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What is flavor alignment?!

Flavor Yukawa mass terms

�L = Q̄iDµ�
µ
Qi + hijQ̄Li�uRj + h̃ijQ̄Li�̃dRj

I

U
†
u{mu,mc,mt}Uu = hijvew UCKM = U

†
uUd

U
†
d
{md,ms,mb}Ud = h̃ijvew

I UCKM is totally arbitrary but...
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Parity restored: Minimal Left-Right Model

SU(3)C ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L????y �R (1, 1,3,2)

SU(3)C ⇥ SU(2)L ⇥ U(1)Y????y � (1, 2,2,0)

SU(3)C ⇥ U(1)Q
�L (1, 3,1,2)

QL,i =

✓
uL

dL

◆

i

(3, 2, 1,
1

3
) QR,i =

✓
uR

dR

◆

i

(3, 1, 2,
1

3
)

 L,i =

✓
⌫L

eL

◆

i

(1, 2, 1,�1)  R,i =

✓
NR

eR

◆

i

(1, 1, 2,�1)
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MLRSM
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Flavor alignment in the MLRSM model

LQ,yukawa = hqQ̄L�QR + h̃qQ̄L�̃QR

h�i =
✓
 0
0 

0

◆

2+02 = v

2
ew

�̃ = ⌧2�
⇤
⌧2

I

Mu = hq+ h̃q
0

Md = hq
0 + h̃q

I U
L

CKM and U
R

CKM
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Flavor alignment in the MLRSM model

not necessary for down quark mass

LQ,yukawa = hqQ̄L�QR + h̃qQ̄L�̃QR

h�i =
✓
 0
0 

0

◆

2+02 = v

2
ew

�̃ = ⌧2�
⇤
⌧2

I

Mu = hq+⇢
⇢⇢>h̃q
0

Md = hq
0 +⇢

⇢⇢>
h̃q

I U
L

CKM = U
R

CKM = I 
0
< 

I Use your favorite symmetry
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MLRSM ⇥U(1)PQ

I Solves the strong CP problem; invisible axion dark matter

QL +1 QR �1
 L -2  R �1
� +2 �̃ �2
�L +4 �R 0
�1 +1 �2 +2

I forbids the h̃qQ̄L�̃QR term

I MLRSM⇥U(1)PQ

h�1i=vPQ������!MLRSM

I vPQ ⇠ 1012 GeV for invisible axion

U(1)PQ
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Higgs Potential

V (�,�,�) = V0(�) + V0(�) + V0(�2) + V0(�1) +
X

↵,�

V↵,�

+ �Tr�†�̃�2�2 + µ��2�
⇤2
1 + �Tr(�†�†

R
�̃�L)

+ L $ R.

V↵,� = �↵�(H
†
↵H)(H†

�
H�)

V0(H) = �µ
2
H

†
H + �H(H†

H)2

I L-R symmetry defined as L $ R,�! �
†
,�1,2 ! �

⇤
1,2 which

makes all couplings real

I need �Tr�†�̃�2�2 term to generate non-zero 
0

I Effective hqQ̄L�̃QR term is generated at tree from � term

but can be absorbed by redefining hq
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Minimizing conditions

I Minimization gives


0 ⇠ �v

2
2

M
2
�

and v2 ⇠
µ�v

2
PQ

M2
�2

I Discrete symmetry µ� is technically natural

I axion field:

a = N
 

4
02

vPQ

��1 +
40

vPQ

��2 �
2v2
vPQ

��2 + ��1

!
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Radiative mixings from color triplets

I various options: color triplets

!L,R (3, 1, 1,�2

3
, PQ = (�2,+2))

LY = gab[Q
T

L⌧2!LC
�1

QL + L ! R]

I In the limit m1,2 ⌧ mtop,

M
u

ij = hq+
3 sin 2↵

16⇡2
ln

m1

m2
(g†hqg)ij

0
, (1)

M
d

ij = hq
0 +

3 sin 2↵

16⇡2
ln

m1

m2
(g†hqg)ij.

Radiative mixing via colored scalars

>

Makah
-

marred

.
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Quark mass fit



12/16

Lepton masses

�LL,yukawa = h` ̄L�̃ R + fab[ 
T

L⌧2C
�1�L L + L ! R] + h.c.

I Usual Type I + Type II scenario as in MLRSM

M⌫ = fvL � h`f
�1

h`

vR

02
.

I PQ charges of  ` makes sure mD for neutrinos is

proportional to 
0

I h` is real diagonal unlike in MLRSM

I Mixings arise at tree level from Majorana mass matrix fvR

I vR > 50 TeV
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Lepton mass fit
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FCNC

I As in MLRSM, �2 mediates FCNC, m�2 > 10TeV

I Additional FCNC from quark couplings to !1,2 studied in

Babu et al [arXiv:1311.4101 [hep-ph]] which puts bounds

on couplings g that are satisfied for M! ⇠ 10TeV .

I Leptonic flavor changing processes are also consistent

with � masses near vR = 50 TeV

FCNC bounds on colored scalars
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Comments and conclusion

I Leptonic PQ charges prevent proton decay

I lightest N ⇠ 0.1 TeV with the largest mixing VeNe ⇠ 10�6

I Quasi-degenerate right handed neutrinos could lead to

leptogenesis

I Best-fit

X
m⌫ = 0.07eV can be tested in LSST and

EUCLID mission

I In conclusion, we provide a combination of left-right and

Peccei-Quinn symmetry to explain the flavor alignment of

quarks
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