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Flavor puzzle:

fermion masses, mixing & ('P

Observation of the masses:

3rd > 2nd > 1st

J
family symmetry: Zzz of the SU(2)r doublets

L1,Q1 — Lo, Qo — L3, Q3 — L1,Q;

U
m,,#(),mt#(),mb#()only
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Fig. 2 SUSY loop generation of the charged lepton
masses. Y and [, e° denote the neutral gauginos and
charged leptons.

ML, =
g —m
% e
B
Approximately it is
Y, MgV
ms
Taking rs/ms ~ 0.1, SM} g ~ O (MeV), which deter-

mines the electron mass. Note that the loop induced
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of the soft Z3;, violating terms. However, the roles of the
sneutrino VEVs and the loop effects are switched.[2] The
sneutrino VEVs contribute to the first generation quark

masses, and the loop effects to the charm and strange

quark masses. Under the family symmetry Zsp ., the three

1



e analytical expressions of m, and m, are obtained as,

VURuE+ R0E + 1R,

2 9
)a# Vil + v -

How Z3; breaks? For the leptons, we have noted:
sneutrino VEV v; # 0, LLE° = charged lep-
ton masses. (D.-S. Duand C L, 1993)

N2
(9201 ~ 100 MeV — too large!
7

But, m, ~

We will make M large.
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Phenomenology

CL and Z.-h. Zhao, 673 and the Higgs mass from high scale

supersymmetry,
Commun. Theor. Phys. 59 (2013) 467 (arXiv:1205.3849 [hep-ph]));

Y.-K. Lel and CL, Neutrino phenomenology of a high scale
supersymmetry model,

Commun. Theor. Phys. 71 (2019) 287 (arXiv:1808.10599 [hep-ph]).



Model construction

We proposed that supersymmetry (SUSY') can be the theory
underlying the fermion masses. It assumes a flavor symmetry. The
flavor symmetry is broken after the sneutrinos obtain nonvanishing
vacuum expectation values (VEVs). The flavor symmetry is Z3
cyclic among the three generation SU(2),; lepton doublets L1, L5
and L3.

The Zz invariant : 3.7 . L; and (L1Lo + Lols + L3ly)
Redefine lepton superfields:

1
L. = —— (L1 — L5),
o
— — (L1 + > — 2L3),
\/6(1 2 3)

1
— ﬁ(Z Lf).

The superpotential is then

W D yrly HyES + Lol (M ES + NuES) + fiHuHy (1)




Model construction

A heavy vector-like SU(2), triplet field T(T) needs to be
introduced so as to make the Higgs mass realistic.

This triplet field also contributes to neutrino masses.

In terms of the redefined fields, the flavor symmetric superpotential
relevant to the triplet T and T fields is

W D y”{!_ Ha} T + N{{Lele + L, L} T + N5{L,L;}T (2)
N{HgH YT + Ny {H,H, }T+ M+ TT

For Eq. (2) The mass parameters 1 and M+ are taken real, thus
H, and H, always have opposite phases, and so do 7 and T. AY s
real via rotating the phase of L., A} is real via rotating H, (or T),
v is real via ES, A, real via LcL,, rotating, and A, real via E;. In
such a phase convention, only y”, AY and A can be complex.




Sneutrino VEVs

The scalar potential relevant to the electroweak symmetry breaking

IS

V =(al* + mp )| hul® + (|2 + mp, )| hal?+

2 2
g-+ &g 7
LE(Jhul? — |hal? — TLT)?

A o L
+ (21l hal? + 2(hLT) (T hy) + 20K 1) (T ha)

—2ma%ﬁf)+(ﬁ%xﬁf)—(@;x%%n

1 y
+ (= mdahn + chxﬁf’ffﬁ + B, huhg + B,oh,l, +h.c.)

Field redefinition of hy and [, may remove phases of B, and
B, respectively.
the phases of mg, and off-diagonal terms of mzﬁ are still there

VEVs of the Higgs and the sneutrino fields are denoted as v,
;5;” VI efc?;?_




Neutrino masses

The sneutrino VEVs result in a nonvanishing neutrino mass,

R7E e2/9d1,
e/ (0145, ) +51;)

2i0+

V;M Vi e"(ﬁfﬁ

Vv p er

vy v e (%l +o) 7 Vv e

T

(4)

the superpotential (2) contributes following neutrino masses ,

Ay %21 0 0
0 AYe%1 0 (5)
0 0 A5

T he full neutrino mass matrix is

MY = MY + MY .




Neutrino mass

the neutrino masses in our model are

2
a !

1
MZ

32 / 2 2 AN
M—Z[Al + (v, + V@)m cos(dy, +4z)] .

2

a

v \/)\’22 + v,i’1 + 2)\’2v,2 cosdz.
2 T T

Finally, we obtain the unitary matrix U, which diagonalizes M",

m,, O 0

qﬂwwz—M~ 0 m, O (8)
Z \ 0 0 my

U, = 0,P!

with P being the pure phase matrix appearing in Eq.




Charged lepton masses
>

0 Ayv, e/l Ar Vi, e/l
M= (0 Nuv.ed% A\, el | (10)
0 0 YRV
It is standard to find the unitary matrix U; which diagonalizes
MIMIT
» |t can be expressed as

U = POy,

where _
el(s;u

P =

—VIe YT Vg ATy

... “sTr%d 0 K
V2 ,E+v ‘/ y2v3+|Ar 2(ve+v§u) . ”3"5”"7'2(":2.5*”@)

YT vy ATV,

2 2 v2 A |2 2 2,200 12,2 2
R er‘f'j“ 2 d+| 7| (V TV ) .Yq-""d‘f'| 7l (V;e‘f"'";”)
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Lepton mixing matrix

Ve — V), MIXING IS

Yy — Yy MIXing s

2\/; V,r V,f V-V

Vi i (v -|—A)\)\/y vi 4+ A2(v
Ar 1/Vf -I—VIr

\/y v+ AZ(v + v} )

Vi3 =




Lepton mixing matrix

Ve — I/ MIXING IS

Obviously, taking v, ~ 2v,_, Veo| is in agreement with data.

Vi 4+ Vi v,
Then |Ves| >~ | Ve, | ; . Choosing r ~ 3v}, it is easy to

get |Ve3| ~ 0.3|V,,|.




Lepton mixing matrix

» Obviously, taking v;, ~ 2y, | Veo| is in agreement with data

» The value of v,_ is taken to be larger and still in the natural
range, v, =~ 3v,

» Choosing A\ ~~ 0.3v§

> )\T\/v;#z + V.° = ¥r Vg, a smaller \; is more natural.




The important CP violation in neutrino oscillations is given through the invariant pa-

rameter J [13],

2uy, vy, v, (v — vf ’ )2 Aryrvg
(y2vg + N2 (vp + -uf“}) (vi + 'L'?F )2(vi + AN)

J ~ sin & ~ 0.04 sin 4,
(28)

§=—10

vq
0y, is expected to be large, namely |sind| ~ 0.1 — 1. This agrees with current preliminary

experimental results [15].




Further discussions

» the model is quite natural:
sneutrino VEVs results in a massive neutrino;
triplet field is originally for the realistic Higgs mass;
it also contributes to neutrino masses through a type-Ill seesaw
mechanism.
especially it gives a degeneracy of m,, and m,,.
In terms of parameters in the superpotential, we have
Ms ~ 3 x 101t GeV. My ~ (1 — 10)M35, and
AN's ~ (0.01 —0.1).

» there is a possibility of inverted neutrino mass hierarchy,
namely a very small m,,.
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Summary

CP violation in neutrino oscillation is large .

The effective Majorana neutrino mass in the neutrinoless
double beta decay is about 0.02 eV, it is within the detection
ability of future measurements.

f>3 is in the first octant.
The neutrino masses are in normal ordering.
The electron neutrino mass is about 0.02 V.

The sum of three neutrino masses is close to > m, ~ 0.1 eV.
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Abstract It is proposed that supersymmetry (SUSY) may be used to understand fermion mass hierarchies. A family
symmetry Zsy, is introduced, which is the cyclic symmetry among the three generation SU(2) doublets. SUSY breaks
at a high energy scale ~ 10! GeV. The electroweak energy scale ~ 100 GeV is unnaturally small. No additional global
svmmetry, like the R-parity, 1s imposed. The Yukawa couplings and R-parity violating couplings all take their natural
values, which are @(10(} ~ 10_2). Under the family symmetry, only the third generation charged fermions get their
masses. This family symmetry i1s broken in the soft SUSY breaking terms, which result in a hierarchical pattern of the
fermion masses. It turns out that for the charged leptons, the T mass is from the Higgs vacuum expectation value (VEV)
and the sneutrino VEVs, the muon mass is due to the sneutrino VEVs, and the electron gains its mass due to both Zsp,
and SUSY breaking. The large neutrino mixing are produced with neutralinos playving the partial role of right-handed
neutrinos. |Veg|, which is for ve-vy mixing, is expected to be about 0.1. For the quarks, the third generation masses are
from the Higes VEVSs, the second generation masses are from quantum corrections. and the down quark mass due to the
sneutrino VEVs. It explains me/ms. ms/me, Mg > m,. and so on. Other aspects of the model are discussed.

PACS numbers: 12.15.Ff. 11.30.Pb, 11.30.Hv
Key words: fermion mass, family symmetry, supersymmetry

1 Introduction symmetry breaks. Naively the symmetry breaking can

In elementarv particle phvsics. SUSYH! was proposed  be achieved by introducing family-dependent Higgs fields.



No. 6

Supersymmetry for Fermion Masses

1097

7 Summary

If SUSY is not for stabilizing the EW energy scale,
what is it used for in particle physics? In this paper, mo-
tivated by our previous works,[16:19:20] we have proposed
that SUSY is for flavor problems.
Z3y,. which is the cyclic symmetry among the three gener-
ation SU(2), doublets, is introduced. No additional global
symmetry, like the R-parity is imposed. SUSY breaks at
a high scale ~ 10! GeV. The EW energy scale ~ 100
GeV is unnaturally small from the point of view of the

A family symmetry

field theory. Under the family symmetry, only the third
generation fermions get to be massive after EW symmetry
breaking. This family symmetry is broken by soft SUSY
breaking terms. These terms contribute masses via loops
to the second generation quarks and the electron. Fur-

thermore they induce sneutrino VEVs which result in the
masses of the muon and the down quark. The neutrino
large mixing can be obtained. The KM mechanism of CP
violation is realized at low energies. A hierarchical pattern
of the lepton and quark masses are obtained. The Higgs
mass of this model is about 145 GeV. This point can be
tested in the future experiments at Tevatron and LHC. It
is expected that v.-; mixing is near to its experimental

limit.
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belng valld, Mmge /g siiould be smaller thian 1u- .

CP violation originates from the SUSY soft breaking
part. In general. there are several possible origins of CP
violation within the framework of SUSY. The first one
is the complex Yukawa couplings y; and gy, in Eq. (27),
from which, it is seen explicitly that their phases can
be absorbed by the redefinition of the quark fields. The
second possible origin is from the R-parity-violating cou-
plings A'’s. Their CP violation effect is suppressed by
the heavy squarks. As for the small down quark mass
terms (N )es and (MNvg, )ug, not only can most of their

phases be rotated away. but also they themselves are very

4 Effective Theory and Higgs Mass
The light Higgs is the following combination,

b=ty + aghy -+ ael + a#l* + aTl* (37)

where
g = —, (38)

oy = —,

The low-energy effective

and v = \/vﬁJrfuﬁJrEavfa.

theory ﬁs written as
Lo = Yrrlrh el + yupluhlel + yu L bl el
+ YerlehTe + yeplehTel, + y2Plohle
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a’ Ula Vig Tc
Mz
+ ycc qcct hC,B + y-CS qc hTSC _I_ mzh.i-jl

o Vg + Yyuqht® + ytb(i’thfb

- %(Mh)Q b, (39)

where the effective Yukawa couplings are

= /\TGE B
sarl

Yrr = Yrad n = )\pﬂ'e s Yur

significant. We put such a systematic analysis for future
works. Nevertheless, the Higgs mass should be discussed.
As far as this point is concerned, our model is the same as
that given in Ref. [13]. By taking tan 3 ~ m¢/mp, it was

shown!13] that
mp~ 145+ 7 GeV, (42)

where the uncertainty includes that of both m; and ag.
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