) is based on just one complex
Higgs doublet consisting of 4 degrees of freedom, three of
which, after spontaneous electroweak symmetry breaking,
turn out to be absorbed in the longitudinal polarization
component of each of the three weak gauge bosons, W�
and Z, while the fourth one gives the physical Higgs state h
(for a detailed ‘‘anatomy’’ of the Higgs mechanism in the
SM see [1]).

Although the SM provides a beautiful explanation for
most known particle phenomena, it turns out to be unsat-
isfactory from several points of view. Apart from some
feeble hints of the SM inadequacy coming from precision
tests, it does not produce a viable dark matter candidate, it
does not incorporate dark energy, it does not provide
enough CP violation to explain the baryonic matter-
antimatter asymmetry of the Universe and, finally, it cannot
describe the experimentally observed evidence of neutrino
oscillations.

To stay with the latter aspect, and following a bottom-up
approach, one can attempt to remedy this issue through a
minimal extension of the SM: the so-called minimal B� L
model (see [2–4]). Such a scenario consists of a further
Uð1ÞB�L gauge group in addition the SM gauge structure,
three right-handed neutrinos (designed to cancel anoma-
lies), and an additional complex Higgs singlet responsible
for giving mass to an additional Z0 gauge boson. Therefore,
the scalar sector is made of two real CP-even scalars, that
will mix together.

In this theoretical framework, following the B� L sym-
metry breaking, the right-handed neutrinos can acquire a
Majorana mass of the order of the TeV scale (� B� L
symmetry breaking vacuum expectation value), and this
can in turn explain the smallness of the light-neutrinos
masses via the Type I see-saw mechanism (see [5–10]).
Finally, it is important to note that in this model the

B� L breaking can take place at the TeV scale, i.e., far
below that of any grand unified theory, thereby giving rise
to new and interesting phenomenology at present and
future particle accelerators [11–16].
In the present work we study the phenomenology at the

LHC of the scalar sector of the minimal B� L model. We
will present production cross sections, branching ratios
(BRs) and event rates for the B� L Higgs bosons, high-
lighting the analogies and differences with respect to the
SM case and other models that show a similar phenome-
nology in the Higgs sector (as the scalar singlet extension
of the SM, see [17–22]), and we will use these results to
introduce new Higgs boson signatures at the LHC, that
could be the hallmark of the model considered here: e.g.,
four lepton decays of a heavy Higgs boson via pairs of Z0
gauge bosons (which, e.g., in the SM also occur via
WþW� and ZZ but in very different kinematic regions),
light Higgs boson pair production via the heavy Higgs
boson (forbidden, e.g., over the currently allowed parame-
ter space of the minimal supersymmetric standard model)
and heavy neutrino pair production via a light Higgs boson
(yielding, e.g., very exotic and clean like-sign dilepton
signatures, with or without jets).
This work can be seen as the continuation of the studies

started in Refs. [12,15,16], where we dealt with the other
new sectors of the model (i.e., the Z0 gauge boson and the
heavy neutrino ones), and relies on the results of Refs.
[23–25] where the Higgs parameter space of the minimal
B� L model was studied in detail by accounting for all
experimental and theoretical constraints.
This paper is organized as follows: in the next section we

describe the model in its relevant (to this study) parts, in
the following one we describe the details of the analysis

PHYSICAL REVIEW D 83, 055014 (2011)

1550-7998=2011=83(5)=055014(15) 055014-1 � 2011 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.83.055014


carried out; in Sec. IV we present our numerical results,
then we conclude in Sec. V.

II. THE MODEL

The model under study is the minimal Uð1ÞB�L exten-
sion of the SM (see Refs. [12,23,24] for conventions and
references), in which the SM gauge group is augmented
by a Uð1ÞB�L factor, related to the baryon minus lepton
(B� L) gauged number. In the complete model, the clas-
sical gauge invariant Lagrangian, obeying the SUð3ÞC �
SUð2ÞL �Uð1ÞY �Uð1ÞB�L gauge symmetry, can be de-
composed as

L ¼ Ls þLYM þLf þLY: (1)

The scalar Lagrangian is

Ls ¼ ðD�HÞyD�H þ ðD��ÞyD��� VðH;�Þ; (2)

with the scalar potential given by

VðH;�Þ ¼ m2HyHþ�2j�j2 þ �1ðHyHÞ2
þ �2j�j4 þ �3H

yHj�j2; (3)

where H and � are the complex scalar Higgs doublet and
singlet fields, respectively.

We generalize the SM discussion of spontaneous elec-
troweak symmetry breaking to the more complicated clas-
sical potential of Eq. (3). To determine the condition for
VðH;�Þ to be bounded from below, it is sufficient to study
its behavior for large field values, controlled by the matrix
in the first line of Eq. (3). Requiring such a matrix to be
positive definite, we obtain the conditions:

4�1�2 � �2
3 > 0; (4)

�1; �2 > 0: (5)

If the above conditions are satisfied, we can proceed to the
minimization of V as a function of constant vacuum ex-
pectation values for the two Higgs fields. Making use of
gauge invariance, it is not restrictive to assume

hHi � 0
vffiffi
2

p

 !
; h�i � xffiffiffi

2
p ; (6)

with v and x real and non-negative. The physically most
interesting solutions to the minimization of Eq. (3) are
obtained for v and x, both nonvanishing:

v2 ¼ ��2m
2 þ �3

2 �
2

�1�2 � �
3
2

4

; (7)

x2 ¼ ��1�
2 þ �3

2 m
2

�1�2 � �
3
2

4

: (8)

To compute the scalar masses, we must expand the
potential in Eq. (3) around the minima in Eqs. (7) and (8).

We denote by h1 and h2 the scalar fields of definite masses,
mh1 and mh2 , respectively, and we conventionally choose

m2
h1
<m2

h2
. After standard manipulations, the explicit ex-

pressions for the scalar mass eigenvalues and eigenvectors
are

m2
h1
¼�1v

2þ�2x
2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð�1v

2��2x
2Þ2þð�3xvÞ2

q
; (9)

m2
h2

¼ �1v
2 þ �2x

2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð�1v

2 � �2x
2Þ2 þ ð�3xvÞ2

q
; (10)

h1
h2

� �
¼ cos� � sin�

sin� cos�

� �
h
h0

� �
; (11)

where� �
2 � � � �

2 fulfils
1

sin2� ¼ �3xvffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið�1v
2 � �2x

2Þ2 þ ð�3xvÞ2
p ; (12)

cos2� ¼ �1v
2 � �2x

2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið�1v
2 � �2x

2Þ2 þ ð�3xvÞ2
p : (13)

For our numerical study of the extended Higgs sector, it
is useful to invert Eqs. (9), (10), and (12), to extract the
parameters in the Lagrangian in terms of the physical
quantities mh1 , mh2 , and sin2�:

�1 ¼
m2

h2

4v2
ð1� cos2�Þ þm2

h1

4v2
ð1þ cos2�Þ;

�2 ¼
m2

h1

4x2
ð1� cos2�Þ þm2

h2

4x2
ð1þ cos2�Þ;

�3 ¼ sin2�

�m2
h2
�m2

h1

2xv

�
:

(14)

Moving to the Yang-Mills (YM) Lagrangian, the non-
Abelian field strengths therein are the same as in the SM
whereas the Abelian ones can be written as follows:

L Abel
YM ¼ �1

4F
��F�� � 1

4F
0��F0

��; (15)

where

F�� ¼ @�B� � @�B�; (16)

F0
�� ¼ @�B

0
� � @�B

0
�: (17)

In this field basis, the covariant derivative is

D� � @� þ igST
�G�

� þ igTaW�
a þ ig1YB�

þ ið~gY þ g01YB�LÞB0
�: (18)

1In all generality, the whole interval 0 � �< 2� is halved
because an orthogonal transformation is invariant under � !
�þ �. We could rehalve the interval by noting that it is
invariant also under � ! �� if we permit the eigenvalues
inversion, but this is forbidden by our convention m2

h1
<m2

h2
.

Thus, � and �� are independent solutions.
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The ‘‘pure’’ or ‘‘minimal’’ B� L model is defined by the
condition ~g ¼ 0, that implies no mixing between the
B� L Z0, and SM Z gauge bosons.

The fermionic Lagrangian (where k is the generation
index) is given by

Lf ¼
X3
k¼1

ðiqkL��D
�qkL þ iukR��D

�ukR

þ idkR��D
�dkR þ ilkL��D

�lkL

þ iekR��D
�ekR þ i�kR��D

��kRÞ; (19)

where the fields’ charges are the usual SM and B� L ones
(in particular, B� L ¼ 1=3 for quarks and �1 for leptons
with no distinction between generations, hence ensuring
universality). The B� L charge assignments of the fields
as well as the introduction of new fermionic right-handed
heavy neutrinos (�R’s) and a scalar Higgs field (�, with
charge þ2 under B� L) are generally designed to ensure
the gauge invariance of the theory. Moreover, as we have
already mentioned in Sec. I, the heavy neutrinos have also
the aim of eliminating the triangular B� L gauge anoma-
lies. Therefore, a B� L gauge extension of the SM gauge
group broken at the TeV scale requires at least one new
scalar field and three new fermionic fields which are
charged with respect to the B� L group.

Finally, the Yukawa interactions are

LY ¼ �ydjkqjLdkRH� yujkqjLukR
~H � yejkljLekRH

� y�jkljL�kR
~H � yMjkð�RÞcj�kR�þ H:c:; (20)

where ~H ¼ i�2H� and i, j, k take the values 1 to 3, where
the last term is theMajorana contribution and the others are
the usual Dirac ones.

Neutrino mass eigenstates, obtained after applying the
see-saw mechanism, will be called �l (with l standing for
light) and �h (with h standing for heavy), where the first
ones are the SM-like ones. With a reasonable choice of
Yukawa couplings, the heavy neutrinos can have masses
m�h �Oð100Þ GeV.

III. ANALYSIS DETAILS

As spelled out already, the independent physical
parameters of the Higgs sector of the scenario considered
here are

(i) mh1 ,mh2 , and �, the Higgs boson masses and mixing

angle. We will span over continuous intervals in the
case of the first two quantities while adopting dis-
crete values for the third one. Masses and couplings
(which depend on the Higgs mixing) have been
tested against the experimental limits obtained
at the Large Electron-Positron (LEP) collider and
at the Tevatron.

In order to explore efficiently the expanse of parameter
space pertaining to the minimal B� L model, we

introduce two extreme conditions, which makes the model
intuitive, though at the end it should be borne in mind that
intermediate solutions are most probable. The two condi-
tions are obtained by setting:
(1) � ¼ 0, this is the decoupling limit, with h1 behaving

like the SM Higgs.
(2) � ¼ �

2 , which is the so-called inversion limit, in

which h2 is the SM Higgs (though recall that this
possibility is phenomenologically not viable, see
[26] for a complete analysis in the Higgs singlet
extension context).

Furthermore, concerning the strength of Higgs interac-
tions, some of the salient phenomenological behaviors can
be summarized as follows:
(i) SM-like interactions scale with cos�ðsin�Þ for

h1ðh2Þ;
(ii) those involving the other new B� L fields, like Z0

and heavy neutrinos, scale with the complementary
angle, i.e., with sin�ðcos�Þ for h1ðh2Þ;

(iii) triple (and quadruple) Higgs couplings are possible
and can induce resonant behaviors, so that, e.g.,
the h2 ! h1h1 decay can become dominant if
mh2 > 2mh1 .

Other than mh1 , mh2 , and �, additional parameters are

the following:
(i) g01, the new Uð1ÞB�L gauge coupling. We will adopt

discrete perturbative values for this quantity.
(ii) MZ0 , the new gauge boson mass. An indirect con-

straint on MZ0 comes from analyses at LEP of
precision EW data (see [27], based on the analysis
of experimental data published in [28–32])2:

MZ0

g01
� 7 TeV: (21)

Further limits have been obtained at Tevatron
[16,34,35]. Both have been taken into account here.

(iii) m�h
, the heavy neutrino masses. We take them to be

degenerate and relatively light.
(iv) m�l

, the SM (or light) neutrino masses. We use

the cosmological upper bound
P

lm�l
< 1 eV

[36]. Ultimately, they have been taken to be
m�l

¼ 10�2 eV.

(For illustrative purposes we take all neutrino
masses, both light and heavy, to be degenerate.)

Notice that the theoretical limits from vacuum stability,
triviality, and perturbative unitarity obtained in Refs.
[23–25] were all taken into account here.
In this paper we will consider only the qualitative

results of the analysis of the EW precision constraints
made in [26] in the context of singlet scalar extensions
of the SM (we assume that the inversion limit is not

2A less conservative approach, based on Fermi-type effective
four-fermions interactions, gives the weaker constraint

MZ0
g0
1
�

6 TeV [33].
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phenomenologically allowed), though we would like to
mention here the fact that in our model, due to the different
particle content, the constraints on the precision parame-
ters can be significantly altered (because of, e.g., the
presence of heavy neutrinos and the Z0 gauge boson in
the definition of the EW precision parameters). In the
following, we will not investigate these aspects any further.

The numerical analysis was performed with CALCHEP

[37] with the model introduced through LANHEP [38]. This
implementation was described at length in Ref. [12], so we
refer the reader to that publication. A version of the model
somewhat improved with respect to the one discussed in
Ref. [12] has been used for this work though. Here are the
differences:

(i) The one-loop vertices g� g� h1ðh2Þ, �� ��
h1ðh2Þ, and �� ZðZ0Þ � h1ðh2Þ via W gauge bosons
and heavy quarks (top, bottom, and charm) have been
implemented, adapting the formulas in Ref. [39].

(ii) Running masses for top, bottom, and charm quarks,
evaluated at the Higgs boson mass: Q ¼ mh1ðmh2Þ,
depending on which scalar boson is involved in the
interaction.

(iii) Running of the QCD coupling constant, at two-
loops with 5 active flavors.

Finally, the NLO QCD k factor for the gluon fusion
process [1,40,41]3 has been used. Regarding the other
processes, we decided to not implement their k factors
since they are much smaller in comparison.
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FIG. 1 (color online). Cross sections in the B� Lmodel for h1 at the LHC 1(a) at
ffiffiffi
s

p ¼ 7 TeV and 1(c) at
ffiffiffi
s

p ¼ 14 TeV, and for h2
1(b) at

ffiffiffi
s

p ¼ 7 TeV and 1(d) at
ffiffiffi
s

p ¼ 14 TeV. The dashed lines in Figs. 1(a) and 1(c) refer to � ¼ 0. The dotted part of the lines in
Fig. 1(d) refer to h2 masses excluded by unitarity (see Ref. [23]).
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IV. RESULTS

In this section we present our results for the scalar sector
of the B� L model. We first present cross sections atffiffiffi
s

p ¼ 7 and 14 TeV for the two Higgs bosons, as well as
their BRs, for some fixed values of the scalar mixing angle
�. Its values have been chosen in each plot to highlight
some relevant phenomenological aspects. We will then
focus on some phenomenologically viable signatures.

A. Standard production mechanisms

In Fig. 1 we present the cross sections for the most
relevant production mechanisms, i.e., the usual SM pro-
cesses such as gluon-gluon fusion, vector-boson fusion, t�t
associated production, and Higgs-strahlung. For reference,
we show in dashed lines the SM case (only for h1), that
corresponds to � ¼ 0.

Comparing Fig. 1(c) to Fig. 1(a), there is a factor two
enhancement passing from

ffiffiffi
s

p ¼ 7 TeV to
ffiffiffi
s

p ¼ 14 TeV
center-of-mass energy at the LHC.

The cross sections are a smooth function of the mixing
angle �, so as expected every subchannel has a cross
section that scales with cos�ðsin�Þ, respectively, for
h1ðh2Þ. As a general rule, the cross section for h1 at an
angle � is equal to that one of h2 for �=2� �. In particu-
lar, the maximum cross section for h2 (i.e., when
� ¼ �=2) coincides with the cross section of h1 for� ¼ 0.

We notice that these results are in agreement with the
ones that have been discussed in [17,19,20] in the context
of a scalar singlet extension of the SM, having the latter the
same Higgs production phenomenology. Moreover, as al-
ready shown in [17], also in the minimal B� L context an
high value of the mixing angle could lead to important
consequences for Higgs boson discovery at the LHC: a sort
of rudimentary see-saw mechanism could suppress h1
production below an observable rate at

ffiffiffi
s

p ¼ 7 TeV and
favor just heavy Higgs boson production, with peculiar
final states clearly beyond the SM, or even hide the pro-
duction of both (if no more than 1 fb�1 of data is accumu-
lated). Instead, at

ffiffiffi
s

p ¼ 14 TeV we expect that at least one
Higgs boson will be observed, either the light one or the
heavy one, or indeed both, thus shedding light on the scalar
sector of the B� L extension of the SM discussed in this
work. The region of the parameter space that would allow
the scalar sector to be completely hidden, for example, for
� ’ �=2 and mh2 heavy enough to not be produced, what-

ever the value of mh1 , is experimentally excluded by pre-

cision analyses at LEP [26].

B. Nonstandard production mechanisms

All the new particles in the B� L model interact with
the scalar sector, so novel production mechanisms can arise

considering the exchange of new intermediate particles.
Among the new production mechanisms, the associated
production of the scalar boson with the Z0 boson and the
decay of a heavy neutrino into a Higgs boson are certainly
the most promising, depending on the specific masses.
Notice also that the viable parameter space, that allows a
Higgs mass lighter than the SM limit of 114.4 GeV for
certain ��mh2 configurations, also enables us to inves-

tigate production mechanisms that in the SM are sublead-
ing, as the associated production of a Higgs boson with a
photon. Figures 2 and 3 show the cross sections for the
nonstandard production mechanisms, for

ffiffiffi
s

p ¼ 14 TeV
and several values of �.
Figures 2(a) and 2(b) show the cross sections for asso-

ciated production with the Z0 boson of h1 and of h2,
respectively, for several combinations of Z0 boson masses
and g01 couplings. The process is

q �q ! Z0� ! Z0h1ð2Þ; (22)

and it is dominated by the Z0 boson’s production cross
sections (see [12,16]). Although never dominant (always
below 1 fb), this channel is the only viable mechanism to
produce h2 in the decoupling scenario, i.e., � ¼ 0.
In Fig. 3 we plot the cross sections of the other non-

standard production mechanisms against the light Higgs
mass, for several choices of parameters (as explicitly in-
dicated in the labels). We superimposed the red-shadowed
region in order to avoid any value of the cross section that
has been already excluded by LEP constraints (see [42],
where the relation between the reduced coupling, in this
model, is 	2 ¼ cos2�), mapping each value of the bound-
ary cross section as produced by the related maximum
value allowed for the light Higgs massmh1 (at fixed mixing

angle �).
The first of the showed plots is the decay of a heavy

neutrino into a Higgs boson. The whole process chain is

q �q ! Z0 ! �h�h ! �h�lh1ð2Þ; (23)

and it requires us to pair produce heavy neutrinos, again via
the Z0 boson (see [12,43] for a detailed analysis of the
pp ! Z0 ! �h�h process and other aspects of Z0 and
heavy neutrinos phenomenology in the minimal B� L
model). Although rather involved, this mechanism has
the advantage that the whole decay chain can be of on-
shell particles, besides the peculiar final state of a Higgs
boson and a heavy neutrino. For a choice of the parameters
that roughly maximizes this mechanism (MZ0 ¼ 900 GeV,
g01 ¼ 0:13, and m�h

¼ 200 GeV), Fig. 3(a) shows that the

cross sections for the production of the light Higgs boson
(when only one generation of heavy neutrinos is consid-
ered) are above 10 fb formh1 < 130 GeV (and small values

of �), dropping steeply when the light Higgs boson mass
approaches the kinematical limit for the heavy neutrino to
decay into it. Assuming the transformation � ! �=2� �,

3Notice that in Ref. [41] (Ref. [1]), mt ¼ 174ð178Þ GeV,
while we used mt ¼ 172:5 GeV as top-quark pole mass value.
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the production of the heavy Higgs boson via this mecha-
nism shows analogous features.

Next, Figs. 3(b) and 3(c) show the associated production
of the light Higgs boson with a photon. The processes are,
respectively,

q �q ! �=Z=Z0 ! �h1 (24)

via the SM neutral gauge bosons (� and Z) and the new
Z0 boson, and

qq0 ! �h1q
00q000; (25)

through vector-boson fusion (only W and Z bosons).
In the first instance, we notice that the Z0 subchannel in

Eq. (24) is always negligible, as there is no Z0 �W �W
interaction and the V � h� � effective vertex is only via a
top-quark loop (an order of magnitude lower than the
V � h� � effective vertex via a W boson loop) [39].
What is relevant in these two channels is that the light
Higgs boson mass can be considerably smaller than the
LEP limit (they are valid for the SM, or equivalently when
� ¼ 0 in the B� L model). Hence, the phase space factor
can enhance the mechanism of Eq. (24) for small masses,
up to the level of 1 fb for mh1 < 60 GeV (and suitable

values of the mixing angle �, depending on the experimen-
tal and theoretical limits, see Refs. [23,24] for a complete
treatment of the allowed parameter space of the Higgs
sector of the minimal B� L problem). Moreover, it has
recently been observed that the associated production with
a photon in the vector-boson fusion channel could be

useful for low Higgs boson masses to trigger events in
which the Higgs boson decays into b-quark pairs [44].
Complementary to that, the process in Eq. (24) can also
be of similar interest, with the advantage that the photon
will always be back-to-back relative to the b-quark pair. For
comparison, Figs. 3(b) and 3(c) show the cross section for
these processes.4 Certainly, for an h1 boson heavier than the
SM limit, vector-boson fusion is the dominant process for
associated production of h1 with a photon, and this is also
true for mh1 > 60 GeV. However, for light Higgs boson

masses lower than 60 GeV, the two mechanisms of
Eqs. (24) and (25) become equally competitive, up to the
level of Oð1Þ fb each, for suitable values of the mixing
angle �.

C. Branching ratios and total widths

Moving to the Higgs boson decays, Fig. 4 shows the BRs
for both the Higgs bosons, h1 and h2, respectively. Only the
two-body decay channels are shown here.
Regarding the light Higgs boson, the only new particle it

can decay into is the heavy neutrino (we consider a very
light Z0 boson unlikely and unnatural), if the channel is
kinematically open. In Fig. 4(a) we show this case, for a
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FIG. 2 (color online). Cross sections in the B� L model for the associated production with the Z0
B�L boson 2(a) of h1 at � ¼ �=4

and 2(b) of h2 at � ¼ 0.

4In order to produce Fig. 3(c), we included the following cuts:
P
�;jet
t > 15 GeV, j
�j< 3, and j
jetj< 5:5, where ‘‘jet’’ refers

to the actual final state, though we use partons here to emulate it
[44].
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FIG. 3 (color online). Cross sections in the B� L model for the associated production of h1 3(a) with one heavy and one light
neutrino, 3(b) with a photon via �, Z, and Z0 bosons exchange [same legend as in Fig. 3(a) applies here] and 3(c) in the vector-boson
fusion, all at

ffiffiffi
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p ¼ 14 TeV. The red shading is the region excluded by LEP constraints [42].
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small heavy neutrino mass, i.e., m�h
¼ 50 GeV, and we

see that the relative BR of this channel can be rather
important, as the decay into b-quark pairs or intoW boson
pairs, in the range of masses 110 GeV � mh1 � 150 GeV.

Such a range happens to be critical in the SM since here the
SM Higgs boson passes from decaying dominantly into
b-quark pairs to a region in masses in which the decay into
W boson pairs is the prevailing one. These two decay

10-5

10-4

10-3

10-2

10-1

1

100 120 140 160 180 200 220 240

bB

cC

ττ

W+W-

ZZ

γZγγ

gg

Σ νhνh

MH1 (GeV)

B
R

(H
1)

(a)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.9 1 2
10-5

10-4

10-3

10-2

10-1

1

tT

bB

cC

ττ
H1H1

W +W -

ZZ

γZγγ

gg

Z'Z'

Σ νhνh

MH2 (TeV)

B
R

(H
2)

(b)

10-5

10-4

10-3

10-2

10-1

1

100 120 140 160 180 200 220 240

α = 0
α = 5π/20
α = 7π/20
α = 17π/40
α = 19π/40
α = π/2

MH1 (TeV)

Γ(
H

1)
 (

G
eV

)

(c)

10-4

10-3

10-2

10-1

1

10

102

103

α = 0
α = π/80
α = π/20
α = 2π/20
α = 4π/20
α = π/2

0.1 0.2 0.5 0.8 1

MH2 (TeV)

Γ(
H

2)
 (

G
eV

)

(d)

FIG. 4 (color online). 4(a) Branching ratios for h1 for � ¼ 2�=5 and m�h
¼ 50 GeV and 4(c) h1 total width for a choice of mixing

angles and 4(b) BRs for h2 for � ¼ 3�=20 and mh1 ¼ 120 GeV, MZ0 ¼ 210 GeV and m�h
¼ 200 GeV and 4(d) h2 total width for a

choice of mixing angles.
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channels have completely different signatures and discov-
ery methods/powers. The fact that the signal of the Higgs
boson decaying into b-quark pairs is many orders of
magnitude below the natural QCD background, spoils its
sensitivity. In the case of the B� L model, the decay into
heavy neutrino pairs is therefore phenomenologically very
important, besides being an interesting feature of the
B� L model if m�h

<MW , as it allows multileptons sig-

natures of the light Higgs boson. Among them, there is the
decay of the Higgs boson into 3‘, 2j, and ET (that we have
already studied for the Z0 case in Ref. [12] and that will be
reported upon separately for the Higgs boson case [45]),
into 4‘ and ET (as, again, already studied for the Z0 case in
Ref. [14]) or into 4‘ and 2j (as already studied, when
‘ ¼ �, in the 4th family extension of the SM [46]). All
these peculiar signatures allow the Higgs boson signal to
be studied in channels much cleaner than the decay into
b-quark pairs.

In the case of the heavy Higgs boson, further decay
channels are possible in the B� L model, if kinematically
open. The heavy Higgs boson can decay in pairs of the
light Higgs boson (h2 ! h1h1) or even in triplets
(h2 ! h1h1h1), in pairs of heavy neutrinos and Z0 bosons.
Even for a small value of the angle, Fig. 4(b) shows that the
decay of a heavy Higgs boson into pairs of the light one can
be quite sizeable, at the level of the decay into SM Z
bosons for mh1 ¼ 120 GeV. It is important to note that

this channel does not have a simple dependence on the
mixing angle �, as we can see in Fig. 5.

The BRs of the heavy Higgs boson decaying into Z0
boson pairs and heavy neutrino pairs decrease as the mix-
ing angle increases, getting to their maxima (comparable to
the W and Z ones) for a vanishing �, for which the
production cross section is however negligible. As usual,
and also clear from Fig. 4(b), the decay of the heavy Higgs
boson into gauge bosons (the Z0 boson) is always bigger
than the decay into pairs of fermions (the heavy neutrinos,
even when summed over the generations as plotted), when
they have comparable masses (here, MZ0 ¼ 210 GeV and
m�h ¼ 200 GeV).

The other standard decays of both the light and the
heavy Higgs bosons are not modified substantially in the
B� L model (i.e., the Higgs boson to W boson pairs is
always dominant when kinematically open, while before
that the decay into b quarks is the prevailing one; further,
radiative decays, such as Higgs boson decays into pairs of
photons, peak at around 120 GeV, etc.). Only when other
new channels open, the standard decay channels alter
accordingly. This rather common picture could be altered
when the mixing angle � approaches �=2, but such situ-
ation is phenomenologically not viable [26].

Figures 4(c) and 4(d) show the total widths for h1 and h2,
respectively. In the first case, few thresholds are clearly
recognizable as the heavy neutrino one at 100 GeV (for
angles very close to�=2 only), theW, and the Z ones. Over

the mass range considered (90 GeV<mh1 < 250 GeV,

the particle’s width) is very small until the W threshold,
less than 1–10 MeV, rising steeply to few GeV for higher
h1 masses and small angles (i.e., for a SM-like light Higgs
boson). As we increase the mixing angle, the couplings of
the light Higgs boson to SM particles is reduced, as so its
total width.
On the contrary, as we increase �, the h2 total width

increases, as clear from Fig. 4(d). Also in this case, few
thresholds are recognizable, as the usual W and Z gauge
boson ones, the light Higgs boson one (at 240 GeV) and the
t-quark one (only for big angles, i.e., when h2 is the
SM-like Higgs boson). When the mixing angle is small,
the h2 total width stays below 1GeVall theway up tomh2 �
300	 500 GeV, rising as themass increases towards values
for which �h2 �mh2 � 1 TeV and h2 loses the meaning of

resonant state, only for angles very close to �=2. Instead, if
the angle is small, i.e., less than �=10, the ratio of width-
over-mass is less than 10% and the heavy Higgs boson is a
well-defined particle. In the decoupling regime, i.e., when
� ¼ 0, the only particles h2 couples to are the Z0 and the
heavy neutrinos. The width is therefore dominated by the
decay into them and is tiny, as is clear from Fig. 4(d).
As already mentioned, Fig. 5 shows the dependence on

the mixing angle � of the BRs of h2 into pairs of non-SM
particles. In particular, we consider the decays h2 ! h1h1
(for two different h1 masses, mh1 ¼ 90 GeV and mh1 ¼
120 GeV, only for the allowed values of �), h2 ! �h�h,
and h2 ! Z0Z0 (not influenced by mh1). As discussed in

Sec. III, the interaction of the heavy Higgs boson with
SM (or non-SM) particles has an overall sin� (or cos�,
respectively) dependence. Nonetheless, the BRs in Fig. 5
depend also on the total width, that for �> �=4 is domi-
nated by the h2 ! WþW� decay. Hence, when the angle
assumes big values, the angle dependence of the h2 BRs
into heavy neutrino pairs and into Z0 boson pairs follow a
simple cot� behavior. Regarding h2 ! h1h1, its BR is
complicated by the fact that the contribution of this process
to the total width is not negligible when the mixing angle is
small, i.e.,�< �=4. In general, this channel vanishes when
� ! 0, and it gets to its maximum, of around 10%	 30%
of the total width, as� takes a nontrivial value, being almost
constant with the angle if it is small enough.
The heavy Higgs boson can be relatively massive and

the tree-level three-body decays are interesting decay
modes too. Besides being clear beyond the standard
model signatures, they are crucial to test the theory
behind the observation of any scalar particle: its self-
interactions and the quartic interactions with the vector
bosons could be tested directly in these decay modes.
In the B� L model with no Z� Z0 mixing, the quartic
interactions that can be tested as h2 decay modes,
if the respective channels are kinematically open, are
h2 ! h1h1h1, h2 ! h1W

þW�, and h2 ! h1ZZ, as shown
in Fig. 6, again for mh1 ¼ 90 GeV and 120 GeV. Although
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possible, h2 ! h1Z
0Z0 is negligible always, even if the Z0

boson is light enough to allow the decay. For MZ0 ¼
210 GeV, BRðh2 ! h1Z

0Z0Þ & 10�5 for mh2 < 2 TeV.
The BRs for both the h2 ! h1h1h1 and the h2 ! h1VV

(V ¼ W�, Z) channels are maximized roughly when the
mixing between the two scalars is maximum, i.e., when
�� �=4, regardless of mh1 . The former channel, which is

interesting because would produce three light Higgs bo-

sons simultaneously, can contribute at most at 10�3 of the

total width for h2, as we are neglecting values ofmh2 and �

for which �h2 �mh2 [see Fig. 4(d)]. For instance, for

mh2 ¼ 800 GeV, � needs to be less than �=5 to have a

reasonable small width-over-mass ratio (� 10%), and

BRðh2 ! h1h1h1Þ � 0:6� 10�3. The situation is similar

for the latter channel, involving pairs of SM gauge bosons.

Again, for mh2 ¼800GeV and � ¼ �=5, BRðh2!
h1W

þW�Þ¼2BRðh2!h1ZZÞ¼10�3 for mh1 ¼120GeV.

For mh1 ¼ 90 GeV, the mixing angle is constrained to be

bigger than 7�=20. For these values and the same mh2 as

before, such BRs are doubled.

D. Event rates

In this section we combine the results from the Higgs
boson cross sections and those from theBRanalysis in order
to perform a detailed study of typical event rates for some
Higgs signatures which are specific to the B� L model.
Before all else, it is important to identify two different

experimental scenarios related to the LHC: we will gener-
ally refer to an ‘‘early discovery scenario’’ by considering
an energy in the hadronic center-of-mass of

ffiffiffi
s

p ¼ 7 TeV
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FIG. 5 (color online). Dependence on themixing angle� of 5(a)BRðh2 ! h1h1Þ, of 5(b)BRðh2 ! �h�hÞ, and of 5(c)BRðh2 ! Z0Z0Þ.

BASSO, MORETTI, AND PRUNA PHYSICAL REVIEW D 83, 055014 (2011)

055014-10



and an integrated luminosity of
R
L ¼ 1 fb�1 (according to

the official schedule, this is what is expected to be collected
after the first couple of years of LHC running) and to a ‘‘full

luminosity scenario’’ by considering an energy in the had-

ronic center-of-mass of
ffiffiffi
s

p ¼ 14 TeV and an integrated

luminosity of
R
L ¼ 300 fb�1 (according to the official

schedule, this is what is expected to be realistically col-

lected at the higher energy stage).
As we shall see by combining the production cross-

sections and the decay BRs presented in the previous
subsections, the two different scenarios open different
possibilities for the detection of peculiar signatures of the
model: in the ‘‘early discovery scenario’’ there is a clear
possibility to detect a light Higgs state yielding heavy

neutrino pairs while the full luminosity scenario affords
the possibility of numerous discovery mechanisms (in
addition to the previous mechanism, for the heavy Higgs
state one also has decays of the latter into Z0 boson and
light Higgs boson pairs).
First, we focus on the early discovery scenario: in this

experimental configuration, the most important B� L dis-
tinctive process is represented by heavy neutrino pair
production via a light Higgs boson, through the channel
pp ! h1 ! �h�h. In Fig. 7 we show the explicit results
for the pp ! h1 ! �h�h process at the LHC with

ffiffiffi
s

p ¼
7 TeV, for m�h

¼ 50 GeV [Fig. 7(a)] and m�h
¼ 60 GeV

[Fig. 7(b)], obtained by combining the light Higgs boson
production cross section via gluon-gluon fusion only
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FIG. 6 (color online). Dependence on the mixing angle � of the three-body decays 6(a) BRðh2 ! h1h1h1Þ and 6(b) BRðh2 !
h1VVÞðV ¼ W�; ZÞ for mh1 ¼ 120 GeV and 6(c) for mh1 ¼ 90 GeV, respectively.
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(since it represents the main contribution) and the BR of the
light Higgs boson to heavy neutrino pairs. The obtained rate
is projected in the mh1–� plane and several values of the

cross-section times BR have been considered: � ¼ 5, 10,
50, 100, and 250 fb. The red-shadowed region takes into
account the exclusion limits established by the LEP
experiments.

Even considering a low-luminosity scenario (i.e.,
R
L ’

1 fb�1), there is a noticeable allowed parameter space for
which the rate of such events is considerably large: in the
case of m�h ¼ 50 GeV, when the integrated luminosity

reaches
R
L ¼ 1 fb�1, we estimated a collection of �10

heavy neutrino pairs from the light Higgs boson
production and decay for 100 GeV<mh1 < 170 GeV
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FIG. 7 (color online). Cross-section times BR contour plot for the B� L process pp ! h1 ! �h�h at the LHC with
ffiffiffi
s

p ¼ 7 TeV,
plotted against mh1–�, with m�h

¼ 50 GeV 7(a) and m�h
¼ 60 GeV 7(b). Several values of cross-section times BR have been

considered: � ¼ 5 fb (black line), � ¼ 10 fb (red line), � ¼ 50 fb (green line), � ¼ 100 fb (blue line), and � ¼ 250 fb (violet line).
The red-shadowed region is excluded by the LEP experiments.
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FIG. 8 (color online). Cross-section times BR contour plot for the B� L process pp ! h2 ! h1h1 at the LHC with
ffiffiffi
s

p ¼ 14 TeV,
plotted against mh2 -�, with mh1 ¼ 120 GeV 8(a) and mh1 ¼ 240 GeV 8(b). Several values of cross-section times BR have been

considered: � ¼ 10 fb (violet line), � ¼ 25 fb (light-blue line), � ¼ 100 fb (blue line), � ¼ 250 fb (green line), and � ¼ 400 fb (red
line). The red-shadowed region is excluded by unitarity constraints.
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and 0:05�< �< 0:48�, that scales up to�102 events for
110 GeV<mh1 < 155 GeV and 0:16�< �< 0:46�. In

the case of m�h
¼ 60 GeV, we estimated a collection of

�10 heavy neutrino pairs from Higgs production for
120 GeV<mh1 < 170 GeV and 0:06�< �< 0:48�,

that scales up to �102 events for 125 GeV<mh1 <

150 GeV and 0:25�< �< 0:44�.
If we consider instead the full luminosity scenario, there

are several important distinctive signatures: pp ! h2 !
h1h1, pp ! h2 ! Z0Z0, and pp ! h2 ! �h�h. In Fig. 8
we show the results for light Higgs boson pair production
from heavy Higgs boson decays at the LHC with

ffiffiffi
s

p ¼
14 TeV for mh1 ¼ 120 GeV [Fig. 8(a)] and mh1 ¼
240 GeV [Fig. 8(b)]. Again, if we project the rates on
the bi-dimensionalmh2-� plane, we can select the contours

that relate the cross-section times BR to some peculiar
values.

Considering an integrated luminosity of 300 fb�1,
we can relate � ¼ 25ð250Þ fb to 7500 (75 000) events,
hence for both choices of the light Higgs mass the
�-mh2 parameter space offers an abundant portion in

which the event rate is noticeable for light Higgs boson
pair production from heavy Higgs boson decays: when
mh1 ¼ 120 GeV the process is accessible almost over the

entire parameter space,with a cross-section peak of 400 fb in
the 240 GeV<mh2 < 400 GeV and 0:13�< �< 0:30�

intervals, while in the mh1 ¼ 240 GeV case the significant

parameter space is still large, even if slightly decreased, with
a cross-section peak of 25 fb in the 480 GeV<mh2 <

800 GeV and 0:06�<�< 0:32� regions.

In Fig. 9 we show the results for Z0 boson pair
production from heavy Higgs boson decays at the LHC
with

ffiffiffi
s

p ¼ 14 TeV for mZ0 ¼ 210 GeV [Fig. 9(a)] and
mZ0 ¼ 280 GeV [Fig. 9(b)]. Again, if we project the
rates on the bi-dimensional mh2-� plane, we can select

the contours that relate the cross-section times BR
to some peculiar values. Here, we have that � ¼
0:085ð0:85Þ fb corresponds to 25 (250) events, hence
for both choices of the Z0 mass the �-mh2 parameter

space offers an abundant portion in which the event rate
could be interesting for Z0 boson pair production from
heavy Higgs boson decays: for mZ0 ¼ 210 GeV the pro-
cess has a peak of 0.85 fb in the 420 GeV<mh2 <

650 GeV and 0:03�< �< 0:25� regions, while if mZ0 ¼
280 GeV a noticeable parameter space is still potentially
accessible with a rate peak of 0.3 fb (100 events) in the
560 GeV<mh2 < 800 GeV and 0:03�<�< 0:19�

regions.
In analogy with the previous two cases, in Fig. 10 we

show the results for heavy neutrino pair production
at the LHC with

ffiffiffi
s

p ¼ 14 TeV plus m�h ¼ 150 GeV

[Fig. 10(a)] and m�h
¼ 200 GeV [Fig. 10(b)]. The usual

contour plot displays a sizable event rate in the �-mh2

parameter space for both choices of the �h mass. For
example, when m�h

¼ 150 GeV we find a cross-section

times BR peak of 0.85 fb (� 250 events) in the
320 GeV<mh2 < 520 GeV and 0:03�<�< 0:33� re-

gions, while if m�h ¼ 200 GeV we find a peak of 0.85 fb

in the 450 GeV<mh2 < 550 GeV and 0:03�<�<

0:21� regions.
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FIG. 9 (color online). Cross-section times BR contour plot for the B� L process pp ! h2 ! Z0Z0 at the LHC with
ffiffiffi
s

p ¼ 14 TeV,
plotted against mh2 -�, with mZ0 ¼ 210 GeV 9(a) and mZ0 ¼ 280 GeV 9(b). Several values of cross-section times BR have been

considered: � ¼ 0:085 fb (light-blue line), � ¼ 0:15 fb (blue line), � ¼ 0:3 fb (green line), and � ¼ 0:85 fb (red line). The red-
shadowed region is excluded by unitarity constraints.
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V. CONCLUSIONS

In summary, we have studied in detail the Higgs sector of
theminimalB� Lmodel at both the foreseen energy stages
of the LHC (and corresponding luminosities). While virtu-
ally all relevant production and decay processes of the two
Higgs states of the model have been investigated, we have
eventually paid particular attention to those that are peculiar
to the described B� L scenario. The phenomenological
analysis has been carried out in the presence of all available
theoretical and experimental constraints and by exploiting
numerical programs at the parton level. While many Higgs
signatures already existing in the SM could be replicated in
the case of its B� L version, in either of the two Higgs
states of the latter (depending on their mixing), it is more
important to notice that several novel Higgs processes could
act as hallmarks of the minimal B� L model. These in-
clude Higgs productionvia gluon-gluon fusion, in either the
light or heavy Higgs state, the former produced at the lower
energy stage of the CERN collider and decaying in two
heavy neutrinos and the latter produced at the higher

energy stage of such a machine and decaying not
only in heavy neutrino pairs but also in Z0 and light
Higgs ones. For each of these signatures we have in fact
found parameter space regions where the event rates are
sizable and potentially amenable to discovery. While,
clearly, detailed signal-to-background analyses will have
to either confirm or disprove the possibility of the latter,
our results have laid the basis for the phenomenological
exploitation of the Higgs sector of the minimal B� L
model at the LHC.
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