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What is flavor alignment?!

Flavor \ (Yukawa mass terms

—L= @Q:D"Q; + hijQridur; + hijQriddr;

Ul{mu, me,mi}Uy = hijvew Ucrear = UlUy

U;{md, ms, mp}Ug = hijvew

» Uck s is totally arbitrary but...



What is flavor alignment?!

Flavor \ (Yukawa mass terms

—L = Q:D,"Q; + hijQridur; + hijQriddr;
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Parity restored: Minimal Left-Right Model
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Parity restored: Minimal Left-Right Model

SU(3)C X SU(Q)L X SU(Q)R X [fv(l)/;,/‘

AR (11 1a§’2)
SUBB)e x SU((2)L xU(1)y
¢ (1,2,2,0)

SUB)e x U(l)g
Ar (1,3,1,2)

MLRSM
J.C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974);
R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 566,
(1975); R. N. Mohapatra and J. C. Pati, Phys. Rev. D
11, 2558 (1975); G. Senjanovié¢ and R. N. Mohapatra,
Phys. Rev. D 12 1502 (1975).
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Flavor alignment in the MLRSM model

Lo yubawa = hgQroQr +  hyQroQr

(¢) = ( il ) K24 K7 =02, ¢ = 120"

0 «

>

M, = hgk + Bq/f’
M, = th/ + ibqlﬁ

> UéKM and UgKM



Flavor alignment in the MLRSM model

not necessary for down \quark mass

Lo yukawa = hgQroQr +  hyQroQr

ko0 b= Tod*T
<¢>_<0 FL') /€2+:‘€/2:Uzw Qb Q(Zs 2
>
M, = hyk + %
Mg = hgrx" + hgk
> Ubnr = Ul =1 K <k

» Use your favorite symmetry



MLRSM xU (1) pq
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Solves the strong CP problem; invisible axion dark matter

Qr | +1 Qr
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forbids the 7,Q1¢Qr term

MLRSMx U (1) pg -7/ =""2,MLRSM

vpg ~ 102 GeV for invisible axion

R. D. Peccei

(1977).

u(mprQ

and H. R. Quinn, Phys. Rev. Lett. 38, 1440



Higgs Potential

V($,A,0) = Vo(@) +Vo(A)+ Vo(oo) + Vo(or) + Y Vag
B

+ BTrt ooy + peoaai? +Tr(6T ALGAL)
+ L+ R.

Va,p = Aap(HLH)(HS Hy)
0(H) = > HVH + Ay (H'H)?
» L-R symmetry defined as L <+ R, ¢ — ¢, 012 — 07 o Which
makes all couplings real
» need ﬂTrqSTgZ;UgUz term to generate non-zero «’

» Effective h,Q LOQR term is generated at tree from 3 term
but can be absorbed by redefining A,



Minimizing conditions

» Minimization gives

2 2
V5K HoUP
r B and vy ~ @
M2 2
¢ 02

» Discrete symmetry u, is technically natural
» axion field:

IN: 4K'2 N 4K’ 209 N
a= —Xdéy — —— Xo -
KUPQ X1 vrQ X2 UPQX 2 T Xoi



Radiative mixings from color triplets

Qi QLk Q R Qrj

Radiative mixing via colored scalars

iys. Rev. Lett. 60, 1602 (
Ka

1988);
atra,

» various options: color triplets
wr (3,LL -, PQ=(-2 )

Ly = guQTmwrC™'QrL + L — R
> Inthe limit mio > myp,

3sin2a . my

M;; = hq/i-l-Wlan(gThqg)ijﬁI? (1)
3sin2a. m
J 1
Mg = th'+WIH7(9Thqg)iﬁ'



Quark mass fit

Parameters Mixing
hq = diag{1.2651 x 107°, 7.3606 x 10~%, 0.9954}, Jop =2.64 x107°
k/k' =411 k=174.5 GeV
|\Verm| =
0.4642 0.5187 — 0.0008¢ 0.0032 — 0.0338: 0.9747 0.2233 0.0034
g = 0.5187 — 0.0008: 0.7255 0.1079 — 0.06284 0.2231 0.9741 0.0366
0.0032 — 0.0338i 0.1079 — 0.0628i 0.4005 0.0095 0.0356 0.9993

Masses

my = 2.45 MeV
ma = 5.57 MeV
me = 1.282 GeV
ms = 93.68 MeV
my = 173.11 GeV'
my = 4.75 GeV




Lepton masses

*L:L,yukawa = hﬂZLd;l/}R =+ fab[w%TZC_lALq/}L +L— R] + h.c.

v

Usual Type | + Type Il scenario as in MLRSM
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PQ charges of ¢, makes sure mp for neutrinos is
proportional to '

he is real diagonal unlike in MLRSM
Mixings arise at tree level from Majorana mass matrix fur
vgr > 50 TeV

v

v

v



Lepton mass fit

Parameters Mixing
he = {me,mu,mr}/k.
v = 1.8223 eV, vg = 50 TeV sindcp = —0.304
K/K =411 k=174.5 GeV
0.12193 0.91636 + 0.007657 3.97418 + 0.28339i sin? 613 = 0.0215
10%2 = | 0.91636 + 0.00765% 6.57246 —97.03846 + 1.65908i sin? 12 = 0.322
3.97418 4+ 0.28339¢ —97.03846 + 1.65908i 3.62771 sin? O3 = 0.4275

Masses

mi = 0.00732 eV
ma = 0.01135 eV
m3 = 0.05105 eV’
Am3, =752 x 107° eV?
Am3; =255 x 107 eV?
Sm, = 0.06972 eV
(mag) = 0.75 x 10 %V




FCNC

» As in MLRSM, ¢, mediates FCNC, my, > 10TeV

» Additional FCNC from quark couplings to w; 2 studied in
Babu et al [arXiv:1311.4101 [hep-ph]] which puts bounds
on couplings g that are satisfied for M, ~ 10TeV .

» Leptonic flavor changing processes are also consistent
with A masses near vg = 50 TeV

FCNC bounds on colored scalars

E. C. F. S. Fc

K. S. Babu and R. N. Mohapatra,
p-ph; K. S. Babu, P. S. Bhupal Dev,
nd R. N. Mohapatra, Phys. Rev. D




Comments and conclusion

» Leptonic PQ charges prevent proton decay

» lightest N ~ 0.1 TeV with the largest mixing V,x. ~ 107°

» Quasi-degenerate right handed neutrinos could lead to
leptogenesis

» Best-fit Z m, = 0.07eV can be tested in LSST and
EUCLID mission

» In conclusion, we provide a combination of left-right and
Peccei-Quinn symmetry to explain the flavor alignment of
quarks
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