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We consider a supersymmetric SUð4Þc × SUð2ÞL × SUð2ÞR model with a minimal number of Higgs
multiplets and Dirac and Majorana CP-violating phases in the neutrino flavor mixing matrix. The model
incorporates the charged fermion masses and quark mixings, and uses type I seesaw to explain the solar and
atmospheric neutrino oscillations. With the neutrino oscillation data of two mass squared differences and
three flavor mixing angles, we employ thermal leptogenesis and the observed baryon asymmetry to find the
allowed regions for the Dirac and Majorana phases. For a normal neutrino mass hierarchy, we find that the
observed baryon asymmetry can be reproduced by a Dirac phase of around δCP ¼ 3π=2, which is strongly
indicated by the recent T2K and NOνA data. For the case of inverted neutrino mass hierarchy, the predicted
baryon asymmetry is not compatible with the observed value.
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The neutrino oscillation phenomena have established non-
zero neutrino masses and mixings between different neutrino
flavors. Two neutrino mass squared differences and three
mixing angles in the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) mixing matrix are measured with good accuracy.
The neutrino oscillation parameters to be determined in future
experiments include theDiracCP-violating phase (δCP) in the
PMNS mixing matrix and the ordering of the neutrino mass
eigenvalues. The recent results by the T2K experiment [1]
strongly indicate a CP violation in the lepton sector with the
DiracCP-violatingphaseofaroundδCP ¼ 3π

2
.TheT2Kresults

are also consistent with the results by the NOνA experiment
[2]. In the not too distant future, the accuracy ofmeasurements
for the CP-violating phase will be significantly improved.
A precise information of quark and lepton mass matrices
could provide important clues regarding the origin of fermion
masses, flavor mixings and CP violations which, most likely,
come from new physics beyond the Standard Model (SM).
In order to explain the observedneutrinomasses and flavor

mixings, we need to extend the SM. The type I seesaw
mechanism [3] is one of the promising ways not only to
incorporate the neutrino masses and flavor mixings but to
also explain the tiny of neutrino masses naturally. A class of
supersymmetric (SUSY) grand unified theories (GUT) has

attractedmuch interest in this regard. In addition to providing
a resolution of the gauge hierarchy problem, the paradigm of
SUSY grand unification is also supported by the successful
unification of the three SM gauge couplings at the GUT
scale, MGUT ≃ 2 × 1016 GeV. Among several possibilities,
SO(10) unification is one of the more compelling ones, with
the quark and lepton multiplets of each generation unified
in a 16-dimensional representation alongwith a right-handed
neutrino. The seesaw mechanism is also automatically
implemented, being associated with the breaking of
SO(10) symmetry to the SM gauge group at MGUT, which
is fairly close to the desired seesaw scale.
The so-called minimal SUSY SO(10) model [4] with the

minimal set of Higgs multiplets (10þ 126) relevant for
fermion mass matrices is a natural extension of nonsuper-
symmetric SO(10) models considered a long time ago [5].
Because of the unification of quarks and leptons in the 16
representation and the minimal set of Higgs multiplets, the
fermion Yukawa matrices are highly constrained with the
quark and lepton mass matrices related to each other. Note
that the Higgs 10-plet has been used to implement t − b − τ
Yukawa unification in SO(10) [6]. There have been several
efforts within the SO(10) framework to simultaneously
reproduce the observed quark-lepton mass matrix data as
well as the neutrino oscillation data [7–9]. It is quite
interesting that after the data fitting, essentially no free
parameter is left and all fermion Yukawa matrices, in
particular the neutrino Dirac Yukawa matrix, are unambig-
uously determined. The neutrino Dirac Yukawa matrix
allows us to provide concrete predictions for proton lifetime
[10] and the rate of lepton flavor violations [11].
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However, the minimal SO(10) model suffers from a
serious problem. The observed neutrino oscillation data
suggest the right-handed neutrino mass scale to be around
1013–1014 GeV, which is a few orders of magnitude below
theGUT scale.With fixedYukawa couplings of right-handed
neutrinos in the minimal SO(10) model, this intermediate
scale is provided by the vacuum expectation value (VEV) of
the 126Higgsmultiplet. This indicates the existence ofmany
exotic states with intermediate mass scale, which signifi-
cantly alter the running of the minimal SUSY SM (MSSM)
gauge couplings. This has been discussed in Ref. [12], where
it is shown that the gauge couplings are not unified anymore,
and even the SU(2) gauge coupling blows up below the
MGUT. To solve this problem, we may extend the minimal
model or may consider a different direction in constructing
GUT models [13].
In this paper we consider a supersymmetric SUð4Þc ×

SUð2ÞL × SUð2ÞR (4-2-2) model with a set of Higgs
multiplets which closely resembles the minimal SO(10)
model. The Higgs multiplets which play an important role
in our discussion are H1;2;2∶ð1; 2; 2Þ, H15;2;2∶ð15; 2; 2Þ,
H10;1;3∶ð10; 1; 3Þ, and H̄10;1;3∶ð10; 1; 3Þ corresponding to
the Higgs multiplets in the minimal SO(10) model, namely
H1;2;2 ⊂ 10-plet Higgs and H15;2;2 þH10;1;3 ⊂ 126-plet
Higgs. In the SO(10) model context, the Higgs multiplet
H̄10;1;3 belongs to 126-plet Higgs, which is introduced to
satisfy the D-flat condition along with the 126-plet Higgs.
The SUð4Þc × SUð2ÞL × SUð2ÞR symmetry is broken
down to the MSSM gauge group by VEVs of hH10;1;3i ¼
hH̄10;1;3i satisfying the D-flat condition. Although we are
not going into details of the Higgs potential, it is easy to
realize a successful Higgs sector of our model by analogy
to the minimal set of Higgs multiplets in the minimal
renormalizable SO(10) model [14]. In the SO(10) model,
the minimal set of Higgs multiplets consists of 10-plet,
126-plet, 126-plet and 210-plet. It has been demonstrated in
Ref. [14] that the most general renormalizable superpo-
tential for the minimal set of Higgs multiplets realizes the
SO(10) symmetry breaking to the MSSM gauge group,
leaving only the MSSM particle contents light. Since our
4-2-2 model can be embedded in the minimal renormaliz-
able SO(10) model, we can consider a successful Higgs
sector of our model as a subset of the Higgs sector of the
minimal SO(10) model.
The superpotential relevant for the fermion mass matri-

ces is given by

W ¼ Yij
1 FiF̄jH1;2;2 þ Yij

15FiF̄jH15;2;2 þ Yij
RF̄iF̄jH10;1;3;

ð1Þ

where Fi∶ð4; 2; 1Þ and F̄i∶ð4̄; 1; 2Þ denote the matter
multiplets in ith generation (i ¼ 1, 2, 3). Assuming
appropriate VEVs for the Higgs multiplets, we can para-
metrize the fermion mass matrices as the follows:

Mu ¼ c1M1;2;2 þ c15M15;2;2;

Md ¼ M1;2;2 þM15;2;2;

MD ¼ c1M1;2;2 − 3c15M15;2;2;

Me ¼ M1;2;2 − 3M15;2;2;

MR ¼ M10;1;3: ð2Þ

Here Mu, Md, are the mass matrices for up-type and down-
type quarks,MD is the neutrino Dirac mass matrix,Me is the
charged lepton mass matrix, and MR is right-handed
Majorana neutrino mass matrix. They are given in terms of
the three fundamentalmatricesM1;2;2,M15;2;2 andM10;1;3 and
the complex coefficients c1 and c15. Note that the relations
between fermion mass matrices are exactly the same as those
in the minimal SO(10) model, except for MR. In the 4-2-2
model,MR is independent of the other massmatrices, while it
is proportional to M15;2;2 in the minimal SO(10) model.
As is well known, the MSSM gauge couplings success-

fully unify at MGUT ≃ 2 × 1016 GeV. In the minimal
SO(10) model, MGUT is the scale at which the SO(10)
gauge symmetry is broken down to the MSSM gauge
symmetry. Since the 4-2-2 model with left-right symmetry1

can be embedded in the SO(10) model, we simplify identify
MGUT with the breaking scale of 4-2-2 down to the MSSM
gauge group, assuming the left-right symmetry. Therefore,
the procedure for fitting the charged fermion mass matrices
is the same as in the minimal SO(10) model. On the other
hand, it is important to note that MR being independent of
the other mass matrices provides us with the freedom to fit
the neutrino oscillation data.
Let us count here the number of free parameters used to fit

the charged fermion mass matrices. Because of left-right
symmetry, M1;2;2 and M15;2;2 are 3 × 3 complex symmetric
matrices. Without loss of generality, we take a basis where
M1;2;2 is real and diagonal, so that the number of free
parameters in M1;2;2 and M15;2;2 is 3þ 12 ¼ 15. The two
complex parameters c1 and c15 introduce an additional
4 degrees of freedom, and therefore in total we have 19 free
parameters. The degrees of freedomof charged fermionmass
matrices are decomposed into 3þ 6 ¼ 9 for the lepton and
quarkmass eigenvalues, and another nine for a unitarymatrix
for the quarkmixingswhich consists of four parameters in the
CKMmatrix and five diagonalCP phases. Since the fiveCP
phases are not observable in the SM, we drop these degrees
of freedom. Thus, we have 14 free parameters to fit 13
observables [16]. In the minimal SO(10) model, this single
free parameter is adjusted to fit the neutrino oscillation data
(see [7] for details).

1The left-right symmetry requires us to add Yij
RFiFjH10;3;1 to

Eq. (1) with a Higgs multiplet H10;3;1∶ð10; 3; 1Þ. This term
corresponds to type II seesaw [15] once H10;3;1 develops a
nonzero VEV. Since a more complicated Higgs sector seems
necessary to induce such a VEV, we do not consider type II
seesaw in this paper.
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Through the type I seesaw mechanism [3], the light
neutrino mass matrix is given by

mν ¼ YT
DM

−1
R YDv2u ¼ U�

PMNSDνU
†
PMNS; ð3Þ

where YD is the neutrino Dirac Yukawa matrix and vu is the
VEV of the up-type Higgs doublet. The PMNS mixing
matrix, by whichmν is diagonalized to the mass eigenvalue
matrix Dν, is parametrized as

UPMNS ¼

2
664

c12c13 c12c13 s13e−iδCP

−s12c23 − c12s23s13eiδCP c12c23 − s12s23s13eiδCP s23c13
s12c23 − c12c23s13eiδCP −c12s23 − s12c23s13eiδCP c23c13

3
775
2
664
1 0 0

0 e−iρ1 0

0 0 e−iρ2

3
775; ð4Þ

where cij ¼ cos θij, sij ¼ sin θij, and ρ1 and ρ2 are the
Majorana phases. Using Eq. (3), we can express the right-
handed neutrino mass matrix as

MR ¼ v2uðYDUMNSD−1
ν UT

MNSY
T
DÞ: ð5Þ

Recall that in this 4-2-2 model, YD is fixed by fitting the
Dirac fermion masses and mixings in the same manner
as theminimal SO(10)model. Hence, employing the current
neutrino oscillation data (two neutrino mass squared
differences and three mixing angles), we obtain MR from
Eq. (5) as a function of the lightest light neutrino mass
eigenvalue, δCP and ρ1;2.
Models with the seesaw mechanism can also account

for generating the observed baryon asymmetry in the
universe [17],

YB ¼ nB
s

¼ ð8.6 − 9.0Þ × 10−11; ð6Þ

via thermal leptogenesis [18], where YB is the ratio of the
baryon (minus antibaryon) density (nB) to the entropy
density (s). The out-of-equilibrium decays of heavy
Majorana neutrinos in the presence of nonzero CP-violat-
ing phase generates a lepton asymmetry YL in the universe,
which is partially converted to the baryon asymmetry

through (Bþ L)-violating sphaleron transitions [19,20].
The conversion rate is given by [21]

YB ¼−
8Nfþ4NH

22Nfþ13NH
YL ¼−

8

23
YL: ð7Þ

Here we set Nf ¼ 3 and NH ¼ 2 for the numbers of
fermion families Nf and Higgs doublets NH as in the
minimal SUSY SM (MSSM).
The baryon asymmetry produced is evaluated by solving

the Boltzmann equations with the information of neutrino
Dirac Yukawa coupling matrix and MR. Since YD is fixed
and MR is a function of δCP and ρ1;2 in our model, the
resultant baryon asymmetry is given as a function of these
parameters. Therefore, leptogenesis constrains the param-
eters, δCP and ρ1;2, so as to reproduce the observed baryon
asymmetry.
As mentioned above, the data fitting procedure for the

realistic charged fermion mass matrices is the same as in the
minimal SO(10) model, and so in our analysis we employ
the numerical values in YD found in [7]. In the basis where
the charged lepton mass matrix is diagonal, the neutrino
Dirac Yukawa coupling matrix at the GUT scale is
unambiguously determined and explicitly given by

YD ¼

0
B@
−0.000135−0.00273i 0.00113þ0.0136i 0.0339þ0.0580i

0.00759þ0.0119i −0.0270−0.00419i −0.272−0.175i

−0.0280þ0.00397i 0.0635−0.0119i 0.491−0.526i

1
CA; ð8Þ

for tan β ¼ 45.2,3 Using YD, we determineMR from Eq. (5) as a function of δCP and ρ1;2. Since the absolute mass spectrum
of light neutrinos has not yet been determined, we consider two cases for it, the normal hierarchical (NH) case and the
inverted hierarchical case (IH). For the NH case, the mass eigenvalue matrix Dν is given by

2Although the output for the neutrino oscillation parameters obtained in [7] is more than 3σ away from the current neutrino oscillation
data [22], the experimental data for charged fermion mass matrices are nicely fitted. Since YD is determined only by data fitting the
charged fermion mass matrices, we can safely use this YD data without contradicting any of the experimental results

3In Ref. [23], the charged lepton flavor violating (LFV) processes have been investigated in the minimal SO(10) model with the YD
data of Eq. (8). Although the right-handed neutrino mass spectrum in our 4-2-2 model is different from the one in the minimal SO(10)
model, we expect that the rate of the LFV processes lies in the same order to those presented in [23]. Considering the final results of the
MEG experiment [24], BRðμþ → eþγÞ < 4.2 × 10−13 at 90% C.L., we see from the results in [23] that the lower mass bounds on
sleptons and winos will be multi-TeV to avoid the MEG constraint.
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Dν¼diag

�
m0;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

0þΔm2
12

q
;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

0þΔm2
12þΔm2

23

q �
; ð9Þ

while for the IH case

Dν¼diag
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2
0−Δm2

12þΔm2
23

q
;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

0þΔm2
23

q
;m0

�
; ð10Þ

where the lightest mass eigenvalue m0 is a free parameter.
In our analysis, we adopt the following values for the
neutrino oscillation data [22,25]:

Δm2
12¼7.6×10−5 eV2; Δm2

23¼2.4×10−3 eV2;

sin2ð2θ12Þ¼0.87; sin2ð2θ23Þ¼1.0; sin2ð2θ13Þ¼0.092:

ð11Þ
Let us first show the mass spectrum of the heavy

Majorana neutrinos (mass eigenvalues ofMR) as a function
ofm0 and δCP. For simplicity, we set ρ1;2 ¼ 0 here. Figure 1
(left panel) shows the mass spectrumMi (i ¼ 1, 2, 3) of the
heavy Majorana neutrinos for the NH case as a function of
m0 with δCP ¼ 3π=2 indicated by the recent T2K and

NOνA data. Since the VEVof H10;1;3 (which breaks 4-2-2
down to MSSM) is MGUT, we require m0 ≳ 10−4 eV in
order to keep Yij

R within the perturbative regime. The right
panel shows the mass spectrum as a function of δCP for
m0 ¼ 10−3 eV. The (green) shaded region denotes the
allowed region for δCP at the 95% confidence level by
the recent T2K data [1]. The corresponding results for
the IH case are shown in Fig. 2. For the IH case, we find
M1 ≲ 109 GeV for any values of m0 and δCP.
As shown in Figs. 1 and 2, the heavy neutrino masses are

hierarchical for both the NH and IH cases. The lepton
asymmetry in the universe in this case is dominantly
produced by the lightest heavy neutrino decay, since the
asymmetry produced by heavier neutrino decays are almost
completely washed out [26]. Thus, we consider the lepton
asymmetry produced by only the lightest heavy neutrino
decay. In addition, there is a lower bound on the lightest
heavy neutrino mass, M1 ≳ 109−10 GeV, to produce the
desired amount of baryon asymmetry [27]. For the IH case,
the lightest heavy neutrino mass is always found to be below
this bound, and in our numerical analysis we find that the

0.001 0.01 0.1 1
107

109

1011

1013

1015

m0

0.0 0.5 1.0 1.5 2.0
109

1011

1013

1015

FIG. 1. For the NH case, heavy neutrino mass spectrum versus m0 for δCP ¼ 3π
2
(left panel), and versus δCP for m0 ¼ 10−3 eV (right

panel). The (green) shaded region denotes the allowed region for δCP at the 95% confidence level by the recent T2K data [1].
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FIG. 2. Same as Fig. 1 but for the IH case.
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resultant baryon asymmetry is too small in comparison to the
observed baryon asymmetry. Therefore, in the following, we
present our results only for the NH case.
For a successful thermal leptogenesis, the reheating

temperature (Tr) after inflation must be higher than M1

for the lightest heavy neutrino to be in thermal equilibrium
at Tr. The heavy neutrino mass spectrum shown in Fig. 1
indicates a lower bound on Tr > 109–1010 GeV. On the
other hand, in SUSY scenarios there is an upper bound on
reheating temperature from the cosmological gravitino
problem. According to the analysis in Ref. [28], we find
Tr < 106–1010 TeV depending on the sparticle mass spec-
trum, in particular with a gravitino mass in the range of
m3=2 ¼ 1–10 TeV. In our scenario, we assume the grav-
itino mass of order 10 TeV or higher, so that the reheating
temperature can be higher than M1 while avoiding the
cosmological gravitino problem.
Since our model is supersymmetric, we need to consider

the lepton asymmetry generated by the decays of both
the lightest heavy neutrino and sneutrino. From Fig. 1, the
lightest heavy neutrino mass is far below MGUT, and so the
effective theory for leptogenesis contains the MSSM and
three light neutrinos, as well as the lightest heavy neutrino
superfield. Although the complete Boltzmann equations
for this system are quite involved (see [29] for complete
formulas), because of supersymmetry the lepton asymme-
try stored in the SM particles is exactly the same as that
stored in the sparticles [29]. Since the heavy neutrino mass
scale is much higher than the typical sparticle mass scale
∼TeV, our system is supersymmetric to a very good
approximation. Among the many decay and scattering
processes involved in the Boltzmann equations, it is known
that the (inverse) decay process of the lightest heavy (s)
neutrino plays the most important role in determining the
resultant baryon asymmetry, while the others are negligible
in most of the parameter space [26]. Including only the
decay process greatly simplifies the Boltzmann equations,
so that for the heavy neutrino they are exactly the same as in
the nonsupersymmetric case:

dYN1

dz
¼ −z

sHðM1Þ
�
YN1

Yeq
N1

− 1

�
γN1

;

dYLf

dz
¼ −

z
sHðM1Þ

�
1

2

YLf

Yeq
l

þ ϵ1

�
YN1

Yeq
N1

− 1

��
γN1

; ð12Þ

where YN1
is the yield (the ratio of the number density to

the entropy density s) of the lightest heavy neutrino, Yeq
N1

is
the yield in thermal equilibrium, the temperature of the
universe is normalized by the mass of the heavy neutrino
z ¼ M1=T, HðM1Þ is the Hubble parameter at T ¼ M1,
and YLf

is lepton asymmetry stored in the SM particles.
The CP-asymmetry parameter, ϵ1, is given by [30]

ϵ1 ¼ −
1

2πðYνY
†
νÞ11

X
j≠1

Im½ðYνY
†
νÞ21j�fðM2

j=M
2
1Þ; ð13Þ

where

fðxÞ≡ ffiffiffi
x

p
ln

�
1þ x
x

�
þ 2

ffiffiffi
x

p
x − 1

; ð14Þ

and Yν is the neutrino Dirac Yukawa coupling matrix in the
basis where both the charged lepton matrix and MR are
diagonalized. Using Eqs. (5) and (8), we can obtain Yν as a
function of m0, δCP and ρ1;2.
The space-time density of the heavy neutrino decay in

thermal equilibrium, γN1
is given by

γN1
¼ sYeq

N1

K1ðzÞ
K2ðzÞ

ΓN1
; ð15Þ

where K1 and K2 are the modified Bessel functions, and

ΓN1
¼ ðYνY

†
νÞ11

8π
M1 ð16Þ

is the decay width of the heavy neutrino. Then, we solve
the Boltzmann equations with the boundary conditions
YN1ð0Þ ¼ Yeq

N1
ð0Þ and YLf

ð0Þ ¼ 0. The lepton asymmetry
generated by the right-handed neutrino decays is converted
to the baryon asymmetry via the sphaleron process with the
rate of Eq. (7) and hence, we evaluate the resultant baryon
number as

YB ¼ −
8

23
YLf

ð∞Þ × 2; ð17Þ

where the factor 2 takes into account the baryon number
stored in sparticles.

0.0 0.5 1.0 1.5 2.0
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FIG. 3. Baryon asymmetry as a function of δCP form0¼10−3 eV,
ρ2 ¼ 0 and ρ1 ¼ 0 (solid), π

6
(dashed) and π

3
(dotted). The dashed

horizontal lines show the range of the observed baryon asymmetry
in Eq. (6). The (green) shaded region denotes the allowed region
for δCP at the 95% confidence level by the recent T2K data [1].
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For various values of the free parameters (m0, δCP and
ρ1;2), we numerically solve the Boltzmann equations. In our
analysis, we fix m0 ¼ 10−3 eV and ρ2 ¼ 0, for simplicity.
For m0 ≲ 10−2 eV, M1 is almost independent of m0, and
we find that the results for the generated baryon asymmetry
are almost the same. Figure 3 shows the resultant baryon
asymmetries as a function of δCP for three different values
of the Majorana phase, namely, ρ1 ¼ 0 (solid), π

6
(dashed)

and π
3
(dotted), along with the observed value (horizontal

lines). The allowed region for δCP at the 95% confidence
level from the recent T2K data is depicted by the (green)
shaded region. We have found the parameters in the shaded
region to reproduce the observed baryon asymmetry.

Figure 4 shows the baryon asymmetries as a function of
ρ1 for δCP ¼ 3π

2
, along with the observed value (horizontal

lines). A suitable choice of ρ1 can reproduce the observed
baryon asymmetry.
In summary, we have considered a supersymmetric

SUð4Þc × SUð2ÞL × SUð2ÞR model with a minimal number
of Higgs multiplets and CP-violating phases (δCP and ρ1;2)
in the neutrino flavor mixing matrix. The model has the
same structure in the Yukawa couplings for the charged
fermions as the supersymmetric minimal SO(10) model, so
that the neutrino Dirac Yukawa coupling matrix is unam-
biguously determined by fitting the experimental data for
charged fermion mass matrices. Using the type I seesaw
formula with the neutrino Dirac Yukawa coupling matrix,
the right-handed Majorana neutrino mass matrix is given as
a function of m0, δCP and ρ1;2. We have employed lepto-
genesis and the observed baryon asymmetry to identify the
allowed parameter regions. Only the NH case for the light
neutrino mass spectrum can reproduce the observed baryon
asymmetry with a suitable choice of δCP and ρ1;2. We have
found that the Dirac CP-violating phase around δCP ¼ 3π

2
,

which is strongly indicated by the recent T2K and NOνA
data, leads to the baryon asymmetry compatible to the
observed value. Once δCP has been more precisely deter-
mined, the allowed regions for ρ1;2 will be determined.
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