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A left-right symmetric model is discussed with new mirror fermions and a Higgs sector with two

doublets and neutral scalar singlets. The seesaw mechanism is generalized, including not only neutrino

masses but also charged fermion masses. The spectrum of heavy neutrinos presents a second seesaw mass
matrix and has neutrinos masses naturally in the TeV region. The model has very clear signatures for the
new neutral vector gauge bosons. Two classes of models are discussed. New mirror neutrinos can be very
light and a new Z’ can be discriminated from other models by a very high invisible branching fraction. The
other possibility is that mirror neutrinos can have masses naturally in the TeV region and can be produced
through Z’ decays into heavy neutrino pairs. Signatures and production processes for the model at the

LHC energy are also presented.
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I. INTRODUCTION

There is an increasing experimental evidence for neu-
trino oscillations coming from atmospheric, solar, reactor,
and long-baseline accelerator neutrino experiments [1-3].
These results imply that neutrinos have small masses and
large mixing parameters. Presumably these properties are
the first manifestation of a new scale in nature. The flavour
oscillations and the smallness of neutrino masses can be
related to a simple property of neutrinos—they can be
completely neutral and considered as Majorana particles.
Majorana masses can arise from the seesaw mechanism [4]
and the small masses can be related to the scale where
lepton number is violated. This point opens important
issues in particle physics, astrophysics, and cosmology
and can also be related to many extensions of the standard
model. However, the canonical seesaw model is practically
impossible to be experimentally verified. Very large
masses and very small mixing parameters decouple heavy
neutrinos from any feasible interactions, but models can be
built to evade this situation. Based on Weinberg’s argument
[5] that new physics must be contained in a dimension-five
operator, it is possible that neutrino masses can be related
to other physical scales, below grand unification. If neu-
trino masses are not simply connected with the standard
model Higgs scale, then we can expect that the charged
fermion masses also have another origin.

A natural extension of the standard model is the left-
right symmetric model [6], based on the group SU(2); ®
SUQ2)g ® U(1)p—1). The general idea is that parity is
conserved at high energies and spontaneously broken in
order to reproduce the standard model asymmetric inter-
actions. Many extensions of left-right symmetric models
are possible.
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In this paper we will study a particular model [7]: new
mirror fermions [8] are introduced and related by a parity
symmetry with the standard model fermions. A Higgs
sector is considered with two doublets and neutral singlets.
It was recently shown [9,10] that we can built a scalar
potential that gives a minimum consistent with low energy
phenomenology. Singlet stable scalars are possible dark
matter candidates [11,12]. A Z, symmetry must be im-
posed to prevent decays. Singlet dark mass candidates with
masses in the TeV region were recently investigated in
Ref. [13]. Our model will have new gauge interactions at
a scale given by the breaking of SU(2). We will explore
the possibility that this scale is in the TeV region and will
be accessible at the LHC. Parity will be broken at a much
higher scale by the neutral singlet sector, as in the D-parity
mechanism developed by Chang, Mohapatra, and Parida
[14].

II. THE MODEL

Our Higgs sector has two doublets y; and yy and three
singlets Sp, Sy,, and S),. Under SU(2), ® SU2)g ®
U(1)p—r) they transform as (1/2,0,1), (0,1/2,1), and
(0,0, 0), respectively. Under D parity they have the follow-
ing transformations:

+ +
— XL) (2) Z(XR) 1)
L (XE TN (

D

D D
XL XR Su, <~ Sup Sp=Sp- (2)

After spontaneous symmetry breaking, the scalar fields
have vacuum expectation parameters accordingly to
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<XL>:<0): <XR>:<O>,
v UR 3)

(Sp) = sp, <SML’R> = SMy g

The two charged vector bosons will have masses pro-
portional to v; and vy and will not mix at tree level. This is
a consequence of our choice for the Higgs sector. As the
scalar singlets can be mixed, this will reintroduce mixing
through loop corrections that must be small if the new
scalar singlets have large masses. We must identify v; =
Vperm; @nd from the absence of right-handed currents, vy >
vy. The neutral vector gauge bosons will mix in a simple
way and the present bound on w = v, /vy implies [7]
vg > 30v,. The massive neutral gauge bosons will have
masses (see Ref. [7] for details)

1 2.2
2 — - YLSL (1 — 200 p)

2 4 cos?ly, @
1 w?sin’23
M2, = —v3g?tan’6ytan’ (1 + 7)
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The mixing angles are given by
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The fermion content of the model is given by

Ve
leL = ( ) ’ VeRs €R;
/L (0)

N,
LeR = ( e) ’ NeL) EL
E R

and similar relations for the other fermionic families. As
we are including new chiral fermions for each lepton and
quark family, the anomaly cancellation has the same pat-
tern as in the standard model. Under D parity they trans-
form as:

e R£>E -

D D
leLHLeR’ VeRHNeLr

Fermion masses are generated from the following
SU2), ® SU(2)g ® U(1)p—1) ® D invariant Lagrangian:
L =Ml xreg + LerXgrEL + Ly X1 Ver + LerXrNer]

+ MLy XN, + LerXrVig]
+ NSy, Psrver — Su, NS N1+ 8'Sp N,y
+ g"SpegE;. (7)

The charged fermion spectrum is the same as defined in
Ref. [7]. But as the singlet scalar sector is not the same, the
neutrino spectrum will be quite different. The charged

fermion mass spectrum can be easily obtained by including
the three families with new Higgs couplings given by A;, g;
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where i = e, u, 7. These new parameters will give differ-
ent masses for each family. The charged light and heavy
fermion masses come from a seesaw mechanism [7] and
their values are

2
_ )li Vi Up

m,- —
"
i SD

and M; = g'sp. (8)

We see that the charged mass spectrum is not simply
given by the Fermi scale v; as in the standard model but
also involves the new vy and s, scales. Let us consider the
electron mass. If we fix the vy scale at the LHC energies

2

vg = 10* GeV and for the choice 3} = 1, we have for the s,
1

scale the value

sp = 1010 GeV. 9)

A first important consequence of the model is the fact
that the electron mass (and the other charged fermion
masses) also comes from the seesaw mechanism, and that
the scalar singlet scale is of the order of the Peccei-Quinn
scale to solve the strong CP problem [15]. Our model has
no strong CP violation before symmetry breaking. After
symmetry breaking it is possible to estimate the strong CP
violation, but we must then introduce new parameters in
the model. The other charged fermion masses can be
generated in a similar way.

The interactions in Lagrangian (7) are radiatively stable,
but we can not prevent the scalar masses from acquiring
large values from higher order corrections. The reason for
this is very simple: we are ““doubling” the standard model
in a new right-handed sector. So the problem of hierarchy
will appear in the same way as it does in the standard
model. The solution for this problem must come from new
symmetries as is the case for supersymmetry or from new
conditions (fine tuning) among the couplings in the new
interactions.

A related question is that mixing could be induced by
loop contributions and there are strong bounds on the
mixing parameters [16]. The question of Wy/W; mixing
is treated in Ref. [17] including one-loop effects of new
right-handed charged currents for the known quarks and
leptons. Our model has a left-right symmetry with the
inclusion of new mirror fermions. The quark and lepton
usual right-handed singlets remains as singlets in our
model and do not have new right-handed charged current
couplings. So, the one-loop contribution to Wy /W, mixing
shown in Figure 1 of Ref. [17] does not exist in our model.
Another possible source of mixing discussed in the pre-
vious reference, comes from the Higgs bi-doublets fields
which belong to both left and right sectors. But again, our
model has no such bi-doublet fields. A third, indirect
source of Wg/W, mixing could come from fermion mix-
ing. Here again, our choice for the Higgs sector allows
important mixing only for the neutrino sector, not for
charged fermions. This will not contribute to Wg/W,
mixing. So, in our model there are no one-loop contribu-
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tions to Wg/W, mixing. This result agrees with the more
general treatment of the Higgs sector done in Ref. [18]. Itis
also well known that one-loop fermionic contribution to
v — Z mixing must be finite. The usual standard model
fermions satisfy this condition. As mirror fermions have
opposite helicities relative to their standard model partners,
they can be treated in the same way. Here again there will
be no infinities due to one-loop corrections. This completes
the proof that there will be no one-loop infinities to gauge
boson mixing in the our model.

In order to fully demonstrate that there are no new large
terms in the model, one should also demonstrate that there
is no hierarchy problem. This can only be achieved if new
properties are imposed, not only in our model, but possibly
also in all left-right models. We point out that our model is
based on a renormalizable, anomaly-free approach, with no
tree-level ambiguities and no one-loop high corrections.
We will not develop further on these points but we stress
that in Refs. [9,10] it was shown that the scalar potential
has a minimum and that we can have naturally the condi-
tion vp > v;.

III. NEUTRAL LEPTON MASSES

For the neutral lepton masses we can rewrite the neutral
sector in terms of the Majorana fields

Xy = vy tvj wy = Ng + N
xy =N, + N; Wy =

(10)

vp T V5.

In matrix form, the neutral lepton Lagrangian is given by

LYC=éM,é¢
= (X, WNXNW,)
0 0 )\IUL )le—L Xv
0 0 A Moy Wy
X Mg )\UTR _/\NSML 8/%” XN
A MNog g2 My, w,
(11)
Defining the block matrices,
_ (N, A% _(AN'sy, g'#
MLR - ( /\U_ZR /\IUR) MS - ( 3”70 /\”SMR>
(12)

then the block diagonalization procedure implies
MU = — MY MM . (13)

For the heavy mass matrix we have

el ) (14)

— 2\
(heavy) __ ( A/ ;YML A
2D
8 2 A SMR

n
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In order to proceed with the generalization to three
families, we must consider the differences between the
charged and neutral sectors. Mixing between families in
the charged sector is phenomenologically disfavored. But
as we have neutrino singlets given by vy and N; that are
completely neutral, they can mix families in different
ways. So we have to choose suitable candidates for the
textures in the coupling matrices. One simple choice is to
consider that all neutrino fields are physically equivalent
and to take all their Yukawa couplings as equal. In this case
we will have only one different coupling per generation for
each term in the preceeding matrices. The exact neutrino
mass and mixing angles will depend on the texture hy-
pothesis, but the important point in our model is that the
block structure of the neutrino mass spectrum will not
depend on any texture hypothesis. Thus the size of neutrino
masses can be estimated.

The order of magnitude of the ‘“light” neutrino mass
spectrum is then

A V2 A V2 33\ v?

My S Mm T gy Mn =T o

SMR 4 SMR 4 SMR

A ,Ze A U%e 37A v%
mNI—Z%, mNZ_Z%) mM‘T%'
(15)

The first three masses m, can be identified with the
standard neutrinos masses and the other three my, will be
discussed in the next section.

For the Higgs doublets we have vy > v;. It is also
reasonable to take s);, > s),, and the heavy mass matrix
becomes

I'Sp

h 0 g
pathe) _ (g,%) ) ) (16)

If 557, > sp we have a repetition of the seesaw mecha-
nism in the heavy mass matrix. We call this property the
“double seesaw mechanism” [19].

The mass eigenvalues are

g/2 52
My =Nsy, — M,= G j (17)
R

2
If we take sy, = 10'® GeV, sp, = 10'° GeV, and &7 = 0.1,

then we have a heavy neutrino with a mass M, =~ 1 TeV.

IV. THE NEW NEUTRAL CURRENTS

In order to identify the neutrino spectrum with the
interacting states we must first discuss the neutral current
content of the model. After rotation of the neutral vector
gauge bosons [7], the neutral current interactions are given
by
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= — [(1 — w?sin*B) y# v, — wsin? BNgy*Ng1Z,

1 sin? Bcos” B 1 -
- Egl‘ taIlGW tanﬂ[(l +w 2TW)VL'Y vy + SlnzﬁNR'yMNR]qu. (18)
In the Majorana basis
(1 —vs) oo (U +ys)
LON) = 2(:050W [(1 —wisin*B) ¥, 7, — =Xy + —w281n2,3§wN7M s : WN]Z”
1 sin® Bcos’ B (1—s) 1 1+ vs)
_ 2 < 5 - 5

EgL tanfy, tanB[(l + 20, )Xﬂ’u 5 X, T+ sinzﬂwNY“ 5 WN]Z/M, (19)

From these neutrino-neutral gauge boson interactions,
and from the neutrino mass spectrum developed in the
previous sections we can now proceed to identify the
neutrinos. The generahzatlon to three families is straight-
forward. From the J,, (»"N)Z1 term we must identify the v,
(or the y,,) fields as the three standard model neutrinos.
They have masses of the order of v 2/ Sy, as in the usual
seesaw model. The new Ny (or the wy.) are also coupled to
the standard model Z-gauge boson, but this coupling is
strongly suppressed by a factor w?> < 1073, The light-to-
heavy neutrino mixing is also very small and can be
neglected. In the light matrix we can reproduce the pres-
ently known mixing parameters [7]. The heavy neutrino
mixing will involve the new heavy Majorana masses and
phases. This can lead to different phenomenological con-
sequences. In this paper we will consider only two limiting
cases: very light and heavy Np, states.

A. Model A

The three Ny, states are light, with masses of the order of
v/ Sy, In this case the heavy Majorana states have very
high masses and will be out of reach for any feasible
experimental detection. But the model has a very distinc-
tive signature [20], the new heavy gauge boson Z' is
coupled with the standard neutrinos and also with the
new light states. As these couplings are given by a
1/sin’B term, the new gauge boson will have a high
invisible branching ratio that will be discussed in the
next section.

The constraints on neutrino masses come from cosmo-
logical considerations related to typical bounds on the
universe mass density and its lifetime. For neutrinos below
=~ ] MeV the limit on masses for Majorana type neutrinos
is [21,22]:

D m, = 100Q,h% eV =1 eV, (20)

14
where (), is the neutrino contribution to the cosmological
density parameter, {) and the factor h> measures the un-
certainty in the determination of the present value Hubble

|
parameter, and the factor Qh? is known to be smaller than
1.

From Eq. (15), the sum of neutrino masses must satisfy

6 2

Z = 1022k 2D

i M

so that the cosmological criterium is verified if

2
A 2R < 100,12 eV. (22)
Sm

This is a very interesting constraint since it can be used
as an upper bound on vg. If the breaking scale s, is to be
sy =10, A =0.1, then we have vg < 10 TeV. These
new neutrinos interactions with the standard model
Z-gauge boson are suppressed by a factor w?sin’g in

Egs. (18) and (19) and could decay as N — v + .

B. Model B

The Ny, states are heavy. As we have shown, the doubled
seesaw mechanism can give masses for these neutrinos
naturally at the TeV scale and this can be experimentally
accessible at the LHC energies [23]. For heavy neutrinos
with masses up to 100-200 GeV, the main production
mechanism is through W — N + € with € =e¢, u, 7.
However this mechanism implies a restrictive bound on
the detection of heavy neutrino masses at LHC energies.
The possibility of detecting heavy Majorana neutrinos with
masses in the TeV region has been proposed as a test for
many models [24,25]. In our case, the production mecha-
nism will be through Z' — N + N and heavy neutrino
masses could be as high as My =~ M, /2. Single heavy N
production through Z' — N + v is strongly suppressed.
We have three heavy Majorana neutrinos in the TeV re-
gion. In this paper we will consider only the lightest of
these states. Leptogenesis could be achieved by the decay
of this lightest Majorana neutrino before the spontaneous
breaking of the scalars fields. The coupling of this
Majorana neutrino with the electron and the W-gauge
boson is bounded from neutrinoless double beta decay
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and the current limit is [26]

sin260,yy <5 X 1078 X My (GeV). (23)

V. SIGNATURES AT THE LHC

The new forthcoming data from the CERN Large
Hadron Collider (LHC) will allow testing new physics at
the TeV scale. In the left-right symmetric model the light-
est particles are the new neutrino states and the most clear
signal will be given by the new neutral gauge boson Z'. A
new neutral gauge boson is predicted by many extended
models and one of the main goals of the LHC will be to test
these possibilities [20]. One of the cleanest signals for a
new Z' is the process p+p—Z' +X—1"+1" +X
with [ = e, . In Fig. 1 we show the total cross section
and number of events for an integrated annual luminosity
of 100 fb~! and a center of mass energy of 14 TeV. We can
estimate an upper bound on M, around 4.5 TeV. We
applied the following cuts on the final fermions: |n| < 2,
5 since the LHC detectors have better tracking resolution in
this n range, M, — 51"y < M-+ < My + 5Tz to avoid
the standard model background and an energy cut in the
final state charged leptons E£; > 5 GeV. The Model B total
cross section for this channel is not very sensitive for the
heavy Majorana mass M, hence we have drawn a single
curve for this model with My = 450 GeV.

In Fig. 2 we show the peak difference between the two
models and the enhancement in the total cross section due
to the Z’ production. The peak for Model A is higher than
the peak for Model B. The total width I" is different for
both models, as calculated in Tables I and II.

One of the simplest extensions of the standard model is
the inclusion of singlet right-handed neutrino states (type I
seesaw models). In the mirror model proposed in this
paper, the number of neutrino states is twice the number
of neutrinos of the usual type I seesaw model. If the new
neutrino states are light (compared with the Z' mass) we
will have a unique and very clear signature (Model A): a
high invisible branching ratio for the new possible Z'. This

p+poer+e +X

1 E
ol Vs=14Tev 7
10" H10* 5
= E E c
= o ] g_
s 107 H10° ¢
‘g F E =}
7] sl 1, m
@ 10°E q1° 5
o = 3 ':_l'_
1] F ] @
107 - - 10'
.57H\HHm‘H\HH\HH\HH\HH\HH\HH\HT 0
10 1 1.5 2 25 3 3.5 4 45 5 10

Z’ Mass (TeV)

FIG. 1 (color online). Total cross section and number of events
versus M in the process p + p — It + 17 + X.
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FIG. 2 (color online). Invariant mass distribution for the pro-
cess p+ p—Z7Z — 1" + 1" + X considering M, = 1 TeV in
Models A and B.

is shown in Table I, where we have shown the separated
contribution of the standard light neutrinos (which are also
coupled to the Z) and the new light neutrinos N;. They will
all contribute to a very large decay Z' — invisible, of more
than 43%. In this case, the remaining Majorana states will
be extremely heavy and out of reach even for the LHC. The
new light neutrino states could decay radiatively into the
standard neutrinos and this decay will involve new mixing
parameters.

We now turn our attention to Model B. As we have
shown in the previous sections, the double seesaw mecha-
nism proposed here gives naturally Majorana neutrino
masses in the TeV region. We have three Majorana neu-
trinos in this region and the new Z’ can decay in these states
up to the kinematical limit My, = M /2. In Model B we
have considered only one of these states, the lightest one,
with equal couplings to all charged leptons and W. The

p+p—>N+N+X

o M, =1TeV 110t
10 Vs=14Tev |10
N
c
T Sunra M, =2 Tev 10° %
2 e k]
‘Q’_ o
o 3
I : 5
web T T e - M, =3 TeV 1102 2
s,
N,
- ~,
----------- MZ'=4 TeV \'\'
_________________ N,
ELTT \
104 ) ) o e N 10"
100 300 500 700 900 1100 1300 1500

M, (GeV)

FIG. 3 (color online). Total cross section for the process p +
p—Z — N+ N + X considering several values for M, in
Model B.
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TABLE I. The Z’ branching ratios and widths in Model A.
My =1TeV My =2 TeV
'y =117 GeV 'y =23.4 GeV
Z, - Eil_}iyi 4.5% 4.5%
7' — 3.1 23.1% 23.1%
Z, - El’Nl'N,' 39% 38%
Z, - EiViNi 0% 0%
TABLE II. The Z’ branching ratios and widths in Model B.
My, =1TeV M, =2 TeV
I'y =174 GeV 'y =154 GeV
VAR Ei_ﬂi Vi 7.2% 6.9%
Z, - Eilili 36% 36%
7' — NN 6.1% 6.4%
7' — 3;5;N(Nv,) 1.4 X1073% 1.4 X 1073%
zZ— E,ﬁ,-qi 50.7% 50.7%

other states could be easily included. The new Z’ branching
fractions are shown in Table II.

The most important signature for heavy Majorana neu-
trinos is the lepton number violating decay N — [~ + W+
where [ = e, u. For heavy Majorana neutrinos with masses
above 200 GeV, the heavy neutrino production and decay
will be p+p—Z >N+N+X—->L+1+W+
W + X. For this process we display in Fig. 3 the total cross
section/number of events considering several values for
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My, The final state pair of leptons [; + [; has lepton
number violation through equal charges and electron and
muon combinations.

VI. CONCLUSION

In the present work we propose a model for the parity
spontaneous breaking. New mirror fermions and a Higgs
sector consisting of doublets and singlets are included.
Parity can be broken at a much higher scale than the scale
of new gauge boson. Charged fermion masses are gener-
ated from a seesaw mechanism, and the electron mass fixes
the scale of one of the new scalars at the Peccei-Quinn
scale. The new mirror neutrinos lead to a rich phenome-
nology. Two possibilities for the neutrino mass spectrum
were presented in this work. New mirror neutrino can be
very light. In this case, a new neutral gauge boson can have
a unique signature: a very high invisible branching ratio.
The other possibility is the double seesaw mechanism. The
high mass neutrino matrix has a second seesaw mechanism
and we can have new neutrino states naturally at the TeV
scale. The model presented in this work extends the heavy
Majorana neutrino mass range to be searched for at the
LHC to the TeV region. The near start of the experimental
program of the LHC will allow testing these hypotheses.
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