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Observations

SM flavor puzzle

@ Experimental observation on fermion masses
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deswe be

U -® Ce te
Vi —eieVaeY; en e Te
| ] ] 1 l | 1 | | 1
ueV meV eV keV MeV GeV TeV
@ Experimental data on CKM matrix
1-A?/2 A AN3(p—in)
Vekm = -\ 1—A?/2 AN? + O(A\*)
AN3(1—p—in) —AN? 1

with

A =0.225775 5010, A = 08147055, P = 0.1357 576, = 0.349 55,2
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@ Neutrino oscillation parameters

parameter best fit £10 20 30
AmZ, [10~%eV?] 759705 7.24-7.99 7.09-8.19
_ 2.4540.09 2.28-2.64 2.18-2.73
2 3 2
Amz [107°€VT]  (5341000) (517 254)  —(2.08 - 2.64)
sin0;, 0.31270:01 0.28-0.35 0.27-0.36
> 0.51+0.06 0.41-0.61
sin” Bz 0.52+0.06 0.42-0.61 0.39-0.64
Sin?6 0.021013:999 <0.027 <0.035
13 0.013+0:009 < 0.031 < 0.039

Schwetz, Tortola and Valle, New J.Phys.13:063004,2011,arXiv:1103.0734

@ The current data within 20 is well approximated by the so-called
tri-bimaximal mixing
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sin” 81578 = 3, SiN*By3.78 = 3 and sin’B13 75 = 0
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What is the origin of fermion
mass hierarchy and flavor
mixing? =—> We have to go

beyond the SM




Tri-bimaximal mixing and S4.

Lessons from the TB mixing

@ The light neutrino mass matrix in the charged lepton diagonal basis,
M\-)rB = U;B dlaqn’]\)l s mvz s rﬂ\)3 )U-ITB

4 —2 2 11 1 0 0 o0
MJB:ﬂ<—2 11 )+%(1 1 1)+%(0 1 —1>
6 \ 2 1 1 3 \1 11 2 \o 1 1
@ Symmetry of M, i.e., GT MIBG, = M]B

1 1 —2 =2 1 -1 2 2 1 0 O
lezf(—z -2 1 >7GV2:7< 2 -1 2 )7GV3:_(0 0 1)
3 —2 1 —2 3 2 2 -1 0 1 0

The symmetry of light neutrino mass matrix is Klein-Four K4 symmetry, G\%‘ =1and
Gy, Gy, = Gy, Gy, = Gy, withi #j #K.

@ Where does Klein-Four symmetry come from? — a flavor symmetry at high energy,
which should have 3-dimensional irreducible representation.
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Tri-bimaximal mixing and S4.

The minimal group producing TB mixing

N
2N

mym; diagonal UlgmUrp = (M) diag

@ Minimal means the order of the group is minimal.

@ The minimal symmetry of the charged lepton sector at low energy, G, = Z3

Generator:
10 O 1 0 O
T=| 0 w 0 or T=| 0 w? O
0 0 0 0 W

@ The flavor symmetry group should contain both the above G, = 75 and
symmetries as subgroup, the minimal group is ~ Sg.
(C.S.Lam,Phys.Rev.Lett.101:121602,2008)
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Tri-bimaximal mixing and S4.

Discrete group S4

@ Geometrically S, is the symmetry group of cube.

@ S, is the permutation group of 4 objects, it has 4!=24 elements. S, can be
generated by two basic permutations S and T given by
, Which obey the relation

§'=T%=18T’S=T

@ S, has 30 subgroups, its elements belong to 5 conjugate classes.
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Tri-bimaximal mixing and S4.
Representation of Sy
LIl (I
ali= e

1, 31 2 39 1o

@ S, has 5 irreducible representations: 11, 15, 2, 3; and 3,

1; S=1 T= o
_ (0 1 (W
—1 2w 207 1 0 O
31 S=%| 20 20? -1 T=(0 « 0
200 -1 2w 0 w

0
1, and 3, representations can be obtained from 1; and 31 by only
shifting the sign of S.

@ We have more alternatives to produce tri-bimaximal mixing. The
double representation can be used to extend the flavor symmetry to
the quark sector, 2 + 1 assignment for quarks.
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SUSY adjoint SU(5) model with S flavor symmetry

Adjoint SU(5) GUT

@ Matter fields: 5+ 10

c C
drc 0C Ug —léb —ur —d,
B dg —Ug 0 u, —u, —dp
~ C ~ Cc —_yC _ _
5 dg , 10 Ug u- 0 ug —dg
e Uy Up Ug o —e©
Ve /L d d dg e 0o /,

@ Higgs sector: Hy4, Hs and Hz break SU(5) gauge symmetry down to
standard model symmetry and subsequently into the residual
SU(3)c X U(1)em- Has and H,z are introduced to avoid the wrong relation

MJ = M.

@ Generating neutrino masses:
1) Type-I see-saw: introducing three right-handed neutrinos v; (Hagedorn
et al, JHEP 1006:048,2010)

2) Type-ll see-saw: His Higgs.
3)Type-1 +Type lll see-saw: introducing three adjoint fields A,

24 =(8,1,0)®(1.,2.0)®(3,2,—5/6) ®(3,2,5/6) @ (1.1.0)
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SUSY adjoint SU(5) model with S flavor symmetry

Structure of the model

@ The flavor symmetry is Sy X Z3 X Z4

Fields T3 (T2, T)T F A Hs Has Hg Hze Hoq X [ 4 ) n A £

su(5) 10 10 5 24 5 45 5 45 24 1 1 1 1 1 1 1
Sa T, 2 31 31 T, T, T, T, T, 31 2 1 31 2 31 T,
Z3 1 W 1 1 1 1 W 1 1 1 1 1 24 X4 W W
Zs T i = i T 1 T T T T | 1| 1 i i 7 i

U(1)r 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0

. T
@ We assign < -

2 ) ~ 2 and T3 ~ 1; to account for the heavy top mass. If
1

1

2

. T . .
we assign < T ) ~ 2, we obtain wrong relation me ~ my and my ~ ms.

T1Fy +ToF3 T1F, —TyF3
(TF)gy ~ | TiFs+T2F1 |, (TF)s, ~ | TiFs—T2F;
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SUSY adjoint SU(5) model with S flavor symmetry

Spontaneous breaking of flavor symmetry

Fields | X° ¢° ¢ p° A°
Sy 3, 2 3; 1 3
Z3 1 1 o | W W
Z4 il il 1 1 1

Ul | 2 2 2 2 2

@ Using the driving field method with the help of supersymmetry (Altarelli
and Feruglio, Nucl.Phys.B 741, 215 (2006))

(X) = < gg >, (9) = ( x$ ), (¢) = 0= breakss, to Klein four

@) @=(8) m-(8) @-vw

@ All the VEVs are of the same order of magnitude which is determined by
the observed fermion mass hierarchies and flavor mixings

AN AN A A A ¢
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SUSY adjoint SU(5) model with S flavor symmetry

Neutrino
The LO superpotential is

Wy = Yu(FA)1, Hs +A1(AA)3, X +A2(AA)20
then Dirac and Majorana neutrino mass matrices are

1 1 0 O V15 1 0 O
MC =Zyows( O 0 1 ), M2=2""yws( O 0 1
P3 2Yv 5<O ) Po 10Yv 5<O 1 O)

10
2)\1VX —)\1VX + )\2V¢ —)\lVX + )\2V¢
Mp’\)/lg = 7)\1VX + )\2V¢ 2)\1VX + )\2V¢ 7)\1VX
—)\1VX + )\2V¢ —)\1VX 2)\1VX + )\2V¢
M _ M
MPO - MP3
Light neutrino mass matrix is given by see-saw formula
D \T M\—1,,D
My = _(Mps) (Mps) Mo,
—a—b —a+b —a+b
5b(3a—b) 5b(3a—b) 5b(3a—b)
o —a+b —3a?—4ab+b?  —3a’+2ab—b? 2 2
- 5b(3a-b) ~ 5b(9a?—b?) 5b(9a2—b?) YvVs
—a+b —3a’+2ab—b?®  —3a’—4ab+b?
5b(3a—b) 5b(9a2—b?2) 5b(9a?—b?)

with a = Agvy and b = Apvy
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SUSY adjoint SU(5) model with S flavor symmetry

@ TB mixing is automatically guaranteed, U{gM,Urg = diag(my,m, m3)

1 -1 -1
™= b3 "2 20" " 3atb
in unit of 2y2vZ /5, this implies the neutrino mass sum rule
1 1 1
_t— =

2.5 Inverted hierach

Normal hierach;

.0
0.0C 0.0z 0.04 0.0€ 0.0¢ 0.1(
my (eV) m (eV)
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SUSY adjoint SU(5) model with Sy flavor symmetry

Up quarks
_ Yei (1) Yuyy Yut,
Wy = YtT3T3H5+z S TTOHs s+ 32 TTs((PX)sz—FAZ TT3(N$)2Hs
+%TT3WZH5+%TT3WH45
with

oW = {(e9)1,,(@9)2,(NN)1,, (NN)2}

0 0 €
My = 0 82V5 EVys
82V5 —E&Vys5 Vs

Mass hierarchy among up quarks is produced

mu:mczmtzs‘lzezzl%)\g:)\‘c‘:l

Gui-Jun Ding (USTC) SU(5)&S4 07-11-2011 15/23



SUSY adjoint SU(5) model with S flavor symmetry

Down quarks and charged leptons

Wo = TSR Qg+ Y (TF)a (AD), Hag + 22 (TF )3, AlHgg
+ Z Yo .F 0P Hg + Z /\' T4F 0(3)H45+_i%TF 0Hs+ ...
where |
0 = {x2@,x*n, ox@. dxXN, 2, X0, XnT, d@, ¢}
0®) = (@, ¢n, 2, A%, A%, AE?)
0 = {@X, @9, 4L, nex, n@h, 9L, n’x}

The mass matrices for down quarks and charged leptons are

Y115 \ yfhedvs yfs€3vs + 2yf§a3vﬁ
Mg = y21£ Vg 2y582z5 +ySHEVs y55€°Vs
2y5,€%Vz5 + 3’318 Vg y$E%vs Y$3EVs
yihEdvs y21£ Vg —By5eVas + Y5 €25
My = yir€vs —6y5,€? V45 + 3’228 Vg Y32€°V5
yf3s3v3—6yfés3vﬁ y55€%v5 Y$3EVs
SU(5)&S4 07-11-2011  16/23
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SUSY adjoint SU(5) model with S flavor symmetry

@ Relating down quarks to charged leptons

Mg :Ms:my ~Ae:AZ:1, me:my:mraAg:3A:1

@ Predictions for CKM matrix: we choose vzz ~ AcVz in order to reproduce
the Cabibbo mixing angle
1 O(:) ORA)
VCKM ~ O()\c) 1 O()\g)
O(A) oAl 1

@ Lepton mixing parameters
Ac
sinBy3 ~ —= ~2.97°
13 3\/5

1 2
. 2
Sin“01, — =| ~ =A
| 12 3| 9 [
1. A2
2 c
Sin“0y,3 — =| ~ =
| 2 2‘ 36
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SUSY adjoint SU(5) model with S flavor symmetry

Next to leading order(NLO) corrections

@ Leading order predictions are corrected by higher dimensional operators
whose contributions are suppressed by additional powers of 1/A
% Higher dimensional operators in the driving superpotential w, —-
revising the vacuum alignment
% Higher dimensional operators in the Yukawa superpotentials w,, w,,
and wyg—-modifying the Yukawa couplings after the electroweak and flavor
symmetry breaking

@ The subleading corrections have been studied in details. All observables
get a correction of relative order )\E, and the leading order predictions are
not spoiled.
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Phenomenological consequences

Phenomenological implications of the model

@ Lepton mixing angles

n Ding
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Phenomenological implications of the model

@ Neutrinoless double beta decay: |mee| = @ \/2 —

100

Im,,l(meV)

o1l

KATRIN

10° 10* 10° 10? 10"
m(eV)

@ Beta decay

2011 20/23




Phenomenological implications of the model

@ Sum of neutrino masses

T T T

CMB+HST+SN-la+BAO

CMB+HST+SN-la+BAO+Ly«a

0.1 . .

Im(eV)

KATRIN

0.01 L L

n Ding
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Summary

@ A SUSY SU(5) based on S4 x Z3 x Z, flavor symmetry is presented.
Three generations of adjoint matter field are introduced, neutrino masses
are generated via the combination of type-I and type-IIl see-saw
mechanism.

@ At leading order, S; symmetry is broken to Klein four symmetry in neutrino
sector, and neutrino mass matrix is exactly diagonalized by tri-bimaximal
mixing matrix, we obtain the neutrino mass sum rule . The
mixing of left-handed charged lepton results in corrections to the TB
mixing, well-known leptonic mixing sum rules are produced, 8,3 is
predicted to be close to 3°.

: T

@ We assign ( 2
T1

masses and CKM mixing matrix are produced.

) ~ 2 and T3 ~ 1;. The observed hierarchies of quark

@ The leading order predictions are stable under subleading corrections,
and the phenomenological implications of the model are analyzed.
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Thank you for your attention!
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