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We propose a simple left-right symmetric theory where the neutrino masses are generated at the quantum
level. In this context the neutrinos are Majorana fermions and the model has the minimal degrees of freedom in
the scalar sector needed for symmetry breaking and mass generation. We discuss the lepton number violating
signatures with two charged leptons of different flavor and missing energy at the Large Hadron Collider in order

to understand the testability of the theory.

Introduction: The Standard Model of particle physics de-
scribes with a great precision most of the experiments in par-
ticle physics. The main goal of the Large Hadron Collider
(LHC) is to discover new physics beyond the Standard Model
and maybe establish a new theory which can provide a more
complete description of nature. There are many appealing
extensions of the Standard Model with unique signatures at
the LHC. The so-called Left-Right Symmetric Theories [1-4]
based on the gauge symmetry, SU(2),®SU (2) r@U(1)p—_1,
have been considered for a long time as one of the most attrac-
tive theories for physics beyond the Standard Model.

In the context of Left-Right Symmetric Theories [1-4], one
understands the origin of the V' — A interactions present in
the Standard Model, the neutrinos are massive and one has
a deep connection between spontaneous parity violation and
the origin of neutrino masses [5]. In this context, the small-
ness of the neutrino masses is understood through the seesaw
mechanism [5, 6], where the right-handed neutrino masses are
defined by the SU(2)r ® U(1)p_, breaking scale. These
theories also predict the possibility to observe lepton number
violating processes at colliders as discussed in Ref. [7], which
will be crucial to establish the Majorana nature of neutrinos.
Finally, one can say that these theories define the path to grand
unified theories based on the SO(10) gauge symmetries.

In this letter, we revisit the left-right symmetric theories
and propose a new mechanism to generate Majorana neutrino
masses in this context. We show that using the minimal Higgs
sector composed of two Higgs doublets, H;, and Hg, needed
to break the left-right symmetry and adding only one addi-
tional charged scalar singlet field we can generate Majorana
neutrino masses at the quantum level through the Zee mecha-
nism [8]. We discuss the main features of this model.

In order to understand the testability of this model, we in-
vestigate the lepton number violating signatures at the LHC.
In this context, the charged scalar singlet can be produced
at the LHC through gauge interactions and since it decays
mainly into two leptons one can have signatures with two
charged leptons with different flavour and missing energy,
e;r e; Emiss_ This simple theory can be considered as an ap-
pealing extension of the Standard Model.

Left-Right Symmetric Theories: The left-right symmetric
theories [1-4] are based on the gauge group

SU2),@SUR)r@U(1l)p_1,

where we omit the QCD gauge group for simplicity. In these
theories, the fermions live in the representations

= (i) ~ s, en=(3F) ~ a2,

0 = (:ﬁ) ~(2,1,-1), flp= <Z§) ~(1,2,-1).

A bi-doublet Higgs which in our notation reads as

0 +

acquires a vacuum expectation value and generates masses for
the quarks and charged leptons. The relevant Yukawa interac-
tions to generate masses for the charged fermions are given
by

—£>0r (Y1<I> n Y2<i>> Qr+11 <Y3<I> + Y4<i>) (g +he.,

where ® = o,®*0y. After symmetry breaking the charged
fermion masses read as

My = Yivi +Yovs, (D
Mp = Yivs + Youi, ()
ME = }/3’()2 —|—}/4U>1k . (3)

Here, v; and vy are the vacuum expectation values for the
fields ¢9 and ¢9, respectively.

In this context, one can generate Dirac neutrino masses and
the neutrino mass matrix is given by

MVD = Yg’Ul —+ YZLU; . (4)

Typically, in the context of left-right symmetric theories
one investigates mainly the generation of Majorana neutrino



masses. However, it is important to mention that when v <
v1 and Y3 < Y, one can have small Dirac neutrino masses
without fine-tuning. In this scenario, the charged lepton and
neutrino masses can be written as

Mg ~ Yy, ®)

MP = v (Y;,+ME;’2) : (©6)

One needs extra Higgses to break SU(2)r ® U(1)p_1, to
U(1)y and recover the Standard Model gauge symmetry. The
simplest extra Higgs sector is composed of two Higgs dou-
blets Hy, ~ (2,1,1) and Hg ~ (1,2, 1) [4]. It is important to
stress that this is the minimal left-right theory consistent with
all experimental constraints and predicts Dirac neutrinos. See
also Ref. [9] for a discussion on Dirac neutrinos in left-right
theories.

Theoretical Framework: The neutrinos could be Majorana
fermions. Let us discuss the different possibilities to generate
Majorana neutrino masses in the context of left-right symmet-
ric theories. One can have different implementations of the
seesaw mechanism in this context. Here, we list the simplest
scenarios:

* Type I [5, 6] plus Type II [10] seesaw: The scalar sec-
tor is composed of the bi-doublet Higgs and two Higgs
triplets Ay ~ (3,1,2) and Ar ~ (1,3,2). The triplet
Ap breaks SU(2)r @ U(1)p_r, to U(1)y generating
masses for the right-handed neutrinos and through the
canonical Type I seesaw generates masses for the left-
handed neutrinos. Here, one cannot avoid the Type 11
contribution once Ay acquires a vacuum expectation
value.

Type III [11] seesaw: In this scenario, one adds
fermionic triplets pr, ~ (3,1,0) and pr ~ (1,3,0).
In order to break SU(2)g ® U(1)p_r, to U(1)y and
generate neutrino masses, one needs the Higgs doublets
Hp ~ (2,1,1) and Hg ~ (1,2,1). See Ref. [12] for
the implementation of this mechanism in left-right sym-
metric theories. The fermionic triplets of Type III see-
saw can be used to define an alternative left-right theory
where the baryon and lepton numbers are independent
gauge symmetries [13].

Radiative Seesaw Mechanism: In this article, we will
propose the possibility to generate Majorana neutrino
masses at the quantum level following the idea of the
Zee mechanism [8]. We show that adding a charged
scalar boson 6% ~ (1, 1,2) and the Higgs doublets H,
and Hp one can generate neutrino masses in a consis-
tent way. This possibility was mentioned in Ref. [14],
but the results in this paper are not correct. Here, we
will discuss how one can implement this mechanism
in a realistic way. We would like to mention that the
generic Zee model where both Higgs doublets couple

to the leptons is allowed by the experimental values
of the mixing angles and squared mass differences, see
Ref. [15] for a detailed discussion. See also Ref. [16]
for the study of the contrains coming from lepton num-
ber violating decays.

In order to generate neutrino masses at the quantum level, we
add the charged scalar 6 and use the following interactions

—-L D )\LELEL5+ + )\RERER(SJF
+ MHFioa®HRS™ + MgHYioo® Hrd™ + h.c(7)

Notice that we will assume the discrete left-right parity only
in the gauge sector since we are mainly interested in the case
where the left-right scale is low. It is well-known that the
spontaneous breaking of a discrete symmetry leads to the do-
main wall problem [17]. We assume that this symmetry is
explicitly broken by the Yukawa interactions and scalar po-
tential.
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FIG. 1: Neutrino mass generation at the quantum level. This graph
is shown in the unbroken phase only for ilustration.

In order to compute the neutrino masses at the quantum
level in the broken phase, we work in the physical basis where
we find five charged scalar fields. In our notation, the mass
matrix for the charged scalar fields is diagonalized by V/,

¢ hi

3 hy
h% =V h§+r
hR h4
5+ hi

In Fig. 1, one can see that the simultaneous presence of the
Yukawa and scalar quartic interaction for §+ define the break-
ing of the total lepton number. After performing the loop cal-
culation the neutrino mass matrix reads as

o (s ),



where
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Notice that in the above equations the two mass entries are
proportional to the Yukawa coupling Ar(Ag) and Vs;. These
two entries have the information of the violation of the total
lepton number. MP is given by Eq.(4) and in the limit when
vo < v1 and Y3 < Y itis given by Eq.(6).

In this model, we can have different scenarios for neutrino
masses:

* When \;, < Ag and M;? < MZE one can have a low
scale seesaw since the right-handed neutrinos will be
light. We have discussed above that M can be very
small when vy < v; and Y3 < Y4. One can imagine
a different case where M2 is very small when Y, ~
—Y3v1 /v5 and the other entries in the mass matrix are
proportial to Y3.

* In the case when ML and M are small compared to
MP, one can have quasi-Dirac neutrinos.

To estimate the mass scale of the Majorana mass of the
right-handed neutrinos we assume one generation for simplic-
ity and choose a conservative scenario with Y3, Yy, Agp ~ 1
and m,; = 1.78 GeV contributing to the loop factor. The
sum over the logarithm of the charged scalar masses weighted
by the combination of mixing matrices and Yukawa couplings
can be approximated by twice the logarithm of the largest dif-
ference of the charged scalar masses due to the unitarity of the
mixing matrices. If we assume that the lightest charged scalar
field has a mass of order 100 GeV and the heaviest charged
scalar field is at the TeV scale we find M ~ 0.4 GeV which
shows how light the right-handed neutrinos are in this model
under these assumptions.

Gauge Bosons: As in any left-right symmetric theory, one
has extra gauge bosons, the charged gauge bosons WRi and
a neutral gauge boson Z ". The predictions for the gauge bo-
son masses in this model are identical to the model studied
in Ref. [3]. In the basis (W, W) the charged gauge boson
mass matrix reads as

2
(( + %)

—9gLgRV1V2
—9gLYgRV1V2

2
IR (12 | .2
FH(gug +v7)
where v? = v} + v3. The mixing angle between Wr and W,
can be defined as tan 201, r ~ 8%612, where €12 = v1v9/v%,.

The mass matrix for the neutral gauge bosons in the basis
WO W9 Zp.) can be written as
LR

gL 9LIR ,,2 grLgBL ,,2
(307 +0?) , 2 v —TrvL

__9L9R ,,2 9r (1,2 2 __9rRYBL ,,2
2 Y 5 (3R +v7) ., 4 'R
__9L9BL ,,2 __9RYBL ,,2 9BL (,,2 2
4 VL 4 VR 1 (vR +vi)

In the limit v;, — 0, one can make the following rotation,

WLO cosbw Zy, +sinfy A,
W3 = cosOrZr — sinfy sinOpZy, + cos Oy sinfg A,

Z%L = —sinfrZgr —sinbyw cosOrZy, + cos Oy cosOrA,

which decouples the photon. Here, tanfr = gpr/gr and

tan Oy = gy /gL with gy = gprLgr/\/ 9% + 9%. After the
photon decouples, one finds the mass matrix in the (Zr Z1,)

basis

MZ, M2
2 _ RR LR
where
02 g
Mip = (9B +97) T € 5ateas, (D)
RR 1 (951 + 9%) 2(g%, + 9%)
2 ngR\/ngR+gBL(gL+gR)
Mir = — ,  (12)
(gBL +gR)
2 9
M2, = eid ngRJF!JBL(QLJFQR)7 (13)

2(9%, + 97)

with € = (v} + v3)/v%. Therefore, the mixing angle between
the Z and the heavy Z " reads as

—49%\/ 91 9% + 9% (93 + 93)

tan 26 =~ €
(951 + 97)*

; (14)

which has to be smaller than 1073 to satisfy the electroweak
precision constrains. If v% > v} + v3 the bound is easily
satisfied. In the limit vg > wv1, vo, vy, the masses of the new
gauge bosons are given by

1

My >~ S9RVR, 15)
2 2

My ~ VIBLE IR pp 9590 o My (16)

dr

Using the limit My, > 3 TeV [18] one can find a lower
bound on the Z mass, i.e. M, > 3.6 TeV. In this model the
right handed neutrinos are light and they modify the leptonic
branching ratio of the gauge bosons since one can have the
decays WIJ{ — eépvp and A URVR.

As we have discussed, the Higgs sector of this model is
quite simple and one generates neutrino masses at the quan-
tum level using the additional charged scalar 6. This charged
scalar field can give rise to lepton number violating interac-
tions which can give rise to exotic processes. Here, we study



one of the most exotic signatures in order to understand the
testability of the model at the LHC.
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FIG. 2: Production cross section of 67§~ as a function of Mj for
different M,/ at /s = 13 TeV.

Lepton Number Violation at the LHC: The extra charged
scalar singlet 6% couples to the leptons and gives rise to lep-
ton number violating signals at the LHC. The §% are produced
through the Drell-Yan process,

AV A af eje;Er}”iss,

and one has signatures with two leptons of different flavors
and missing energy. The number of events for these channels
is given by

N(e;re;E}"iss) = Lxolpp—0T57) x
BR(0" — € v) x BR(O™ — ve; ),

where £ is the luminosity and o(pp — d+37) is the cross sec-
tion. In Fig. 2 we show the cross section versus the 5+ mass
for different values of the Z' mass. The dashed line shows
the prediction for the Standard Model contribution. Here, the
presence of the Z " allows us to have a larger cross section, see
Fig. 2. Notice that when the §* mass is below 650 GeV the
production cross section is above 1 fb. Here we neglect the
mixing angle in the charged scalar sector for simplicity.

The charged scalar singlet 5% in this model decays mainly
into leptons when the mixing angle with the other charged
scalars living in the bi-doublet is small. The only in-
teraction which induces the coupling of §* to quarks is
HLng(I)iH rO~. Since the neutrino masses are also gener-
ated through this coupling as we showed in Fig. 1 this interac-
tion will be small. Therefore, the decay of the charged scalar
singlet to quarks is generically suppressed. In our study, we
assume for simplicity that 6% decays mainly into leptons and
discuss the lepton number violating signals at the LHC.

In Fig. 3 we show the isoplots for the number of events as-
suming a luminosity of £ = 3 fb™!, \/s = 13 TeV and two
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FIG. 3: Contours of expected number of events for 3 fb~! at /5 =
13 TeV in the Ms—BR(61 — e v;) plane.
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FIG. 4: Contours of expected number of events for 25 fb~* at /s =
14 TeV in Ms-BR(6T — e v;) plane.

values of the Z' mass. Notice that when M is below 500 GeV
and the BR(67 — ¢ v;) is above 0.6 one expects more than
10 events. In Fig. 4 we show the predictions for the number of
events when /s = 14 TeV and luminosity of £ = 25 fb™'.
In this case, one can have a large number of events even when
the 6% mass is close to 1 TeV. The main backgrounds for these
processes at the LHC are the WW and ZZ production. The
Z Z channel can never give rise to a channel with two leptons
of different flavors. The WW pair production can fake the
signatures we study in this letter, but imposing a cut on the
charged lepton transverse momentum can distinguish the sig-
nals. A detailed study of these events will be conducted in the
near future. As one can appreciate, it will be easy to look for
these signatures at the LHC and one could test this model in
the near future.

Summary: We have proposed a simple left-right symmetric
theory where the neutrinos are Majorana fermions and their
masses are generated at the quantum level. In this model one
has the simplest Higgs sector needed to break the left-right



symmetry and generate Majorana neutrino masses. The Higgs
sector is composed of two Higgs doublets Hy, and Hpg, and an
SU(2) singlet 6. This model has less degrees of freedom in
the scalar sector than the canonical left-right symmetric theory
with Higgs triplets, Ay, and Ap, where the neutrino masses
are generated at tree level.

We have investigated the main features of this model and
discussed the possibility to observe lepton number violation
at the LHC. This model can be considered as the simplest left-
right symmetric theory with Majorana neutrinos. This theory
provides a simple framework to study lepton number violating
processes such as ;x — ey and neutrinoless double-beta decay,
which we will study in the future.
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