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Dirac neutrinos and parity solution to the strong CP problem



Outline

Motivation

Lightning review on Majorana neutrino mass models and test through lepton flavor violation

Dirac neutrinos from left-right symmetric theory and its embedding into GUT

• Parity solves the strong CP problem

• Dirac neutrinos can be tested through 

• GUT embedding predicts  and the lightest neutrino mass

Summary

Neff

δCP
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Strong CP Problem

QCD Lagrangian allows term that violates Parity P and Time Reversal T symmetries, thus CP 
symmetry:                                    

ℒQCD = −
1
4

Ga
μνGaμν+θ

g2
s

32π2
Ga

μνG̃aμν + q̄ (iγμDμ−mqeiθqγ5) q

Any chiral rotation of the quark field,  would lead to the redefinition of the new parameter 
 due to the anomalous nature of this rotation, 

 only invariant physical quantity is  
or  with multiple flavors of the quark 

q → eiαγ5q
θ → θ + α

⟹ θ̄ = θ + θq

θ̄ = θ + ArgDet[MQ]
No reason for them to cancel

strong coupling 
constant

gs =

Ga
μν = ∂μGa

ν − ∂νGa
μ + gs f abcGb

μGc
ν

Transformation properties under discrete symmetries: analogous to electrodynamics                                  

                        P-even, T-even

                                     P-odd, T-odd

−
1
4

FμνFμν =
1
2 ( ⃗E 2 − ⃗B 2)

FμνF̃μν = − 4 ⃗E ⋅ ⃗B

P, T

P, T
 is P-odd, T-even
 is P-even, T-odd

⃗E
⃗B
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Strong CP Problem

Current bound on neutron is dn < 3 × 10−26 e cm  ⟹ θ̄ < 10−10

The mass parameters can in principle have arbitrary 
phases, and one would expect 
Why is  so small? 

θ̄ ∼ 𝒪(1)
θ̄

 Strong CP Problem                           

�

n p

⇡± ⇡±

n

 induces neutron electric dipole moment (neutron EDM)θ̄




 ,   

dn =
eθ̄gAc+μ

8π2f 2
π

log
Λ2

m2
π

∼ 3 × 10−16 θ̄ e cm

μ =
mumd

mu + md
gA ≃ 1.27, c+ ≃ 1.6, Λ = 4πfπ
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Solutions to the Strong CP Problem

Massless up quark

θ̄ = θ + ArgDet[MQ]

• chiral rotations, 
  

can remove it.

•  is inconsistent 
with experimental data as 
well as lattice calculations.

u → eiαγ5 u ⟹ θ → θ + α

mu = 0

The Axion

Make  a dynamical filed. 

A global chiral U(1) symmetry is 
introduced that is spontaneously 
broken. Effective interaction of 
axion:

Axion effective potential is such 
that the vacuum solution relaxes to 

θ̄

ℒ ⊃ ( a
fa

+ θ) 1
32π2

GG̃

θ̄ = 0
R.D. Peccei and H.R. Quinn’77 
F. Wilczek’78, S. Weinberg’78 

P or CP

H. Georgi and I. Mc Arthur’81 
K. Choi, C.W. Kim and W.K. Sze’88 

Make P or CP exact 
symmetry broken 
spontaneously in such a 
way that the determinant 
of the quark mass matrix 
is real. 

θ̄ = 0

A. Nelson’84 and S.M. Barr’84 
Babu and Mohapatra, ’90
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More on it later



Neutrino oscillations

Global data on neutrino oscillations
various neutrino sources, vastly di�erent energy and distance scales:

sun reactors atmosphere accelerators

Homestake,SAGE,GALLEX KamLAND, D-CHOOZ SuperKamiokande K2K, MINOS, T2K
SuperK, SNO, Borexino DayaBay, RENO OPERA

I global data fits nicely with the 3 neutrinos from the SM
3-neutrino osc. params.: ◊12, ◊13, ◊23, ”,�m

2
21,�m

2
31

I a few “anomalies” at 2-3 ‡: LSND, MiniBooNE, reactor anomaly,
no LMA MSW up-turn of solar neutrino spectrum

T. Schwetz 13

Neutrino oscillations

Neutrino oscillations

W

l
α

W

l
β

ν
β

ν
α

detectorneutrino source

"long" distance

neutrino oscillations

|‹–Í = U
ú
–i |‹iÍ e

≠i(Ei t≠pi x) |‹—Í = U
ú
—i |‹iÍ

A‹–æ‹— = È‹— | propagation|‹–Í =
ÿ

i
U—iU

ú
–ie

≠i(Ei t≠pi x)

P‹–æ‹— =
--A‹–æ‹—

--2

T. Schwetz 9

Shortcomings of the Standard Model
 Neutrino masses are predicted to be zero in the SM, but neutrino oscillates! 

ve
vμ
vτ

= UPMNS

v1
v2
v3

 parameterization:U
θ12 ∼ [31∘ − 36∘]
θ23 ∼ [39∘ − 52∘]
θ13 ∼ [8∘ − 9∘]
δCP ∼ ?exp(−ipx) → exp(−im2

j L/2E)

P(ντ → να) = ∑
j

U*τjUαj exp (−i
m2

j L
2E )

2

 ⟹ Mν ≠ 0!

Kajita & McDonald,
 2015 
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Open questions 
> Octant of  ?

> Absolute mass scale and mass hierarchy?

> Are neutrinos their own antiparticle? Dirac vs Majorana

> Is there CP Violation in lepton sector, ? 

> Why is neutrino mass so tiny?

θ23

P(νμ → νe) ≠ P(ν̄μ → ν̄e)

Nonzero neutrino masses 
 existence of new fundamental fields⟹
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Majorana neutrinos:
   

 broken  neutrinoless double beta decay 
Weinberg operator  generates Majorana masses                    

ν = νL + νc
L = ν̄

U(1)L ⟹ 0νββ
LLHH

Dirac neutrinos: 
   Introduce  to the SM ( ) allowing          νR SU(3)C × SU(2)L × U(1)Y ℒY : yν L̄ H νR + h . c .

 conserved 
eV,   this means Yukawa coupling                                                                                                  

 only couples to Higgs  difficult to measure

ν = νL + νR ≠ ν̄
U(1)L
mν = yν ⟨H⟩ ≈ 0.1 yν ∼ 10−12!!
νR ⟹

Dirac vs Majorana
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Recipe for Neutrino masses
•  is Majorana: lowest non-renormalizable SM effective operator is the Weinberg operatorν

y
Λ

LLHH
lepton doublet

 = Higgs doublet
 = dimensionless coupling
 = new  physics scale

L =
H
y
Λ ΔL = 2

⟹ Majorana neutrinos mν ∼ y
v2

Λ
seesaw formula

mν ∼ 0.1eV, v ∼ 102GeV ⟹ Λ ∼ 1014GeV

In its simplest form, seesaw scale is very high
Testability is very low

y
Λ1+2n

LLHH(H†H)n• Generalized Weinberg operator

• “Open up” all such operators ( UV complete)  neutrino mass⟹

Higher the dimension lower the new physics scale

?

H H

L L

?

dim-5 dim-7

?

dim-9
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Neutrino Masses (dimension-5)

?

H H

L L

y
Λ

LLHH

H H

L L L

H H

L

(1,2,1/2) (1,2,1/2)

(1,2,-1/2) (1,2,-1/2)

(1,1,0)
 ~ ( 1 ,  2 ,  1/2)
 ~ ( 1 ,  2 ,  1/2)

H
L −

(  )SU(3)C , SU(2)L , U(1)Y

(1,3,1)

Type-I Type-II

….

L LH H L L

HH

….

?

LL

H H

L L

H H

L LH

H

?

LL

H H

L L

H H

L LH

H

H H

L L

(1,3,0)

Type-III 
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How to test such models?



COFI, May 2018 Julian Heeck (ULB) - LFV 6

Neutrino mass  charged LFV?⇒

● SM + Dirac neutrinos: 

● All CLFV is GIM suppressed:

[Petcov ‘77; Cheng & Li ‘77]

Dirac neutrinos:   ℒY : yν L̄ H νR + h . c .
 eV

Additional symmetry required to forbid  Majorana mass 
LFV suppressed by Dirac mass,  

mν = yν ⟨H⟩ ≈ 0.1
νR

mν
A(ℓα → ℓβγ) ∝

m2
ν

m2
W

< 10−24!!

Lepton Flavor is definitely violated, so where is it?

 prove that SM global symmetry  is broken! να ↔ νβ U(1)Le
× U(1)Lμ

× U(1)Lτ
⇒ U(1)Lμ−Lτ

× U(1)Lμ+Lτ−2Le
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Majorana neutrino (Seesaw mass): -mass is induced via Weinberg’s dim-5 operator ν

Structure in  can give large effect  
A(ℓα → ℓβγ) ∝ (mDM−2

R m†
D)αβ ≃ mν/MR

mD
}mD

}MR

[Coy, Frigerio, ’18; Fan, Thapa, ’23]

Type I / Type III : mν ∼ m2
D/MR

COFI, May 2018 Julian Heeck (ULB) - LFV 6

Neutrino mass  charged LFV?⇒

● SM + Dirac neutrinos: 

● All CLFV is GIM suppressed:

[Petcov ‘77; Cheng & Li ‘77]

Dirac neutrinos:   ℒY : yν L̄ H νR + h . c .
 eV

Additional symmetry required to forbid  Majorana mass 
LFV suppressed by Dirac mass,  

mν = yν ⟨H⟩ ≈ 0.1
νR

mν
A(ℓα → ℓβγ) ∝

m2
ν

m2
W

< 10−24!!

ℒY : 1/2 MRνc
RNR + mDνLνR + h . c .

Lepton Flavor is definitely violated, so where is it?

 prove that SM global symmetry  is broken! να ↔ νβ U(1)Le
× U(1)Lμ

× U(1)Lτ
⇒ U(1)Lμ−Lτ

× U(1)Lμ+Lτ−2Le
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Majorana neutrino (Seesaw mass): -mass is induced via Weinberg’s dim-5 operator ν

Structure in  can give large effect  
A(ℓα → ℓβγ) ∝ (mDM−2

R m†
D)αβ ≃ mν/MR

mD

ℒ : yL̄cΔL + μHΔH + h . c .

Prediction of LFV ratios via   
BR(τ → μγ) ≃ 23BR(τ → eγ) ≃ 3.5BR(μ → eγ)

mν
}mD

}MR

[Coy, Frigerio, ’18; Fan, Thapa, ’23] [Chakrabortty++, ’12]

Type II : mν ≃ y⟨Δ⟩

Type I / Type III : mν ∼ m2
D/MR

COFI, May 2018 Julian Heeck (ULB) - LFV 6
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⟨H0
1⟩

H+
2η+

νi lk lck νj

?

H H

L L

     H1(1,2,1/2) =
G+

1

2
(v + h + iG0)

H2(1,2,1/2) =
H+

1

2
(H + iA)

η+(1,1,1)

Example : Zee Model

Neutrino masses are zero at tree level:  is absent

Involves exchange of two scalars leading to lepton number 
violation   Majorana Masses

Smallness of neutrino mass is explained via loop and chiral 
suppression 

New physics in this framework may lie at the TeV scale if 
connected to   Prediction for LFV

νR

⟹

(g − 2)μ ⟹

                   

Mν = κ (fMℓY + YTMℓ fT)
κ =

1
16π2

sin 2ϕ log ( m2
h+

m2
H+ )

4

B. General Parametrization

In order to e�ciently study the Zee-model parameter
space, we use the parametrization from Ref. [64] to solve
Eq. (4) for the Yukawa matrix Y as

Y = 
�1

M
�1
`

(Z +Q) , (14)

Z ⌘

0

BB@

�
M

⌫
e⌧

fe⌧
0 �

M
⌫
⌧⌧

2fe⌧

0
feµM

⌫
⌧⌧�2fe⌧M

⌫
µ⌧

2fe⌧fµ⌧
0

M
⌫
ee

2fe⌧

M
⌫
µµ

2fµ⌧
0

1

CCA , (15)

Q ⌘

0

B@
2q4 �

fµ⌧

fe⌧
q1

fµ⌧

fe⌧
(q4 � q2) �

2fµ⌧

feµ
q4 �

fµ⌧

fe⌧
q3

q1 q2 + q4
2fe⌧
feµ

q4 + q3

�
feµ

fe⌧
q1

feµ

fe⌧
(q4 � q2) �

feµ

fe⌧
q3

1

CA .

(16)

assuming the three (complex) entries of f to be nonzero;
one entry of f is fixed by the constraint equation

0 = f
2
µ⌧
M

⌫

ee
� 2fe⌧fµ⌧M

⌫

eµ
+ 2feµfµ⌧M

⌫

e⌧

+ f
2
e⌧
M

⌫

µµ
� 2feµfe⌧M

⌫

µ⌧
+ f

2
eµ
M

⌫

⌧⌧
.

(17)

Q drops out of the neutrino mass formula and contains
four complex parameters qj . It is straightforward to
show that the so-defined Y indeed satisfies the M⌫ equa-
tion (4) and contains the correct number of free parame-
ters [64]. This parametrization is convenient as it allows
us to use the known neutrino parameters as input and
is far simpler than other expressions put forward in the
literature [65].

C. Muonphilic textures

In Sec. III A we have argued that a resolution of aµ
without LFV is impossible within the Zee model. The
parametrization from above allows us to easily study tex-
tures that explain aµ and still suppress LFV su�ciently.
We aim to find muonphilic Yukawa textures, i.e. those
with a large Yµµ entry, as this will lead to a large aµ

contribution by the neutral scalars A and H [11]. A
large Yµµ immediately requires highly suppressed Yeµ and
Yµe in order to suppress µ ! e� and µ ! 3e. This
can be achieved via q1 = 0 and q4 = q2 in the general
parametrization.
The remaining q2 and q3 can be used to set two more

entries of Y to zero, e.g. Yee = Ye⌧ = 0, leading to Y =

0

BB@

0 0 0

0
2fµ⌧M

⌫
e⌧�2fe⌧M

⌫
µ⌧+feµM

⌫
⌧⌧

2fe⌧fµ⌧mµ
�

M
⌫
⌧⌧

2fµ⌧mµ

M
⌫
ee

2fe⌧m⌧

M
⌫
µµ

2fµ⌧m⌧

2fµ⌧M
⌫
e⌧+feµM

⌫
⌧⌧

2fe⌧fµ⌧m⌧

1

CCA .

(18)

Interestingly, the limitM⌫

ee
! 0 leads to electron-number

conservation, at least through the Y interactions. This
automatically eliminates all muonic LFV, which pose the

texture zero ordering
P

j mj/meV hm��i/meV

Mee = 0 normal 2 [60, 65] 0

Mee = 0 inverted – –

Mµµ = 0 normal > 150 > 41

Mµµ = 0 inverted > 98 > 15

TABLE II: Predictions for the sum of neutrino masses
P

j mj

and the e↵ective 0⌫�� Majorana neutrino mass hm��i from
the texture zeros Mee = 0 and Mµµ = 0, using the 3� ranges
for the oscillation parameters from Ref. [66].

most serious threat to an explanation of aµ. It is not suf-
ficient though, as tauonic LFV is generically too large as
well. However, even the remaining o↵-diagonal entries of
Y , which lead to the LFV decays ⌧ ! 3µ and ⌧ ! µ�,
can be suppressed by taking fe⌧ ⌧ fµ⌧ . In this limit, Yµµ

is the dominant entry, Y⌧⌧ ' Yµµmµ/m⌧ is the second-
largest entry, and Y⌧µ,µ⌧ are suppressed. For this partic-
ular texture, aµ can be explained without testable LFV,
even in future experiments. We stress that this relied
on M

⌫

ee
= 0, which constitutes a testable prediction in

the neutrino sector: the absence of 0⌫�� [2], and normal
hierarchy for the neutrino mass spectrum (see Tab. II).

Instead of using q2 and q3 to eliminate Yee and Ye⌧ ,
one can set Yµ⌧ = 0 via q3 = �2fe⌧q2/feµ, which gives
the texture Y =
0

BB@

�M
⌫
e⌧+2q2fe⌧
mefe⌧

0 �
M

⌫
⌧⌧

2fe⌧me

0
�2fe⌧M

⌫
µ⌧+feµM

⌫
⌧⌧+4fe⌧fµ⌧q2

2fe⌧fµ⌧mµ
0

M
⌫
ee

2fe⌧m⌧

M
⌫
µµ

2fµ⌧m⌧

2q2
m⌧

1

CCA .

(19)

Here, dangerous muonic LFV can be evaded by requiring
M

⌫

µµ
= 0, which leads to a muon-number conserving Y .

Once again this would not be su�cient; tauonic LFV
have to be suppressed via the hierarchy fµ⌧ ⌧ fe⌧ . q2

has to be small as well, extreme cases include q2 = 0
(which gives Y⌧⌧ = 0) and q2 = M

⌫

e⌧
/2fe⌧ (which gives

Yee = 0). The above texture makes it possible to explain
aµ while suppressing LFV below future sensitivities, but
hinges on M

⌫

µµ
= 0, which is again a testable prediction

in the neutrino sector, as shown in Tab. II.

IV. NUMERICAL ANALYSIS

With all relevant observables at our disposal we can
numerically explore the Zee-model parameter space that
explains aµ (and CDF) to find LFV predictions. The
parametrization from Eq. (14) allows us to use neutrino
data as an input; we take the 3� ranges of the oscillation
parameters from the global fit [66], distinguishing be-
tween normal and inverted ordering. As an upper bound
on the absolute neutrino mass we use 0.8 eV [67].

We scan over two fij = [10�15
,
p
4⇡] – the third one be-

ing determined by Eq. (17) – and |qi| = [10�25
, Max|qi|],

while keeping the phases arbitrary and demanding the
Yukawa couplings to remain perturbative. The conserva-

Blue and Green Points:

[Heeck, Thapa, ’23]  
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Neutrinos may well be Dirac particles just as the electron   (Lepton 
number is conserved)

Oscillation experiments cannot distinguish Dirac neutrinos from Majorana neutrinos  

If Dirac nature  important to understand the smallness of their masses

Dirac leptogenesis to explain observed baryon asymmetry is an attractive feature

Dirac seesaw can be achieved in Mirror Models

Dirac neutrinos from left-right symmetric theory and GUT

⟹ ΔL = 0

⟹

[Dick, Lindner, Ratz, Wrig, ’99]  

[Lee, Yang ‘56; Foot, Volkas ‘95; Berezhiani, Mohapatra ‘95, Silagadze ’97]
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Fermion representation:
                     

                    

QL (3,2,1,1/3) = (uL

dL) QR (3,1,2,1/3) = (uR

dR)
LL (1,2,1, − 1) = (νL

eL) LR (1,1,2, − 1) = (νR
eR)

SU(3)C ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)X

Dirac Neutrinos from Left-Right Symmetry

Gauge symmetry is extended to: 

Higgs sector for symmetry breaking is very simple: 

         HL (1,2,1,1) = (
H+

L

H0
L )

L

HR (1,1,2,1) = (
H+

R

H0
R)

R

SU(2)L × SU(2)R × U(1)X ⟶ SU(2)L × U(1)Y ⟶ U(1)EM
⟨H0

R⟩ ⟨H0
L⟩

  





Φ(1,2,2,0)

ΔL(1,3,1,0)

ΔR(1,1,3,0)

Standard LR Higgs fileds

Parity symmetry is spontaneously broken
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U (3,1,1,4/3), D (3,1,1, − 2/3), E (1,1,1, − 2) [ Davidson, Wali ’87]

Dirac Neutrinos from Left-Right Symmetry
Vector-like fermion introduced to realize “seesaw” for charged fermion masses

Seesaw for charged fermion masses (no seesaw for neutrinos) 

                   MF = (
0 y κL

y† κR M ) ⟹ mf ≈
y2κLκR

M
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U (3,1,1,4/3), D (3,1,1, − 2/3), E (1,1,1, − 2) [ Davidson, Wali ’87]

Dirac Neutrinos from Left-Right Symmetry
Vector-like fermion introduced to realize “seesaw” for charged fermion masses

Seesaw for charged fermion masses (no seesaw for neutrinos) 
  mixing is absent at the tree level

 mixing is induced at the loop level, which in turn induces two-loop Dirac masses for neutrino 

W+
L ↔ W+

R

W+
L ↔ W+

R
[Babu, He ’89]

W+
L W+

R

bR

N

bL

tR

P

tL

MνD =
−g4

2
y2

t y2
b y2

ℓκ3
Lκ3

R

r MPMNMEℓ

M2
WL

M2
WR

IEℓ

                  ξ ≈
α

4π sin2 θW

mbmt

M2
WR

[Babu, He, Su, Thapa ’22]

                   MF = (
0 y κL

y† κR M ) ⟹ mf ≈
y2κLκR

M

Flavor structure of the the two loop need to be studied to check its consistency with oscillation data
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Figure 3. The longitudinal W±
L,R gauge boson contributions to the neutrino mass, expressed in

terms of the Goldstone boson contributions.

Oscillation 3� range Model prediction

parameters NuFit5.1 [51] BP I (NH) BP II (NH) BP III (IH) BP IV (IH)

�m2
21(10

�5 eV2
) 6.82 - 8.04 7.42 7.38 7.35 7.35

�m2
23(10

�3 eV2)(IH) 2.410 - 2.574 - - 2.48 2.52

�m2
31(10

�3 eV2)(NH) 2.43 - 2.593 2.49 2.51 - -

sin2 ✓12 0.269 - 0.343 0.324 0.301 0.306 0.310

sin2 ✓23 (IH) 0.410 - 0.613 - - 0.510 0.550

sin2 ✓23 (NH) 0.408 - 0.603 0.491 0.533 - -

sin2 ✓13 (IH) 0.02055 - 0.02457 - - 0.0219 0.0213

sin2 ✓13(NH) 0.02060 - 0.02435 0.0234 0.0213 - -

�CP (IH) 192 - 361 - - 236� 279�

�CP (NH) 105 - 405 199� 280� - -

mlight (10�3) eV 0.66 2.04 14.1 8.50

ME1/MWR 917 45.5 1936 1990

ME2/MWR 0.650 0.43 0.12 0.11

ME3/MWR 0.019 0.029 0.015 0.012

Table I. Fits to the neutrino oscillation parameters in the model with normal and inverted hierarchy.
For comparison, the 3� allowed range for the oscillation parameters are also given.

Eq. (3.15) reduces to

G2(r1, r2) ' �r2

✓
1 +

⇡2

3
+

1

2
log r2(�1 + log r2)

◆
. (3.17)

4 Fits to Neutrino Oscillation Data

In this section, we show that the model can correctly reproduce the neutrino oscillation data
by fitting the model parameters to the observables (�m2

21
, �m2

31
, sin2 ✓13, sin2 ✓23, sin2 ✓12).

We find good fits to the normal ordering of neutrino masses as well as inverted ordering.
Furthermore, the model does not place any restriction of the CP violating phase in neutrino
oscillation, as we find fits for any value of �CP .

– 11 –

[Babu, He, Su, Thapa 2205.09127]

MνD = yℓMEIEy†
ℓ

Fit to Oscillation Data

Enough parameters to fit oscillation 
data

Both normal and inverted ordering 
allowed

Dirac CP phase is not constrained

No neutrinoless double beta decay

Left-right symmetry breaking is not 
constrained

Universal left-right symmetric theory can solve strong CP problem without the need for an axion
Model can be tested through Neff



CMB is sensitive to extra radiation density arising from new extra degrees of freedom that 
were in thermal equilibrium with the SM plasma

 (ultra-light new particles, new degrees of freedom) couples to other particles and contributes 
to additional radiation density in early universe.

The effect of such light particles is parameterized as  and is measured in units of extra 
neutrino degrees of freedom

Dirac neutrino modes of this type will modify  by about 0.14

νR

ΔNeff

Neff

Testing Dirac Neutrinos with Neff

G2
F (

MWL

MWR
)

4

T5
dec ≈ g⋆ (Tdec)

T2
dec

MPl

Tdec ≃ 400MeV (
g* (Tdec)

70 )
1/6

(
MWR

5TeV )
4/3

ΔNeff ≃ 0.027 ( 106.75
g⋆ (Tdec) )

4/3

geff

geff = (7/8) × (2) × (3) = 21/4
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CMB-S4

Planck+BAO

SPT-3G/SO

Q
CD

ν L
-d
ec

10-4 10-3 10-2 10-1 100 101 102 103 104 105
0.05

0.10

0.50

1

5

10

νR decoupling temperature Tdec [GeV]

Δ
N
ef
f

101 102 103 104 105 106 107 108
WR Mass [GeV]

0.14

[Heeck, Abazajian ’19; Babu, He, Su, Thapa ’22 ]

In SM 

Improvement on  in CMB-S4

Valid for 3  were in thermal 
equilibrium with SM

This gives strong constraints for 
any (e.g., LR model) Dirac 
neutrino mass model

Planck+BAO sets a lower limit of 
7 TeV on  mass

Neff ≃ 3

ΔNeff

νR

WR

Dirac Neutrino in Cosmology
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• Can we embed this version of the LR model into GUT while preserving the Dirac 
nature for neutrinos?

• Any predictions in neutrino oscillation (normal vs inverted, Dirac CP, …)?
• Can we still solve the strong CP problem? 
• What else can the model do?

    Anil Thapa (UVA)19/30



ψL,R =

Dc
1

Dc
2

Dc
3

e
−ν L,R

χL,R =
1

2

0 Uc
3 −Uc

2 u1 d1

−Uc
3 0 Uc

1 u2 d2

Uc
2 −Uc

1 0 u3 d3

−u1 −u2 −u3 0 Ec

−d1 −d2 −d3 −Ec 0
L,R

Parity can be imposed under which   and ψL ↔ ψR χL ↔ χR

LL,R

D U Q

E

The fermion spectrum of the model has a natural embedding in  
unification

All left-handed (right-handed) fermions of the SM fit into  of   ( )

The remaining vector-like quarks and leptons fill rest of the multiples

SU(5)L × SU(5)R

10 + 5̄ SU(5)L SU(5)R

Embedding in SU(5)L × SU(5)R
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GUT Symmetry Breaking and Gauge Coupling Unification

With the SM particles, we obtain the following beta function coefficients with properly normalized gauge 
couplings:

b1 =
41
26

, b2 = −
19
6

, b3 = −
7
2

If  directly break to the SM group, where  meet at a single value.                   SU(5) × SU(5) gi αGUT = 2 α3 = α2 =
13
3

α1

sin2 θW(mt) =
3
16

1 +
α
6π {−

185
3

log
MG

mt }
 
 Cannot reconcile value measured at EW scale
 An intermediate symmetry is needed

⟹ sin2 θW = 3/16
⟹
⟹
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GUT Symmetry Breaking and Gauge Coupling Unification

With the SM particles, we obtain the following beta function coefficients with properly normalized gauge 
couplings:

b1 =
41
26

, b2 = −
19
6

, b3 = −
7
2

If  directly break to the SM group, where  meet at a single value.                   SU(5) × SU(5) gi αGUT = 2 α3 = α2 =
13
3

α1

sin2 θW(mt) =
3
16

1 +
α
6π {−

185
3

log
MG

mt }
 
 Cannot reconcile value measured at EW scale
 An intermediate symmetry is needed

⟹ sin2 θW = 3/16
⟹
⟹

To break  spontaneously to  we choose the following Higgs multipletsSU(5)L × SU(5)R SU(3)c × U(1)em

{ΣL(75,1) + ΣR(1,75)}, {HL(5,1) + HR(1,5)}, Φ(5, 5), η(15, 15)
Required for fermion mass generationWhy not +  ? 

> allows 
that spoils strong CP solution

(24,1) (1,24)
(24,1)H†

RΦHL and (24,1)η†ΦΦ
Required for gauge coupling unification
Why not ?
   > allows rapid proton decay
   > spoils strong CP
   > makes  nonperturbative

(10, 10)

g5R
Required for symmetry breaking

[Babu, Mohapatra, Thapa, ’24]
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 GeV
 GeV  

MI = 9.02 × 1010

MG = 8.0 × 1017

α−1
G = 13.18

SU(5)L × SU(5)R

↓ MG ∼ ⟨ΣL⟩
SU(3)CL × SU(2)L × U(1)L × SU(5)R

↓ MI ∼ ⟨Φ⟩, ⟨HR⟩
SU(3)C × SU(2)L × U(1)Y

↓ MW ∼ ⟨HL⟩
SU(3)C × U(1)em

α1-1

α2-1

α3-1

α1 L-1

α2 L-1

α3 cL-1

α5 R-1

2.5 5.0 7.5 10.0 12.5 15.0 17.5
0

10

20

30

40

50

Log10μ [GeV]

1/
α i

The evolution of the gauge couplings are governed by 
the following RGEs

                16π2 dgi

dt
= g3

i bi +
g3

i

16π2 ∑
j

bijg2
j − ∑

k

CikTr (Y†
k Yk)

sin2 θW(mt) =
3
16

1 +
α
6π {−

185
3

log
MI

mt
+ (46 + 39) log

MG

MI }

 at one-loop accuracy (ignoring threshold effect 
from VLF)
sin2 θW

 (3̄, 2, − 1/6,15) ⊃ (15, 15)

GUT Symmetry Breaking and Gauge Coupling Unification
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Fermion Mass Generation

−ℒYuk =
(Y⋆

u )ij

4
ϵαβγδρ {χαβ

Li χγδ
Lj Hρ

L + χαβ
Ri χγδ

Rj H
ρ
R} + 2 (Y⋆

ℓ )ij{ψLiα χαβ
Lj H⋆

Lβ + ψRiα χαβ
Rj H⋆

Rβ} + (Y⋆
D)ij ψα

Li Φβ
α ψRjβ

After spontaneous symmetry breaking, the masses of fermions read as

,             ,                                 Mu = (
0 Yu κL

Y†
u κR 0 ) Mℓ = (

0 Yℓ κL

Y†
ℓ κR 0 ) Md = (

0 YT
ℓ κL

Y⋆
ℓ κR YDvϕ)

Crucial for the model to be compatible with proton 
decay with  intermediate symmetry.SU(5)R
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Fermion Mass Generation

−ℒYuk =
(Y⋆

u )ij

4
ϵαβγδρ {χαβ

Li χγδ
Lj Hρ

L + χαβ
Ri χγδ

Rj H
ρ
R} + 2 (Y⋆

ℓ )ij{ψLiα χαβ
Lj H⋆

Lβ + ψRiα χαβ
Rj H⋆

Rβ} + (Y⋆
D)ij ψα

Li Φβ
α ψRjβ

After spontaneous symmetry breaking, the masses of fermions read as

,             ,                                 Mu = (
0 Yu κL

Y†
u κR 0 ) Mℓ = (

0 Yℓ κL

Y†
ℓ κR 0 ) Md = (

0 YT
ℓ κL

Y⋆
ℓ κR YDvϕ)

Crucial for the model to be compatible with proton 
decay with  intermediate symmetry.SU(5)R

Small Dirac neutrinos masses are induced naturally at the tree level via type-II Dirac seesaw

νL νR

Φ5
5

⟨H0
R⟩⟨H0

L⟩

ℒDirac
ν−mass =

νLνR⟨H0
L⟩⟨H0

R⟩
MG

⟹ YDirac
ν ∼

MI

MG
≈ 10−7

Majorana mass for  is forbidden by unbroken 
 symmetry

νR
B − L
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In the basis where  and  are diagonal, down-type quark 
mass matrix  read as 

Yu Yℓ
Md

Preditions for Neutrino Oscillations

1σ
2σ

4 5 6 7 8 9 10
100

150

200

250

mν1 [meV]

δ C
P

,            ,            

                    

Mu =
0 M̂u κL

M̂u
κR

κL
0

Mℓ =
0 M̂ℓ κL

M̂ℓ
κR

κL
0

Md =
0 M̂ℓ

M̂ℓ
κR

κL

vϕ

vν
U*PMNSM̂νUT

PMNS

Only one parameter in  to fit three light down-quark 
masses

Md

 Predicts  and lightest neutrino mass ⟹ δCP mν1

δCP = (130.4 ± 1.2)∘ or (229.6 ± 1.2)∘

mν1
= (4.8 − 8.4) meV

 Only normal hierarchy ⟹
[Babu, Mohapatra, Thapa, ’24]
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Proton Decay

pP

π0

Gauge bosons of  with masses  GeV do 
not lead to proton decay owing to the structure of the zeros in (2,2) 
blocks of  and 

These couplings involve at least one heavy field

Same is true with  Higgs field which has mass of order 

SU(5)R MXR,YR
≃ MI ∼ 1011

Mu Mℓ

HR(1,5) MI

-violating interactions of  and  gauge bosons of  with 
masses of order  GeV mediate proton 
decay. 

The leading decay mode of proton is  with lifetime 
 years. (Well beyond the reach of forthcoming 

experiments like JUNO, Hyperkamiokande, and DUNE)

B XL YL SU(5)L
MG = (7 × 1016 − 8 × 1017)

p → e+π0

τp ≈ (1038 − 1042)
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Parity Solves the Strong CP Problem

θ̄ = θ + Arg Det [MQ]
Ga

μνG̃aμν ∝ ⃗E color ⋅ ⃗B color

quark mass matrix

 is odd under parity, therefore in parity symmetric theory it would vanish.θ

parity breaking VEVs, need to make 
sure the determinant is real.
MQ ∝

    Anil Thapa (UVA)26/30



Parity Solves the Strong CP Problem

θ̄ = θ + Arg Det [MQ]
Ga

μνG̃aμν ∝ ⃗E color ⋅ ⃗B color

quark mass matrix

 is odd under parity, therefore in parity symmetric theory it would vanish.θ

parity breaking VEVs, need to make 
sure the determinant is real.
MQ ∝

•  with parity has the following quark mass matrices SU(5)L × SU(5)R

  Det [ ] = Det [ ]  Real
   at tree level

⟹ MQ MuMd ≡
⟹ θ̄ = 0        Mu = (

0 Yu κL

Y†
u κR 0 ) Md = (

0 YT
ℓ κL

Y⋆
ℓ κR YDvϕ)

All the Higgs potential parameters with the fields [  ]  
are real with parity. Thus CP conserving vacuum is admitted, where all the VEVs are real. 

{ΣL(75,1) + ΣR(1,75)}, {HL(5,1) + HR(1,5)}, Φ(5, 5), η(15, 15)
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Parity Solves the Strong CP Problem

θ̄ = θ + Arg Det [MQ]
Ga

μνG̃aμν ∝ ⃗E color ⋅ ⃗B color

quark mass matrix

 is odd under parity, therefore in parity symmetric theory it would vanish.θ

parity breaking VEVs, need to make 
sure the determinant is real.
MQ ∝

•  with parity has the following quark mass matrices SU(5)L × SU(5)R

  Det [ ] = Det [ ]  Real
   at tree level

⟹ MQ MuMd ≡
⟹ θ̄ = 0        Mu = (

0 Yu κL

Y†
u κR 0 ) Md = (

0 YT
ℓ κL

Y⋆
ℓ κR YDvϕ)

• Quantum corrections would in general induce , but this may be within experimentally 
allowed range  arising from neutron EDM limits. 

θ̄ ≠ 0
θ̄ ≤ 1.19 × 10−10

All the Higgs potential parameters with the fields [  ]  
are real with parity. Thus CP conserving vacuum is admitted, where all the VEVs are real. 

{ΣL(75,1) + ΣR(1,75)}, {HL(5,1) + HR(1,5)}, Φ(5, 5), η(15, 15)
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Vanishing of one loop  contributionsθ̄
• Convenient to work in the flavor basis, where the mass matrices  and  are treated as part of 

the interaction Lagrangian.  
Mu Md

 need to sum all possible chirality flip in the propagator ⟹

   +     +   ….. =  fR (M†
d

k2

k2 − MdM†
d ) fL fL,R = (d

D)
L,R
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Vanishing of one loop  contributionsθ̄
• Convenient to work in the flavor basis, where the mass matrices  and  are treated as part of 

the interaction Lagrangian.  
Mu Md

 need to sum all possible chirality flip in the propagator ⟹

   +     +   ….. =  fR (M†
d

k2

k2 − MdM†
d ) fL fL,R = (d

D)
L,R

• Loop-corrected quark mass matrix

Mq = M(0)
q + δMq = M(0)

q (1 + C)

tree level quark mass for  
where Arg Det [ ] = 0

q = u, d
M(0)

q

δMq = (
δMq

LL δMq
LH

δMq
HL δMq

HH)

 contribution 
from 1-loop, 2-loop, .. 
C = C1 + C2 + . . . .

 : light sector
 : heavy sector

L
H
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Mu Md

 need to sum all possible chirality flip in the propagator ⟹

   +     +   ….. =  fR (M†
d

k2

k2 − MdM†
d ) fL fL,R = (d

D)
L,R

• Loop-corrected quark mass matrix

Mq = M(0)
q + δMq = M(0)

q (1 + C)

tree level quark mass for  
where Arg Det [ ] = 0

q = u, d
M(0)

q

δMq = (
δMq

LL δMq
LH

δMq
HL δMq

HH)

 contribution 
from 1-loop, 2-loop, .. 
C = C1 + C2 + . . . .

 : light sector
 : heavy sector

L
H

dR DL DR
dL

H0
R H0

L

dR,L dR,L DL,R DL,R

V µ

•  is given byθ̄
θ = Im TrC1 + Im Tr(C2 −

1
2

C2
1) + . . .

θ̄ = Im Tr [−
vϕ

κLκR
δMd

LL(Y†
d )−1YDY−1

d +
1
κL

δMd
LHY−1

d +
1
κR

δMd
HL(Y†

d )−1]
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dR DL DR
dL

H
0
R H

0
L

dL,R DR,L dL,R DR,L

H
0
L,R H

0
L,R

dL,R UR,L uL,R DR,L

H
d+
L,R

(a) (b) (c)

dL,R uL,R UR,L DR,L

H
c
L,R

dL,R DR,L DL,R DR,L

H
0
L,R �

s
DD

dL,R ER,L eL,R DR,L

X
µ

L,R

(d) (e) (f)

dR,L dR,L DL,R DL,R

V
µ

dR dR dL dL

V
µ

(g) (h)

Figure 5: Diagrams leading to one-loop radiative corrections to the down-type quark mass

matrix. Here V µ stands collectively for the gauge bosons (Gµ

A
, Gµ, Zµ, Aµ, Zµ

A
) which all

have flavor-consering interactions.

interval. Successive iterations can lead to finite shifts in t. The induced ✓̄ via RGE from

the up-quark sector can be written as

�(✓̄) = ImTr


d

dt
(YuLY

†
uR

)(YuLY
†
uL

)�1

�
. (7.47)

Using the one-loop expressions for the RGE from the Appendix A.5 and setting YuL = YuR
as the initial value, we see that the expression within the bracket is hermitian and therefore

induced �(✓̄) = 0. They would therefore keep the GUT scale ✓̄ value unchanged to one loop.

Several of the two-loop corrections can also similarly be seen to give zero contributions.

However at the two-loop level there are nonzero contributions to ✓. In particular, the 8th

term of Eq. (A.28) in the RGE for YuR generates a nonzero ✓ which can be estimated to

be

✓ ⇡
8

(16⇡2)2
ImTr

h
Y T

dR
Y ⇤
dR
YuRY

†
dR
YdR(YuLY

†
uL

)�1

i
ln

 
MH

c
L

MH
c
R

!
. (7.48)

This term can be seen to be originating from the two-loop diagram shown in Fig. 7. Note

that this diagram is log-divergent. There is an analogous diagram where the color-triplet

field Hc

R
is replaced by Hc

L
and the quark helicities are flipped. Since in the computation

of the RGE beta functions, it was assumed that Hc

L
has a mass of order MG, while Hc

R
is

at MI , only the diagram of Fig. 7 contributes below MG. Above the mass scale of Hc

L
, the

– 30 –

uL DR DL
uR

H
d+
L H

d+
R

uL,R DR,L dL,R UR,L

H
d+
L,R

uL,R dL,R DR,L UR,L

H
c
L,R

(a) (b) (c)

uL,R eL,R ER,L UR,L

H
c
L,R

uL,R uL,R UR,L UR,L

V
µ

uL,R UR,L uL,R UR,L

X
µ

L,R

(d) (e) (f)

uL,R UR,L uL,R UR,L

H
0
L,R H

0
L,R

uR dR dL uL

H
c
L,R H

c
R,L

(g) (h)

Figure 6: Diagrams leading to one-loop radiative corrections to the up-type quark mass

matrix.

combined contributions to ✓ from Hc

R
and Hc

L
would nearly vanish, since this is the parity

symmetric limit.

To estimate the induced ✓ from Eq. (7.48), we set the GUT-scale values of the Yukawa

coupling matrices, namely, YdR = YdL = Y T

`
and YuR = YuL = Yu. Then we use the

transformed basis where the fermion fit was given, with the mass matrices given as in Eq.

(3.9). We can estimate ✓ to be

✓ ⇡
8

(4⇡)4
ImTr

h
Q⇤U †

PMND
Ŷ 2

`
UPMNSQ

2 Ŷu U
T

PMNSŶ
2

`
U⇤
PMNS(Ŷu)

�1

i
ln

 
MH

c
L

MH
c
R

!
. (7.49)

Here all the parameters are known, except for the two phases in the diagonal matrix

Q = diag.(ei↵1 , ei↵2 , 1). These two phases are unobservable in low energy experiments,

except through their contributions to ✓ and thus to neutron EDM.

In Fig. 8 we have presented the induced value of ✓ arising from this dominant two-

loop diagram, as a function of one of the phase parameters, ↵2. We have fixed the phase

↵1 = 0.128 modulo integer multiples of ⇡/2. This is the preferred value of this angle to be

consistent with neutron EDM limits. We have also shown the correlations with neutron

EDM as well as its current limit and future sensitivity. In the left panel of Fig. 8, we kept

the mass of Hc

L
equal to MG while Hc

R
mass is MI . In the right panel, Hc

L
mass is kept at 3

– 31 –

Vanishing of one loop θ̄

Each diagram individually gives 
θ̄ = 0

[Babu, Mohapatra, Thapa, ’24]
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Two loop contribution to θ

Model Prediction

0 π
2 π 3 π

2
2 π

10-28

10-26

10-24

10-22

α2

|d
n|
[e
·c
m
]

current limit (θ ≥ 1.19 x 10-10)

δCP = 130.4o

future sensitivity

UL DL

Hc
R

Hc
R

H0
R

UL uR eR

uR




                         

θ ≈
8

(4π)4
Im Tr [Q*U†

PMNS
̂Y2
ℓUPMNSQ2

̂Yu UT
PMNS

̂Y2
ℓ U*PMNS( ̂Yu)−1] ln (

MHc
L

MHc
R
)

All parameters are known expect for 
 with 

 
Q = diag . (eiα1, eiα2, 1)

α1 = 0.128 + nπ/2 (n = 0,1,2,..)
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Summary

• Universal LRSM has natural embedding in 

• Open questions in neutrino oscillations 
             > Absolute mass scale and mass hierarchy?    

     and Normal hierarchy
             > Are neutrinos their own antiparticle?  
                         Dirac neutrino via type-II seesaw
             > Is there CP Violation in lepton sector? 
                         Predicts 
             > Why is neutrino mass so tiny? 
                         Dirac mass suppressed by 

• The model solves strong CP problem without the need for an axion
         at tree level and one-loop level.  

• No  and suppressed proton decay

SU(5)L × SU(5)R

✓
mν1

= (4.8 − 8.4) meV
✓

✓
δCP = (130.4 ± 1.2)∘ or (229.6 ± 1.2)∘

✓
𝒪 (MI /MG) ≈ 10−7

θ̄ = 0

0νββ

Thank you for your time
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Backup Slides

    Anil Thapa (UVA)31/30



    Anil Thapa (UVA)32/30

Renormalization group evolution of θ

• There is the possibility that extrapolation of the Yukawa couplings by the RGE from the GUT 
scale to the weak scale could generate a nonzero 

• The induced  via RGE from the up-quark sector read as

                                               

θ̄

θ̄

δ(θ̄) = Im Tr [ d
dt (YuLY†

uR) (YuLY†
uL)

−1]
β(1) (YuL) = +

3
2

YuLY†
uLYuL −

3
2

YdLY†
dLYuL + 3 Tr (Y†

uLYuL) YuL + 3 Tr (Y†
dLYdL) YuL + Tr (Y†

lLYlL) YuL −
17
20

g2
1LYuL −

9
4

g2
2LYuL − 8g2

3LYuL

∙
∙
∙

•  is a hermitian matrix  does not generate  if the initial  is zero 
d
dt (YuLY†

uR) ⟹ θ̄ θ̄
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Fermion mass fitting

• Redefine the down-type quarks  and the charged leptons  to go from the original 
basis to new basis such that  and  are diagonal

                          

(d, D) (e, E)
M̂ℓ M̂u

dL = VRP*d′￼L, dR = VRP*d′￼R, DL = QUT
PMNSD′￼L, DR = QUT

PMNSD′￼ReL = Q*U†
PMNSe′￼L, eR = Q*U†

PMNS

e′￼R, νL = Q*ν′￼L, νR = Q*ν′￼REL = V*R PE′￼L, ER = V*R PE′￼R .

 where ξ†
LMdξR = diag . (md, ms, mb, mD1

, mD2
, mD3) ξL,R = (ξ11 ξ12

ξ21 ξ22)
L,R

,            ,                              Mu =
0 M̂u κL

M̂u
κR

κL
0

Mℓ =
0 M̂ℓ κL

M̂ℓ
κR

κL
0

Md =
0 M̂ℓ

M̂ℓ
κR

κL

vϕ

vν
U*PMNSM̂νUT

PMNS

• CKM matrix is given by VCKM = P′￼*VRP*ξ11
L Q′￼*

unspecified unitary matrix , thus  is unconstrained  VR VCKM

                               mD1 (MI) = 1.05 × 107 GeV mD2 (MI) = 1.62 × 108 GeV mD1 (MI) = 4.38 × 109 GeV


