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Abstract The conventional seesaw-leptogenesis can simul-
taneously explain the suppression of neutrino masses and the
generation of cosmic baryon asymmetry, but usually it cannot
predict an unambiguous relation between these two sectors.
In this work we shall demonstrate a novel left-right sym-
metric scenario, motivated to solve the strong CP problem
by parity symmetry, where the present baryon asymmetry is
well described by three charged lepton masses and a seesaw-
suppressed hermitian Dirac neutrino mass matrix. To produce
the observed baryon asymmetry, this scenario requires that
the neutrinos must have a normal hierarchical mass spec-
trum and their mixing matrix must contain a sizable Dirac
CP phase. Our model can be tested in neutrino oscillation
and neutrinoless double beta decay experiments.

1 Introduction

No significant amount of primordial antimatter is found in the
present universe and any initial matter—antimatter asymme-
try would have been eliminated by inflation. These facts lead
to the problem of baryon asymmetry in the universe (BAU).
We need a baryogenesis mechanism to dynamically generate
this BAU. There have been a number of successful baryoge-
nesis scenarios, all of which require new physics beyond the
minimal standard model (SM). Furthermore, the phenomena
of neutrino oscillations imply that the three neutrinos should
have different masses and mix with each other. This again
calls for new physics since the neutrinos are massless in the
SM.

It would be interesting and a step forward if the gener-
ation of BAU and the origin of small neutrino masses can
be simultaneously understood in a unified framework. This
actually has been achieved by the so-called seesaw [1-4]
and leptogenesis [5] schemes where the lepton number is
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violated by two units and the neutrinos are Majorana parti-
cles. One should keep in mind, however, that the Majorana
nature of neutrinos has not been confirmed by any exper-
iments. It has been shown that even if the neutrinos turn
out to be Dirac particles, one can realize the seesaw and
leptogensis mechanisms by introducing additional symme-
tries besides some heavy degrees of freedom to the theory
[6-9]. Compared with Majorana neutrino models, Dirac neu-
trino models usually do not violate the lepton number, but
they need more unknown parameters. In general, for both
the Majorana and the Dirac seesaw-leptogenesis scenario,
one does not know much about the texture of the masses and
couplings involving the new heavy fields, and hence can-
not give an unambiguous relation between the BAU and the
information reside in the neutrino mass matrix, such as mass
hierarchy and CP phase(s). The predictive power is quite
limited [10].

In this paper we shall develop a novel scenario where the
Dirac neutrinos have a seesaw-suppressed hermitian mass
matrix and the baryon asymmetry is well described by the
neutrino and charged lepton mass matrices. To construct a
realistic model we also aim at the strong CP problem which
is another big challenge to the SM. Specifically we shall con-
sideran SU(3), x SU((2); x SUQR)p xU(1);, xU(1)p —
SUQB), x SUR), x SUR)p x U(1)_, left-right sym-
metric [11-14] model with a softly broken parity symmetry
to solve the strong CP problem without an unobserved axion
[15-19]. Our leptogenesis also requires the existence of a
lepton-number violation, which, however, is not allowed to
contribute any Majorana neutrino masses. For this purpose
we shall impose an unbroken Z4 discrete symmetry. To pro-
duce the BAU, the neutrino mass matrix is required to satisfy
a normal hierarchy pattern and contain a sizable Dirac CP
phase. Our model can be tested in the running and forth-
coming neutrino oscillation experiments such as NOvA and
JUNO, and can be excluded by any observations of neutri-
noless double beta decay.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-016-4367-3&domain=pdf
mailto:peihong.gu@sjtu.edu.cn
mailto:hexg@sjtu.edu.cn

515 Page2of 6

Eur. Phys. J. C (2016) 76:515

2 The model

In this model three generations of fermions and their corre-
sponding SU(3), x SUQ2); x SUR)p, x U(1); x U(1),
X Z4 quantum numbers and left-right parity (P) transforma-
tion properties are as the follows:

1 1
QL<3,2,1,§,0,1'><L>QR<3,1,2,0,§,1'>,
4 0\ P 4
Ug 3,1,1,5,0,1 «~— U, 3,1,1,0’5,, i
25\ .P 2\ M
Dy 3,1,1,—§,O,Z <~ D, 371,1,(),_5’, ,

L,(1,2.1,-1,0,0) <25 Lg(1,1,2,0, -1, 1),
ep(1,1,1,-2,0,i) <= E,(1,1,1,0, =2,1),

where the components of the SU (2) doublets are

_ | ¥L.R _|v _ |V
oe=qt] w=lt] n=[p] o

As we will show later the new particles Uy g, Dp g, and
Ep g are heavy. The scalars in this model are

4 4 P
oy (1, 1,1, 5, —g, 1) «— wy,

o) (1, 11, —g, % 1) SLANFAS

(1,2,2,-1,1,1) <& 5, 3)
¢, (1,2,1,—1,0,1) <25 ¢5(1,1,2,0, —1, 1),
AL(1,3,1,2,0, 1) <25 Ag(1,1,3,0,2, —1),
x(1,1,1,0,0, 1) <> x.

Obviously, the model is free of gauge anomaly because
the U(1); and U (1) charges are nothing but the double of
the usual hypercharge. Note that requiring the theory to be
left-right parity symmetry invariant forbids the strong C P
term O (ot /87%)GHY G wv because it violates P symmetry.

Symmetry breaking is driven by nonzero vacuum expec-
tation values (VEV) of scalars. One can write down the full
renormalizable scalar potential to analyze the breaking pat-
tern in detail. Here we will, instead, write down a few of the
terms which play special roles,

= 'U’gﬁququL+/“L02>R¢;€¢R+§1¢;ETE¢R+§2¢;;ZTE‘Z’R
+[poywd + ng) Sop + roy 0, Tr(S L)
X (BLITYA L) + PRiTyARdR) +Hell. 4)

When the w;, scalar develops its VEV, the U(1); x
U(1)p symmetry will be broken down to its diagonal
subgroup, which is the usual U(l)g_;, ie. U(l); x

@ Springer

UMp <w—D>> U (1) g_; - Naively, if the w,; scalar takes a posi-
tive mass M, C%U, its VEV should be zero. However, due to the
p-term in the above potential, one can get an induced VEV,
(w) =~ —,o(a)D)z/Mf,U < {wp). Subsequently, the ¢, and
¢, scalars will, respectively, drive the left-right symmetry
breaking SU(2), x U(1)p_, “li U(1)y and the elec-
troweak symmetry breaking SU(2); x U(1)y @ ul,,.
In order to separate the left-right and electroweak symmetry
breaking scales, we softly break the parity symmetry by tak-
ing ,ué #* ,uéR. As a result of the softly broken parity, the
left—riglht symmetry breaking scale can be much higher than
the electroweak one, i.e. {(¢5) > (¢, ).

After the left-right symmetry breaking, the Higgs bidou-
blet X can be conveniently treated as two SU (2); doublets,
% = [0, 0,]. The o and 0, scalars can have a large mass split
because of the ¢ p-terms in the potential (4). By choosing
the masses Mgl ) of o, , positive and very large, the p-term
and the A-term in the potential will lead to the induced small
VEVs for o7 2 as below,

Maop)(wy) (o))
0,) = —%
%2

(&)

As we will show later successful leptogenesis requires the
VEV (o) below the eV scale.

We emphasize that the Z, discrete symmetry will not be
broken at any scales. Accordingly, the real singlet scalar
x and the [SU (2)]-triplet scalars A L.R will not have any
nonzero VEVs and the neutrinos will not develop nonzero
Majorana masses.

3 Fermion masses

Fermion masses can be generated at tree level through the
Yukawa couplings as follows:

Ly = _yU(QL¢LUR + QR¢RUL) - waUULUR
_yD(QL(iLDR + QRQBRDL) - waDDLDR
~Yo(Lyprep + LrdgrE;) — fsL, TLy
—faLSityA L, + L%GityAgLg) + He.. (6)

The parity symmetry, although softly broken, still enforce

fU(D,):) = fU(D,Z‘)'
The mass matrices of the ordinary [SU (2)]-doublet quarks

and the new [SU (2)]-singlet quarks are given by

LD —[u, U, ]M, [(u]ﬂ _[gLDL]M"[g]ﬂ

+H.c. with

yU(D)<¢2> j| ' @

0
M, =
@ |:y;](D)<¢(I)€> Juy) @y )
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When making the eigen-masses of the above quark mass
matrices real, a chiral rotation on the fields is needed. After
the chiral rotation the QCD Lagrangian will contain a non-
perturbative term,

-«

;2 GG with ® = © — ArgDet(M, M,),
®)

which conserves C symmetry but violates P and C P sym-
metries. Here ® is from the QCD ®-vacuum. Because the
theory is originally parity conserving as mentioned before,
the ®-term is zero. Meanwhile, the quark mass matrices M, 4
are hermitian and hence their determinants Det(M,) and
Det(M ;) are real. This implies a vanishing ArgDet(M, M ;).
So, the strong C P phase ® does not appear at tree level.
The loop-level contribution from the quark mass matrices to
the strong C P phase may be below the experimental limit
when the new quarks are heavy enough [18,19]. Therefore,
the strong C P problem can be solved without introducing an
unobserved axion.

The lepton mass matrices are very different from those for
quarks. The mass matrices for the ordinary charged leptons
er, g and the mirror charged leptons E; p are

0 0
L>—-[e, EL][ye(gL) ﬁgﬁ;“;ﬂ+m )

For (09) < () < (¢?) < (#%), one obtains the light and
heavy charged lepton mass matrices,

M M M 0
0 0 E, _ E# — E. _ <¢R>
ye(¢L> X ye<¢R> = me - m# - mr - <¢2> . (10)

Without loss of generality and for convenience, we will work
in the base where the above charged lepton mass matrices are
real and diagonal.

As for the left-handed neutrinos v; and the right-handed
neutrinos v, they can form Dirac pairs and acquire a hermi-
tian mass matrix,

LD —m,b,vp +He. with m, = fs (o) = U, U"
= Udiag{m,, my, m3}U", (1)

with U being the PMNS [20,21] matrix which now does
not contain any Majorana CP phases. Taking into account
the perturbation requirement |(fy)agl < V4r, the VEV
(O’? ) should have a low limit. For the neutrino mass spectrum
being normal hierarchy (NH) m; > m, > mj, or inverted
hierarchy (IH) m, > m1 > m3, we can constrain

2
(@0)? > Zﬁ > 1.96 x 10~*eV? (NH),
TT

2
092 = 22 =201 x 1074 V2 (H),
! 47

by inputting the best fitting values [22].

12)

L
LLn L LL“
By —— Eg M
t o3 oy a3
C L C
LLa LA LLa
By —— B3 —m—/
\\\\ e e \\\\
) 0y T2

Fig. 1 The lepton-number conserving decays of the mirror charged
lepton—antilepton pairs

It should be noted that the mixing between the light and
heavy charged leptons is tiny for the parameter choice (ag) <
(a{) ) K ((;52) < (¢%). Accordingly, we have safely ignored

the non-unitary effect [23] in the PMINS matrix.

4 Lepton and baryon asymmetries

After the left-right symmetry is broken down to the elec-
troweak symmetry, the Yukawa interactions in Eq. (6) will
result in

(13)

Therefore, the mirror charged leptons E, , . can decay
into the ordinary leptons L; , (¢ = e, u, 7) and the heavy
Higgs scalar o, if kinematically allowed. Although these
lepton-number conserving decays do not generate a net lep-
ton number in any case, they can produce three individual
lepton asymmetries L, , . stored in the ordinary electron,
muon and tau lepton flavors,

L, xT(Eg — L;,05)— F(EE — L§,0,) #0,
Lo+L,+L, =0 (14)

Note the Yukawa interactions involving the Higgs scalar
o, may mediate some lepton flavor violating processes and
then erase the produced lepton asymmetries L, , . [25,26].
This can be avoided by assuming the Higgs scalar o; much

heavier than the decaying mirror charged leptons E, , ., i.e.

My <M, . (15)

e, T

Evaluating the diagrams in Fig. 1, we obtain the flavor-
dependent CP asymmetries in the decays of the mirror
lepton—antilepton pairs as

F(Eg — Ly,05) — T(E§ — L§,0,)
Eﬁa == F

Eg

@ Springer
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M2
Ep
M2 — M>
Ep Eﬁ

L Il s () ()]
4r 4 (Fsfs)pp

_ 1 ImlOmgmy) s (m]) g (my)g ] m
4 4 (mim,) gy (00)? m} —m
for My, > M,,. (16)

It is easy to see that Zaze%f €4y = 0 and g4, can be
fully determined by the Dirac neutrino mass matrix m, and
the charged lepton mass matrix 7, for a given VEV (010 ). W
find that the above expression is proportional to the Jarlskog
parameter, Jcp = Im(U,, U},U ;"IU u2) [24]. For example,
€4y (@ = e, u, T) can be written as

i JCPF(r;lv)(mv)ee m_g

T A by to02 M

= _% Jcpf(m”)(m;)w m_g (17)
T (mym,),.(07)? M

Eor = ~(Eee T Ecp)

with

F(i,) = mymy(m; —my) + mymz(m, — ms)
+mymy(mz —my). (18)

Note ¢,, and &, have the same sign and are sensitive to
whether the neutrino masses satisfy the NH or IH pattern. In
the above demonstration, we do not consider the negligible
non-unitary effect from the tiny mixing between the ordinary
and mirror charged leptons. We have also simply assumed
that the Higgs scalar o, is much lighter than the decaying
mirror charged leptons E, , . so that the o,)’s mass will not
have a significant effect on the CP asymmetries [27].

Since the mirror electron is much lighter than the mirror
muon and tau, the decays of the mirror electron—positron
pairs can be expected to determine the individual lepton
asymmetries L, , .. If the mirror electron and positron are
heavy enough, their decays can produce the lepton asymme-
tries L, , , before the sphaleron [28] processes stop work-
ing. Furthermore, the [SU (2), |-tripletscalar A ; can mediate
some lepton-number violating processes, such as the lepton-
number violating annihilation shown in Fig. 2. For a proper
choice of the couplings and mass of the A; scalar, only the
lepton-number violating interactions of certain lepton fla-

Fig. 2 The lepton-number violating annihilations of the ordinary
leptons

@ Springer

vor(s) can keep in equilibrium when the individual lepton
asymmetries L, , . are produced. For this reason a nonzero
lepton asymmetry, i.e. L,, Lw L.,L,+ L”, L,+ L, or
L, + L, can survive from the lepton-number violating pro-
cesses. If this remaining lepton asymmetry is induced before
the sphaleron epoch, it can be partially converted to a baryon
asymmetry. Recall the lepton-number-conserving neutrino-
genesis [8] scenario where only a lepton asymmetry stored
in the left-handed leptons can participate in the sphaleron
processes while an opposite lepton asymmetry stored in the
right-handed neutrinos will not affect the final baryon asym-
metry at all. We can see the remaining lepton asymmetry in
our scenario indeed plays the role of the left-handed lepton
asymmetry in the neutrinogenesis scenario.

The interaction rate of the flavor-dependent lepton-number
violating processes, from Fig. 2, is given by

Faﬂ = F(LLQLL;; — Pdx)

TS
%K%(A)WPMTA for T < M,,

(19)
2111TK2|(fA)a/3|2T for T > M,.

As an example, we consider the case where only the L
asymmetry can be quickly washed out once they are pro-
duced, if the following conditions are satisfied [29]:

(T'rr > H) T=My, (Top < H) T=My,
((a, p) # (z, 7)), (20)

where H = (8n3g* /90)%T2 /Mp, is the Hubble constant
with Mp, >~ 1.22 x 10" GeV being the Planck mass and
g, = 117 being the relativistic degrees of freedom (the SM
fields, the real singlet scalar, the heavy Higgs doublet o, the
right-handed neutrinos). This means that for M, > M E, the
Yukawa couplings f, should take the form '

2 3 4
ol < 048 1073 10' Gev M,
< U.
Alap K My My

((a, B) # (7)),

2 3 4
O > 048 1073 10! Gev M,
> U.
Altt K ME(, MEE

for My > My, , 2D

which may be induced by some symmetry arrangements like
the Froggatt—Nielsen mechanism [30].

The mirror electron mass is above the sphaleron temper-
ature but much below the high left-right symmetry break-
ing scale. Therefore, the gauge interactions of the mirror
electron and positron can go out of equilibrium before the
efficient decays of the mirror electron—positron pairs. In the
weak washout region, the out-of-equilibrium condition of
the mirror electron and positron can be simply described by
r E, /QCH)|_ My, < 1. The individual lepton asymmetries
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induced by the decays of the mirror electron—positron pairs
then can approximate [29]

eq
ne,

N N

45 oy _ 0.11¢,,

2rie 8 g,

T:MEe

(22)

From the out-of-equilibrium condition and the neutrino oscil-
lation data [22], we can constrain the VEV (010 ) by

1
(00)2 > 190 2 My (mim.,),,
32w \8n3g, M

E,

196 x 10~4eV? (222020 - NH with m, =0,

Ee

= i7
195 x 107 V2 (L2000 i with g =0,

Ee

(23)

which is allowed to match the perturbation condition for a
large mirror electron mass M E, i.e.

Mg > 524 x 10" GeV, NHwith m; =0,

Mg, >1.62x 107 GeV, IHwith my=0. (24)

In the above, for definitiveness we have taken m; = 0 and
m3 = 0 for NH and IH, respectively. These choices give
the lower bounds for (010)2, and also the upper bounds for
Eee T €¢y» Which will be shown later in Eq. (26).

The sphaleron processes can partially convert a remaining
lepton asymmetry L,, L, L., L, +L,,L,+L orL, +L,
to a baryon asymmetry. For example, we consideran L, +L ,
asymmetry from the decays of the mirror electron—positron
pairs to be the remaining lepton asymmetry. The final baryon

asymmetry then should be [29]

Ep T &,
np=7.04x B =501 x10710( e Ten ) iy
s —252 x 107
ng  28n; 28 0.11(¢,, +¢,,)

=— ~ 25
s 79 s 79 8 (23)

Here the factor —28/79 is the lepton-to-baryon conversion
coefficient [31]. By inputting the known neutrino oscillation
data [22] into the CP asymmetries (17), which do not have

any cancellations between ¢,, and ¢,,,, we obtain

sind | (1.96 x 1074 eV?
Eop + E4y =2.52x 1077
ce T+ Eep (0.125) ( (0)2 )

for NH with m; =0,

g ((sind [2.01 x 10~*eV?
Eee T+ &0y = 1.61 x 10 1 o

<C71 >2

for IH with m5 = 0. (26)

To obtain the observed value, n; = 5.91 x 10710 [32], the
CP asymmetry ¢,, + ¢,, needs to satisfy (¢,, + €,,) ~
—2.52 x 107",

Comparing the above with Eq. (12), we conclude that our
model with the TH neutrinos cannot solve the BAU problem,
but with the NH neutrinos it can if the Dirac CP phase satisfies

(o))?

—sinéd ~0.125| —————— 1 > 0.125
1.96 x 10~*eV

for (o])% = 1.96 x 10~*eV?. (27)

Note that the recent NOvA result [33] also hints at the
NH neutrino mass spectrum. For the currently favored value
sind ~ —1[34], we get (0)2 ~ 1.6 x 1073 eV

5 Summary

In this paper we have described a novel left—right symmetric
scenario where the strong CP problem can be solved by parity,
the neutrinos can acquire a seesaw-suppressed Dirac mass
matrix, while the BAU can be well described by the Dirac
neutrino and charged lepton mass matrices. To solve the BAU
problem our model predicts a NH pattern for the neutrino
masses and a sizable Dirac CP phase in the mixing matrix.
We look forward to testing our model by new data from the
NOvA and JUNO, as well as neutrinoless double beta decay
experiments.
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