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SO(10) grand unified theory with minimum parameters in the Yukawa sector employs the Peccei-Quinn
symmetry that solves the strong CP problem. Such an economical Yukawa sector is highly appealing and
has been extensively studied in the literature. However, when the running of the renormalization group
equations of the Yukawa couplings are considered, this scenario shows some tension with the observed
fermion masses and mixing. In this work, we propose an extension of the minimal framework that utilizes
lower dimensional representations and alleviates this tension by introducing only a few new parameters.
The proposed model consists of a fermion in the fundamental and a scalar in the spinorial representations.
While the latter is needed to implement the Peccei-Quinn symmetry successfully, the presence of both is
essential in obtaining an excellent fit to the fermion mass spectrum. In our model, axions serve the role of
dark matter, and the out-of-equilibrium decays of the right-handed neutrinos successfully generate the
matter-antimatter symmetry of the Universe.

DOI: 10.1103/PhysRevD.109.055010

I. INTRODUCTION

Grand unified theories (GUTs) aim to unify the strong,
weak, and electromagnetic forces into a single force at a
high energy scale. Several important GUT models [1–6],
including those proposed by Pati and Salam [1,2] as well as
by Georgi and Glashow [3], have been extensively studied
in the literature.
One particularly intriguing class of GUTs is based on

the SO(10) symmetry [5,6]. What makes these models
fascinating is their ability to accommodate all Standard
Model (SM) fermions within a single irreducible 16-
dimensional representation. Notably, this 16-dimensional
spinorial representation includes the SM singlet right-
handed neutrino. Consequently, these models can also
account for the tiny masses of the Standard Model (SM)
neutrinos through the type-I seesaw mechanism [7–11].
Moreover, since the GUT symmetry can break down to
the SM gauge group via multiple intermediate stages,
gauge coupling unification can be obtained without
requiring light states.
Within the renormalizable SO(10) framework, the Higgs

representations that can contribute to the fermion masses

and mixings can be determined by the following fermion
bilinear:

16 × 16 ¼ 10s þ 120a þ 126s; ð1Þ
where subscripts s and a represent symmetric and anti-
symmetric components (in the family space). With the
above tensor product, the Yukawa Lagrangian takes the
general form,

Lyuk ¼ 16FðY1010H þ Y120120H þ Y126126HÞ16F: ð2Þ
Among the 3 × 3 Yukawa coupling matrices, Y10, Y126 are
symmetric, whereas Y120 is antisymmetric in the family
space. The Yukawa sector of SO(10) GUTs is remarkably
predictive and has undergone thorough analysis in numer-
ous studies [12–38].
The most minimal Yukawa sector, consistent with only

SO(10) gauge symmetry, is proposed in Ref. [28]. On the
other hand, additional symmetries can be imposed to further
reduce the number of parameters. One such well-motivated
version is extending the theory by a global Peccei-Quinn
(PQ) symmetry [39,40] that solves the strong CP problem
[39–46]. In this scenario, with a complex 10H and a 126H
Higgs representations, the Yukawa sector consists of the
minimum number of parameters as the PQ symmetry forbids
one of the twoYukawa termswith 10H. The validity of such a
minimal Yukawa sector has been shown in several works by
performing numerical fits, e.g., Refs. [23,30]. Because of the
many orders of difference between the electroweak (EW) and
GUT scales, onemust carefully consider the renormalization
group equations (RGEs) running of the relevant Yukawa
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couplings during the fitting procedure. Such analysis has
been performed, e.g., in Refs. [25,33,34,37].
As shown in Refs. [25,33,34], once RGE running (which

includes the threshold effects of the right-handed neutrinos)
is incorporated properly, the minimal Yukawa sector with
Y10 and Y126 is unable to fit all observables in the charged
fermion and the neutrino sectors within 2σ ranges. The best
fit presented in Ref. [25] (Ref. [34]) with a total χ2 ¼ 22.97
(14.8) has the maximum pull for the top-quark mass (θ23
mixing angle in the neutrino sector), which is ∼ − 3.4
(∼ − 2.4). See also Ref. [33], which adopted a slightly
different approach to the RGE running and found much
higher deviations (total χ2 ¼ 85.9). A crucial thing to note
is that in the analysis of Refs. [25,34], for observables with
higher precision than 5%, a rather large uncertainty of 5% is
set. Instead, taking much smaller values of the uncertainties
closer to their experimental values is likely to show tension
of higher degrees. Furthermore, adding a baryon asymme-
try parameter in the fit is expected to result in even larger
deviations of these observables from their measured values.
In this work, we propose a simple extension of the

minimal model that alleviates the tensions in the fermion
mass fit, as mentioned above. In particular, we allow only
lower dimensional representations and introduce a fermion
in the fundamental representation, 10F, and a scalar in the
spinorial representation, 16H. This proposed model intro-
duces only a limited number of additional parameters in the
Yukawa sector with which an excellent fit to fermion
masses and mixings can be obtained. Once the 16H, the
presence of which is necessary to implement the PQ
symmetry successfully, gets a vacuum expectation value
(VEV), the fermion 10F mixes with the usual fermions, 16i,
which modifies the mass matrices of the light SM-like
fermions and help to obtain better fits. Since PQ symmetry
is expected to be broken at an intermediate state that sets the
scale for right-handed neutrinos, light axions appear that
can accommodate the entirety of the dark matter. Moreover,
through the out-of-equilibrium decays of the heavy right-
handed neutrinos, the matter-antimatter asymmetry of the
Universe can be incorporated.
This paper is organized in the following way. In Sec. II,

we introduce the proposed model and work out the details
of the Yukawa sector. Numerical fit is performed in Sec. III
and details of the PQ mechanism are described in Sec. IV.
In Sec. V, we discuss how matter-antimatter asymmetry of
the Universe is computed. Finally, we conclude in Sec. VI.

II. MODEL

A. Yukawa sector

With a complex 10H and a 126H, one has the following
set of Yukawa interactions:

Lyuk ⊃ 16FðY1010H þ Y126126HÞ16F: ð3Þ

Since 10H is taken to be complex, a second Yukawa
coupling associated with it, 16F16F10�H is also allowed
in general [12]. This additional term is typically forbidden
by imposing a PQ symmetry, Uð1ÞPQ. The introduction of
the PQ symmetry is motivated since it is needed in order to
solve the strong CP problem. Under Uð1ÞPQ, the Higgses
10H and 126H carry negative two units and the fermion 16i
carries positive one unit of charge.
With the above Yukawa coupling equation (3), the

fermion mass spectrum, in the fTMffc basis, is determined
by the following matrices:

Mu ¼ vYu ¼ v10u Y10 þ v126u Y126; ð4Þ

Md ¼ vYd ¼ v10d Y10 þ v126d Y126; ð5Þ

Me ¼ vYe ¼ v10d Y10 − 3v126d Y126; ð6Þ

MD
ν ¼ vYD

ν ¼ v10u Y10 − 3v126u Y126; ð7Þ

MR ¼ vRY126; ð8Þ

with v ¼ 174.104 GeV. Here, we denote the up-type and
down-type EW VEVs of the 10H (126H) as v10u (v126u ) and
v10d (v126d ), respectively. Moreover, the VEV of the SM
singlet field within 126H is represented by vR. The above
set of matrices can be rewritten as

Yd ¼ H þ F; ð9Þ

Yu ¼ rðH þ sFÞ; ð10Þ

Ye ¼ H − 3F; ð11Þ

YD
ν ¼ rðH − 3sFÞ; ð12Þ

MR ¼ cRF; ð13Þ

where we have defined the following quantities:

Y10 ¼
v
v10d

H; Y126 ¼
v

v126d

F; r ¼ v10u
v10d

;

s ¼ v126u

v126d

v10d
v10u

; cR ¼ vR
v

v126d

: ð14Þ

Moreover, the light neutrino masses are determined by the
type-I seesaw,

Mν ¼ −v2YD
ν M−1

R ðYD
ν ÞT: ð15Þ

As mentioned in the Introduction, we propose to add a
fermion, 10F, and a scalar, 16H, to alleviate the tensions in
the fermion masses within this minimal setup. Furthermore,
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the breaking of the GUT symmetry to an intermediate
symmetry is performed by 54H-dimensional representation.
Alternatively, one could add a multiplet with higher
dimensional representation, 120H (instead of a 10F and
a 16H), which has a direct Yukawa coupling with the
fermions. However, in such a scenario, another multiplet
needs to be added to consistently break the PQ symmetry at
the high scale to guarantee invisible axions (and not EW
scale axions). This second multiplet is expected to play no
role in the fermion mass spectrum. Therefore, our proposed
model is more attractive since it not only utilizes lower
dimensional representations but also both the multiplets
participate nontrivially in correcting the fermion masses
and mixings.
We assign the following charges to these representations

under the PQ symmetry (i ¼ 1, 2, 3):

Fermions∶ 16iF → eþiα16iF; 10F → 10F: ð16Þ

Scalars∶ 10H → e−2iα10H; 126H → e−2iα126H;

54H → 54H; 16H → e−iα16H: ð17Þ

First, note that mass of the quarklike states (D;Dc) and
leptonlike states (E;Ec and N;Nc) residing in 10F have
independent masses,

LY ⊃ 10F10FðmF þ y54HÞ ð18Þ

¼ ð2mF þ 2
ffiffiffi
2

p
yv54Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

≡m0
F

DcD

þ ð2mF − 3
ffiffiffi
2

p
yv54Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

≡m00
F

ðEEc þ NNcÞ: ð19Þ

Furthermore, with the above charge assignments, one
obtains mixings between 16F and 10F

LY ⊃ zi16i10F16H ¼ −
ffiffiffi
2

p
ziv16|fflfflfflfflfflffl{zfflfflfflfflfflffl}

≡μi

ðdciDþ eiEc − νiNcÞ;

ð20Þ

where v16 ≡ h16Hi. Since zi are Yukawa couplings,
demanding perturbative couplings, one expects μi ≲ v16.
Consequently, we derive the following the 4 × 4 Dirac
mass matrices:

LY ⊃ ð di D ÞMD

�
dci
Dc

�
þ ð ei E ÞME

�
eci
Ec

�

þ ð νi N ÞMD
N

�
νci
Nc

�
; ð21Þ

with

MD ¼
�

Md 03×1

μ1×3 m0
F

�
; ME ¼

�
Me μT3×1
01×3 m00

F

�
;

MD
N ¼

�
MD

ν −μT3×1
01×3 m00

F

�
: ð22Þ

Finally, integrating out the heavy fermions leads to 3 × 3

matrices of the light fermions (in the fTMffc basis),
namely. up-type quarks, down-type quarks, charged lep-
tons, and Dirac neutrinos, respectively,

Y light
u ¼ Yu; ð23Þ

Y light
d ¼ Ydð1þ r†DrDÞ−1=2; ð24Þ

Y light
e ¼ ð1þ rTEr

�
EÞ−1=2Ye; ð25Þ

Y light
νD ¼ ð1þ rTEr

�
EÞ−1=2YD

ν ; ð26Þ

where we have defined

rD ≡ ðr1r2r3Þ; rE ≡ r0ðr1r2r3Þ; ð27Þ

ðr1r2r3Þ≡ 1

m0
F
ðμ1μ2μ3Þ; r0 ≡m0

F

m00
F
: ð28Þ

The light neutrino mass matrix is then obtained from

Mν ¼ −v2Y light
νD M−1

R ðY light
νD ÞT: ð29Þ

Therefore, in the proposed model, the fermion mass
matrices are given by Eqs. (23)–(26) and (29).
Here we clarify that after integrating out the heavy states,

our obtained Eqs. (24)–(26) are valid as long as Md ≪
μ; m0

F and Me;MD
ν ≪ μ; m00

F [47]. Our derivation is quite
general, and does not require that rD;E have to be smaller
than unity. Therefore, the 3 × 3 effective Yukawa/mass
matrices derived above are in excellent agreement with the
quantities computed from the full 4 × 4 matrices. In
Appendix A, we explicitly demonstrate this by computing
eigenvalues from both 3 × 3 and 4 × 4 matrices. However,
if the vectorlike fermions are somewhat light, i.e., if they
have masses close to the TeV (or below), one must
diagonalize the entire 4 × 4 to accurately determine the
eigenvalues and eigenvectors—a case we do not consider in
this work.

B. Symmetry breaking

The complete symmetry of our model is SOð10Þ ×
Uð1ÞPQ and the charge assignments of the Higgs fields
are presented in Eq. (17). Since 54H is uncharged
under Uð1ÞPQ, its VEV does not break the PQ symmetry.
The 54H field spontaneously breaks the GUT symmetry
to the Pati-Salam symmetry with a preserved D parity [48].
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In principle, the 126H field can break this Pati-Salam
symmetry to the SM gauge group. This breaking, however,
would leave a linear combination of Uð1ÞX ⊂ SOð10Þ and
Uð1ÞPQ unbroken, see, e.g., Ref. [31]. To consistently break
the PQ symmetry and realize only Uð1ÞY at low energies
requires another symmetry-breaking field with a nontrivial
PQ charge. The lowest dimensional representation to
achieve this is a spinorial representation. If the VEVs of
16H and 126H are of similar order, then the symmetry-
breaking chain in our model is given by

SOð10Þ ×Uð1ÞPQ ⟶
MGUT

54H
SUð4ÞC × SUð2ÞL × SUð2ÞR

×D ×Uð1ÞPQ ð30Þ

⟶
Mint

16Hþ126H

SUð3ÞC × SUð2ÞL ×Uð1ÞY ð31Þ

⟶
MEW

10Hþ126H

SUð3ÞC ×Uð1Þem: ð32Þ

The first (and the second) symmetry breaking produces
superheavy monopoles, which must be diluted not to
overclose the Universe [49,50]. Moreover, spontaneous
breaking of the PQ symmetry (along with the nonpertur-
bative QCD effects) leads to multiple distinct degenerate
vacua resulting in NDW number of domain walls, leading to
the so-called axion domain wall problem [51]. Therefore,
we assume inflation [50,52–54] (that can be achieved via a
gauge singlet field) to take place after the scale Mint (but
before the leptogenesis scale, i.e.,Mint > M2, which can be
easily arranged), which gets rid of all unwanted topological
defects.
On the other hand, if the VEVs of 54H and 16H are taken

to be at the GUT scale, then one gets

SOð10Þ × Uð1ÞPQ ⟶
MGUT

54Hþ16H
SUð3ÞC × SUð2ÞL

× Uð1ÞY ×Uð1ÞPQ0 ð33Þ

⟶
Mint

126H

SUð3ÞC × SUð2ÞL ×Uð1ÞY ð34Þ

⟶
MEW

10Hþ126H

SUð3ÞC ×Uð1Þem; ð35Þ

where, in the first stage, an Abelian global symmetry,
which we denote by Uð1ÞPQ0, still remains unbroken (see
discussion above). In both these scenarios, h126i ∼Mint ≪
MGUT is required to give correct masses to neutrinos. To get
rid of all unwanted topological defects, as before, we
require inflation to take place after the second stage of
the symmetry breaking. Although it may be possible to
achieve inflation utilizing one of the Higgses from the

symmetry-breaking sector (this, however, requires special
conditions to be satisfied by the relevant potential), one
may alternatively employ a scalar, singlet under the GUT
gauge group, as the inflaton (see, for example, Ref. [55]).
However, the details of the inflation dynamics are irrelevant
to our study.
In this work, our focus is the newly proposed Yukawa

sector; hence, we do not provide the details of gauge
coupling unification. Note, however, that with a mini-
mal number of relevant fields, a GUT scale of order
MGUT∼2×1015GeV can be obtained with the symmetry-
breaking chain equations (30)–(32) (see, e.g., Ref. [28]).
In this scenario, the GUT symmetry is first broken to the
Pati-Salam group with the discrete D parity intact. In the
final step, the Pati-Salam gauge group is broken down
into the SM gauge group. Using the low scale measured
values of the gauge couplings, one finds the SUð2ÞL and
SUð2ÞR gauge couplings to unify (gL ¼ gR) at 5 ×
1010 GeV scale. Furthermore, from the minimal survival
hypothesis, assuming the presence of a bi-doublets form
10H and 126H, as well as ð10; 3; 1Þ þ ð10; 1; 3Þ from
126H to reside at the intermediate scale, a unification
scale of order ∼1015 GeV can be obtained [28]. By
taking into account the threshold correction from the
scalars, one can easily obtain a larger GUT scale (see,
e.g., Ref. [37] for details) to be consistent with the
current proton decay bounds that require MGUT ≳ 6 ×
1015 GeV (see, e.g., Ref. [56]). Since the exact value of
the proton decay lifetime cannot be computed without
delving into the details of the calculation, we comment
that, as in Ref. [28], we expect the p → eþπ0 and p →
ν̄πþ to be the two most dominant decay modes (a
characteristic feature of nonsupersymmetric SOð10Þ
GUTs). The detailed study of gauge coupling unification
and proton decay computation in our model is left for
future work. As usual, the doublet-triplet Higgs splitting
is obtained by fine-tuning the relevant parameter.

III. NUMERICAL ANALYSIS

The fermion mass matrices, as represented by Eqs. (23)–
(26) and (29), are characterized by a constrained set of
parameters. Specifically, there are 16 magnitudes and
10 phases to reproduce 19 observables. These observ-
ables are as follows: six quark masses, three quark
mixing angles, one CKM phase, three charged lepton
masses, two neutrino mass squared differences, three3
mixing angles in the neutrino sector, and the baryon
asymmetry parameter ηB. We exclude the Dirac CP
phase in the neutrino sector, as it remains unmeasured
to date.
We perform a χ2-function minimization to this system,

where the free parameters are randomly chosen at the
GUT scale (which we fix to be MGUT ¼ 2 × 1016 GeV).
At the GUT scale, the above set of Yukawa/mass
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matrices is matched with the complete SM + type-I
seesaw RGEs, which are then evolved (using REAP
[57]) to the low scale (i.e., to the MZ ¼ 91.8176 GeV
scale) by successively integrating out the right-handed
neutrinos at their respective mass thresholds. For sim-
plicity and following the procedures of Refs. [25,34],
any corrections to the RGEs from the intermediate
scale to the GUT scale due to the presence of the
additional states other than right-handed neutrinos are

not considered. The inclusion of such modifications,
however, is beyond the scope of this work. Finally, we
fit the observables at MZ; input values of the observ-
ables at this scale are summarized in Table I (see
Refs. [58–60]). Since the charged lepton masses and
the baryon asymmetry parameter are determined exper-
imentally with great precision, we assume 1% uncer-
tainties for these quantities during the fitting procedure.
The χ2 function is defined as

χ2 ¼
X

all observables

�
theoretical prediction − experimental central value

experimental 1σ error

�
2

¼
X

pull2: ð36Þ

The parameters at the GUT scale obtained from the
fitting procedure described above for a benchmark fit are
presented in Appendix A. Moreover, the fit values of the
observables are recapitulated in Table I.
For the fit presented in Table I, we find the Dirac CP

phase in the neutrino sector to be δCP ¼ 344.2°, and the
masses of the light neutrinos, as well as the heavy-right
handed neutrinos are

ðm1; m2; m3Þ ¼ ð0.285; 0.907; 5.02Þ × 10−11 GeV; ð37Þ

ðM1;M2;M3Þ ¼ ð0.0564; 2.13; 2.37Þ × 1011 GeV: ð38Þ

In determining the baryon asymmetry parameter, ηB, we
numerically solve the relevant density matrix equations.
The details of the computation of leptogenesis are relegated
to Sec. V. For earlier works on leptogenesis in SO(10)
setup, see, e.g., Refs. [61–77].
The importance of the fitting procedure following the

top-down approach that includes the threshold effects due
to integrating out the heavy neutrinos is demonstrated in
Fig. 1. For the benchmark fit presented here, in Fig. 1, we
show the RGE evolution of the neutrino observables from
the GUT scale to the low scale, namely, the two mass-
squared differences and the three mixing angles in the left
and the right panels, respectively. These plots clearly
illustrate the difference between the low scale and the high
scale values of the observables. For example, for the
quantity Δm2

atm, a much larger value compared to the
low energy measured value is expected at the GUT scale.
Moreover, the two large angles in the leptonic sector,
namely, θ12 and θ23 can change significantly due to the
decoupling effects of the right-handed neutrinos. These
important effects cannot be captured in the fitting procedure

TABLE I. The fitted values of the observables at the low scale
for the benchmark fit with χ2 ¼ 0.6 (we remind the readers that
19 observables are fitted against 16 magnitudes and 10 phases).

Observables
(Δm2

ij in eV2)

Values at MZ scale

Input Fit pull2

yu=10−6 6.65� 2.25 6.55 1.95 × 10−3

yc=10−3 3.60� 0.11 3.59 2.79 × 10−6

yt 0.986� 0.0086 0.986 3.11 × 10−3

yd=10−5 1.645� 0.165 1.646 6.23 × 10−5

ys=10−4 3.125� 0.165 3.126 3.87 × 10−5

yb=10−2 1.639� 0.015 1.639 3.34 × 10−3

ye=10−6 2.7947� 0.02794 2.7944 1.32 × 10−4

yμ=10−4 5.8998� 0.05899 5.8962 3.79 × 10−3

yτ=10−2 1.0029� 0.01002 1.0028 7.80 × 10−5

θCKM12 =10−2 22.735� 0.072 22.732 1.65 × 10−3

θCKM23 =10−2 4.208� 0.064 4.210 1.25 × 10−3

θCKM13 =10−3 3.64� 0.13 3.64 1.62 × 10−4

δcCKM 1.208� 0.054 1.207 2.92 × 10−4

Δm2
21=10

−5 7.425� 0.205 7.417 1.31 × 10−3

Δm2
31=10

−3 2.515� 0.028 2.515 7.41 × 10−5

sin2 θ12 0.3045� 0.0125 0.3041 1.14 × 10−3

sin2 θ23 0.5705� 0.0205a 0.4494 0.59
sin2 θ13 0.02223� 0.00065 0.02223 3.31 × 10−5

ηB=10−10 6.12� 0.004 6.12 1.81 × 10−4

χ2 � � � � � � 0.6
aNote that experimental measurements of θ23 have two local

minimum [58]; although only the best fit from the global fit [58]
is shown, we have allowed the entire viable ranges in the fitting
procedure. As can be seen from this table, the only significant
contribution to the total χ2 is from θ23.
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that follows the bottom-up approach (therefore, they cannot
include threshold effects from the right-handed neutrinos),
which would lead to an inaccurate determination of the
model parameters.

IV. AXION DARK MATTER

It is crucial to correctly identify the axion, for which we
follow Ref. [78]. For this purpose, it is convenient to
parametrize the scalars in the following way:

ϕk ¼
1ffiffiffi
2

p ðρk þ vkÞe
iAk
vk ; ð39Þ

where vk is the VEV of the field ϕk. The spontaneous
symmetry breaking of the global symmetry leaves a
Goldstone, namely, the axion in our case, which we denote
by A. Then one can write

Ak ¼
�
qkvk
fPQ

�
|fflfflfflffl{zfflfflfflffl}

≡ck

Aþ orthogonal exciations;

fPQ ¼
�X

k
q2kv

2
k

�
1=2

; ð40Þ

where qk is the PQ charge of ϕk. Consequently, the axion
field is identified as

A ¼
X
k

ckAk: ð41Þ

First, note that the fields that acquire VEVs and carry PQ
charges in our setup are given by

10H ⊃ ð1;2;2Þ ⊃ Hu|{z}
ϕ3

ð1;2;1=2Þ þ Hd|{z}
ϕ4

ð1;2;−1=2Þ; ð42Þ

126H ⊃ ð15; 2; 2Þ þ ð10; 1; 3Þ ⊃ Σu|{z}
ϕ1

ð1; 2; 1=2Þ

þ Σd|{z}
ϕ2

ð1; 2;−1=2Þ þ ΔR|{z}
ϕ5

ð1; 1; 0Þ; ð43Þ

16H ⊃ ð4; 2; 1Þ þ ð4̄; 1; 2Þ ⊃ ξd|{z}
ϕ6

ð1; 2;−1=2Þ

þ ξs|{z}
ϕ7

ð1; 1; 0Þ: ð44Þ

Since the VEV of 126H ⊃ ð10; 3; 1Þ ⊃ ð1; 3; 1Þ is super
tiny, its contribution can be safely neglected.
In the following, we identify the axion field by determin-

ing the ck coefficients, for which, first, we apply the
orthogonality conditions. This implies that the axion must
be orthogonal to the Goldstone bosons of the broken gauge
symmetries. Even though the SO(10) group has rank five and
has five Cartan generators, the fields that obtain VEVs are
color singlet and do not carry electric charge. Hence, only
two combinations of the Cartan generators are relevant,
which can be taken to be theUð1ÞR andUð1ÞB−L. Then, two
orthogonality conditions can be found by utilizing

X
k

ckqXk vk ¼ 0; ð45Þ

where X ¼ R or X ¼ B − L, and qXk represents the gauge
charge of the field ϕk. Correspondingly, we obtain

c1v1 − c2v2 þ c3v3 − c4v4 þ 2c5v5 − c7v7 ¼ 0; ð46Þ

−2c5v5 − c6v6 þ c7v7 ¼ 0: ð47Þ

At the perturbative level, the axion remains massless,
which provides additional conditions on ck. Note that the

FIG. 1. Plots depicting the importance of the RGE running on the neutrino mass squared as well as mixing parameters. Scales, where
the heavy right-handed neutrinos νRi

decouple from the theory, are presented via different shades of gray. See text for details.
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following nontrivial terms are allowed by both gauge and
PQ symmetries:

V ⊃ 10H10H126
�
H126

�
H þ 16H16H10

�
H þ 16H16H126

�
H

þ H:c: ð48Þ

The first of these terms can be written as

V ⊃ 10H10H126
�
H126

�
H ⊃HuHuΣ�

uΣ�
u þHdHdΣ�

dΣ�
d ð49Þ

⊃ −
1

2
v21v

2
3

�
A3

v3
−
A1

v1

�
2

−
1

2
v22v

2
4

�
A4

v4
−
A2

v2

�
2

; ð50Þ

which provides the following conditions:

c3
v3

−
c1
v1

¼ 0;
c4
v4

−
c2
v2

¼ 0: ð51Þ

Finally, the last two terms in Eq. (48) leads to

V ⊃ 16H16H10
�
H þ 16H16H126

�
H

⊃ ξdH�
dξs þ ξdΣ�

dξs þ ξ2sΔ�
R ð52Þ

⊃ −
1

4
ffiffiffi
2

p v6v7v4

�
A6

v6
þ A7

v7
þ A4

v4

�
2

−
1

4
ffiffiffi
2

p v6v7v2

�
A6

v6
þ A7

v7
þ A2

v2

�
2

−
1

4
ffiffiffi
2

p v27v5

�
2
A7

v7
þ A5

v5

�
2

; ð53Þ

yielding additional constraints on ck,

c6
v6

þ c7
v7

þ c4
v4

¼ 0;
c6
v6

þ c7
v7

þ c2
v2

¼ 0; 2
c7
v7

þ c5
v5

¼ 0:

ð54Þ

The above set of equations for ck and the requirement for a
canonical normalization of the axion provide solutions to
these coefficients as follows:

c1 ¼
xv1ð−6v22 − 6v24 þ 4v25 þ v27Þ

ðv21 þ v23Þv7
;

c3 ¼
xv3ð−6v22 − 6v24 þ 4v25 þ v27Þ

ðv21 þ v23Þv7
; ð55Þ

c2 ¼ −
6xv2
v7

; c4 ¼ −
6xv4
v7

; c5 ¼ −
2xv5
v7

;

c6 ¼
5xv6
v7

; c7 ¼
−v7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v23

p
b1=20

≡ x; ð56Þ

where the expression for the quantity b0 is given in
Appendix B. With these coefficients, the axion field is

identified from Eq. (41), and the physical charges of the
scalars are also determined using qk

fPQ
¼ ck

vk
. Moreover, the

domain wall number is found to be NDW ¼ 6. As afore-
mentioned, since NDW > 1, inflation must occur after the
PQ symmetry breaking to eliminate the domain walls.
Since the PQ symmetry (or the effective PQ symmetry,

PQ0) is broken at the intermediate symmetry scale, the
axion decay constant is roughly given by fA ∼Mint.
Therefore, the axion mass is determined by [79]

mA ∼ 6 μeV
�
1012 GeV

Mint

�
: ð57Þ

Since within our scenario, to get the correct neutrino mass
scale, vR ∼ 1012−13 GeV is expected, axion mass scale is
predicted to be mA ∼Oð1–100Þ μeV, which is compatible
with both astrophysical and the laboratory experimental
bounds [80], and can be a cold dark matter candidate
[81–83]. The relic abundance of the axion field today can
be obtained from [79]

ΩAh2 ≈ 0.7

�
Mint

1012 GeV

�
1.16

�
Θi

π

�
2

; ð58Þ

whereΘi is the initial misalignment angle of the axion field,
which can take values in the range Θi ⊂ ½−π; π�.
We make the following crude estimation to show that

natural values of the initial misalignment angle can
incorporate the full dark matter abundance. Assuming Y3

and F3 denote the largest entries of Y126 and F matrices,
respectively, one can write, M3 ∼ vRY3 ∼ cRF3, which
implies F3 ∼ 1.247 × 10−3 for our fit. Moreover, using
the definition of the matrix F, we further write
Y3 ∼ F3v=v126d . Finally, assuming v126d ∈ ð1; 174Þ GeV,
we find the viable range for vR ∼ 1012−14 GeV. With these
values of vR ∼Mint, correct dark matter relic abundance
can be obtained for jΘij∈ ð0.09; 1.3Þ. Here, we have used
the dark matter relic abundanceΩDMh2 ¼ 0.120� 0.001 as
measured by Planck Collaboration [84].

V. LEPTOGENESIS

The lepton asymmetry is generated in thermal lepto-
genesis by CP violating out-of-equilibrium decays of
the right-handed neutrinos. The CP asymmetry occurs
via the interference between tree and one-loop dia-
grams involving the decay of heavy neutrinos into
leptons and Higgs. For the right-handed neutrinos with
MNi

≥1013GeV, the leptons jLii and antilepton jL̄ii
quantum states produced via the decay of Ni can be written
as pure states between their production at decay and
absorption at inverse decay [85]. On the other hand, for
mass regime 1012 GeV ≥ MNi

≥ 109 GeV, the coherent
evolution of jLii and jL̄ii states break down due to colli-
sion with right-handed tauons, before inverse decay can

FERMION MASS, AXION DARK MATTER, AND LEPTOGENESIS … PHYS. REV. D 109, 055010 (2024)

055010-7



occur [85]. The lepton jLii and antilepton jL̄ii states
coupling with Ni can be written in lepton flavour eigen-
states (α ¼ e, μ, τ) as [85]

jLii ¼
X
α

CiαjLαi; Ciα ≡ hLαjjLii and

jL̄ii ¼
X
α

C̄iᾱjL̄αi; C̄iᾱ ≡ hL̄αjjL̄ii: ð59Þ

The CP conjugate of jL̄ii can be written as

CPjL̄ii ¼
X
α

C̄iαjLii; with C̄iα ¼ C̄�iᾱ: ð60Þ

In general Ciα ≠ C̄iα due to one-loop CP violating correc-
tion [85], but at tree level they are identical, given by

C0iα ¼ C̄0iα ¼
Yiαffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðY†YÞii

p ; ð61Þ

the matrix Y is defined in Appendix B.
The classical Boltzmann equations cannot capture the

asymmetries in the intermediate regime where the lepton
quantum states interact with the thermal bath between
decay and inverse decay via charged lepton interactions
and cannot be represented either as a pure state or as an
incoherent mixture. The charge lepton interactions and
Yukawa interactions compete to dictate the characters of
the lepton quantum states. The density matrix equations are
necessary to calculate the asymmetry in this regime [85],
which are given by [85,86]

dNNj

dz
¼−DjðNNj

−Neq
Nj
Þ

dNB−L
αβ

dz
¼
X
j

�
εðjÞαβDjðNNj

−Neq
Nj
Þ−1

2
WjfPðjÞ0;NB−Lgαβ

	

−
ImðΛτÞ
Hz

2
64
0
B@
1 0 0

0 0 0

0 0 0

1
CA;

2
64
0
B@
1 0 0

0 0 0

0 0 0

1
CA;NB−L

3
75
3
75
αβ

−
ImðΛμÞ
Hz

2
64
0
B@
0 0 0

0 1 0

0 0 0

1
CA;

2
64
0
B@
0 0 0

0 1 0

0 0 0

1
CA;NB−L

3
75
3
75
αβ

;

ð62Þ

where z ¼ MN1
=T and NNj

(NB−L) is the particle number
of the Nj neutrino (B − L asymmetry) evaluated in the
comoving volume containing one heavy neutrino in ultra-
relativistic thermal equilibrium. The Neq

Ni
is the equilibrium

number density defined as

Neq
Ni

¼ 1

2
xiz2K2ðziÞ; ð63Þ

in order that Neq
Ni
ðzi ≃ 0Þ ¼ 1. Here xi and zi are given by

xi ¼
M2

j

M2
1

; zi ¼
ffiffiffiffi
xi

p
z; ð64Þ

and KiðzÞ is the modified Bessel function of the second
kind. The decay termDi and washout termWi are given by

Di ≡DiðzÞ≡ Γi þ Γ̄i

Hz
¼ Kixiz

K1ðziÞ
K2ðziÞ

; ð65Þ

Wi ≡WiðzÞ≡ 1

2

ΓID
i þ Γ̄ID

i

Hz
¼ 1

4
Ki

ffiffiffiffi
xi

p
z3iK1ðziÞ; ð66Þ

where Γi (Γ̄i) is the decay rate of right-handed neutrino Ni

into leptons (anti-leptons), and ΓID
i (Γ̄ID

i ) is the inverse
decay rate of leptons (antileptons). The decay parameter Ki
is given by

Ki ≡ ðΓi þ Γ̄iÞT¼0

HðMiÞ
¼ MiðY†YÞii

8πHðMiÞ
; ð67Þ

and the Hubble expansion rate is given by

HðzÞ ¼ 1.66
ffiffiffiffiffi
g⋆

p M2
1

Mp

1

z2
; ð68Þ

where g⋆ ¼ 106.75 and Planck constant Mp ¼ 1.22×
1019 GeV.

The CP asymmetry matrix εðjÞαβ denoting CP asymmetry
in the decay of jth neutrino in terms of Yukawa coupling
and right-handed neutrino masses are given by [85,87]

εðjÞαβ ¼ 3i
32πðY†YÞjj

X
j≠i



ξðxi=xjÞffiffiffiffiffiffiffiffiffiffiffi

xi=xj
p

× ½YαjY�
βjðY†YÞij − Y�

βjYαiðY†YÞji�

þ 2

3ðxi=xj − 1Þ ½YαjY�
βiðY†YÞji − Y�

βjYαiðY†YÞij�
�
;

ð69Þ

with

ξðxÞ ¼ 2

3
x

�
ð1þ xÞ ln

�
1þ x
x

�
−
2 − x
1 − x

	
: ð70Þ

Moreover, Pi
αβ is the projection matrix describing how a

particular combination of flavor asymmetry gets washed
out via the ith right-handed neutrino, and its tree-level value
is given by [85]

AJAY KALADHARAN and SHAIKH SAAD PHYS. REV. D 109, 055010 (2024)

055010-8



PðiÞ0
αβ ¼ C0

iαC
�0
iβ ¼ YαiY�

βi

ðY†YÞii
: ð71Þ

The last two terms in Eq. (62) describe the effect of charged
lepton interaction [85,88,89]

ImðΛμÞ
Hz

¼ 8 × 10−3y2μT

Hz
¼ 1.7 × 10−10

MP

M1

; ð72Þ

ImðΛτÞ
Hz

¼ 8 × 10−3y2τT
Hz

¼ 4.7 × 10−8
MP

M1

: ð73Þ

The yτ dependent interaction comes into thermal equilib-
rium when the temperature drops below 1012 GeV, leading
to the decoherence of τ lepton states. A similar effect
arises for yμ dependent interaction when the temperature
drops below 109 GeV. The effect arising from ye dependent
interaction needs to be considered if one considers
MN < 106 GeV.
The density matrix is solved numerically, and final

B − L asymmetry at z ≫ 1 can be obtained by taking
the trace of NB−L matrix,

Nf
B−L ¼

X
α

NB−L
αα : ð74Þ

Finally, baryon to photon ratio accounting sphaleron
conversion and photon dilution is given by [90,91]

ηB ¼ 0.96 × 10−2Nf
B−L: ð75Þ

The experimentally measured value of this quantity by
Planck [84] and the fit value are summarized in Table I.
Moreover, the evolution of the relevant number densities
obtained by solving density matrix equations for the
benchmark fit presented in Appendix A is depicted
in Fig. 2.

VI. CONCLUSIONS

The simplified Yukawa sector within the SOð10Þ ×
Uð1ÞPQ framework has garnered considerable attention
and has been extensively explored in the existing literature.
However, an examination of the renormalization group
equations governing the Yukawa couplings that include the
threshold effects of the right-handed neutrinos reveals some
discrepancy with observed fermion masses and mixings.
To address this tension, we proposed an extension (with
lower dimensional representations) of the minimal setup
by introducing only a few new parameters. The particle
content is enlarged to include a fermion in the fundamental
representation and a scalar in the spinorial representation.
While the latter is crucial for successfully implementing the
Peccei-Quinn symmetry, the simultaneous presence of both
fermion and scalar proves essential in achieving an excel-
lent fit to the fermion mass spectrum. Furthermore, within
our model, the Peccei-Quinn symmetry solves the strong
CP problem, and the axion plays the role of dark matter.
Additionally, the out-of-equilibrium decays of right-handed
neutrinos effectively generate the matter-antimatter sym-
metry observed in the Universe. This comprehensive
approach addresses various challenges, making our pro-
posed model a compelling candidate for reconciling
the observed fermion mass spectrum and cosmological
phenomena.
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APPENDIX A: FIT PARAMETERS

In this appendix, we provide the fit parameters at the
GUT scale for the benchmark solution,

r ¼ 17.5677; s ¼ 0.459078þ 7.79402 × 10−3i; ðA1Þ

cR ¼ 1.90423 × 1014; r0 ¼ 0.252926; ðA2Þ

FIG. 2. The evolution of number densities of right-handed neutrinosNNi
(left panel) and flavored B − L asymmetriesNαβ (right panel)

obtained by solving density matrix equations.
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ðr1; r2; r3Þ ¼ ð−2.89426þ 2.13375i;−1.99196þ 6.79607 × 10−4i;−16.6817þ 1.30852iÞ; ðA3Þ

H ¼ 10−2

0
B@

3.04492 × 10−4 0 0

0 5.95467 × 10−3 0

0 0 2.59822

1
CA; ðA4Þ

F ¼ 10−4

0
B@

0.378751þ 0.0307759i 0.438267þ 0.568287i 0.00379929 − 5.50906i

0.438267þ 0.568287i −1.51393þ 1.17329i 5.21488 − 8.68449i

0.00379929 − 5.50906i 5.21488 − 8.68449i 1.63784 − 2.7498i

1
CA: ðA5Þ

From the above parameter set, it can be inferred that since jr3j ∼ 16, with z3 ∼ 1 (recall, μi ≲ v16), m0
F ∼ v16=16, and

m00
F ∼ v16=4. Therefore, heavy vectorlike states have masses, mVLF ∼ v16.
To compute the ηB parameter, one needs the right-handed neutrino mass spectrum as well as the Dirac neutrino

Yukawa coupling matrix. Masses of the right-handed neutrinos are given in Eq. (38). The formulation in Sec. V is
performed in the usual f̄LMffR, which requires YνD → Y�

νD ≡ Y. For the convenience of the readers, here we provide
this matrix,

Y ¼

0
B@

0.000137864þ 0.000494141i −0.00410086 − 0.00397288i 0.00499931 − 0.00497973i

−0.000337343 − 0.00322682i 0.0082399þ 0.00721626i −0.016119þ 0.00719816i

0.00788373 − 0.003674i −0.04672þ 0.0919091i −0.0952837 − 0.0648255i

1
CA; ðA6Þ

given in the charged lepton and right-handed neutrino mass diagonal basis.
Here, we exhibit that the effective 3 × 3 mass matrix obtained in our derivation is in excellent agreement with the

full 4 × 4 matrices. For this demonstration, we consider the down-type quark mass matrix (this can be trivially repeated
for the rest of the sectors). Using the fitted values of the parameters, the 3 × 3 effective mass matrix is given by
[see Eq. (24)]

Mlight
d ¼

0
B@

0.0162288 − 0.0159864i 0.00788095 − 0.042566i −0.732447 − 0.379205i

0.00661438 − 0.0197767i −0.0266143 − 0.0350817i −0.392028þ 0.17998i

−0.00197916þ 0.0124863i 0.0114085þ 0.0215266i 0.4898 − 0.0268873i

1
CA; ðA7Þ

which has the following eigenvalues:

ð1.206 × 10−3; 2.290 × 10−2; 1.054Þ GeV:

Next we consider the full 4 × 4 mass matrix Eq. (22),

MD ¼

0
BBB@

0.00712433þ 0.000535821i 0.00763041þ 0.0098941i 0.0000661471 − 0.095915i 0

0.00763041þ 0.0098941i −0.0159907þ 0.0204274i 0.0907931 − 0.1512i 0

0.0000661471 − 0.095915i 0.0907931 − 0.1512i 4.55212 − 0.0478751i 0

ð−2.89426þ 2.13375iÞm0
F ð−1.99196þ 0.000679607iÞm0

F ð−16.6817þ 1.30852iÞm0
F m0

F

1
CCCA; ðA8Þ

with the following eigenvalues:

�
1.206 × 10−3; 2.290 × 10−2; 1.054; 17.259

m0
F

GeV

�
GeV:
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Varying m0
F only changes the mass of the heaviest state, as

expected (except for the exception, when m0
F ≲ TeV, as

aforementioned). Since the fit dictates, m0
F ≈ v16=17, the

vector-like fermion resides at the v16 scale.

APPENDIX B: EXPRESSION FOR b0

The quantityb0 appearing inEq. (56) is defined as follows:

b0 ¼ b1 þ b2v27 þ v47 þ 12v22b3 þ v21b4; ðB1Þ

b1 ¼ 36v42 þ 36v44 þ 16v45 þ 36v23v
2
4 þ 4v23v

2
5

− 48v24v
2
5 þ 25v23v

2
6; ðB2Þ

b2 ¼ v23 − 12v24 þ 8v25; ðB3Þ

b3 ¼ 3v23 þ 6v24 − 4v25 − v27; ðB4Þ

b4 ¼ 36v22 þ 36v24 þ 4v25 þ 25v26 þ v27: ðB5Þ
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