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Current experimental data on quark masses and its parameterizationsl

e [ he up type quark masses

my ~ 1.5— 3MeV
me ~ 1.16 — 1.34GeV
m; ~ 170.9.1 — 177.5GeV

e [ he down type quark masses

mg ~ 3—T7MeV
ms ~ 70— 120MeV
my ~ 4.13—4.27GeV

e Parameterization of the masses hierarchies in terms of A ~ 0.22(including
renormalization evolution)

mt:mc:muwli)\4:)\8
mb:msimdwl:)\Qi)\4
mt:mbrv1:>\3



Quark mixing and CKM matrixI

e Recent precise measurements(Babar and Belle) have greatly im-
proved the knowledge of the CKM matrix, the experimental con-
straints on the CKM mixing parameters are

- 0.97377 £0.00027  0.2257 +£0.0021  (4.31 £ 0.30) x 1073
VERMI~ [ 0.230+0.011 0.957 £0.095  (41.640.6) x 103
(7.4+0.8) x 1073 (40.6+2.7)x10°3 > 0.78at95% CL

e \Wolfenstein's parameterization of the CKM matrix to O(\%)

P A AXN3(p—in)
Vekm = Y _ /\—%2 AN2
AN3(1—p—in) —AX 1

where

B . +0.007
A= 0.2272 £+ 0.0010, A= 0.818_0.017

- 0.064 — 0.017
p=0.2217753s, 7=0.340737,
Therefore the magnitudes of the CKM matrix elements are
2 4
Vasl ~ X, [Vl ~ A2, [Vigl ~ A3, Vil ~ A



|Lepton mass hierarchies and neutrino mixingl

e Charged lepton mass hierarchies and its parameterization

me >~ 0.511MeV
my >~ 105.7MeV
m+ ~ 1777MeV
mT:77'L,,,J:mew1:)\2:)\4

e Current knowledge about neutrino mainly comes from neutrino
oscillation, and the neutrino mass spectrum can be normal hi-
erarchical, inverted hierarchical or degenerate. Best-fit values,
20 and 3o intervals for the three—flavour neutrino oscillation pa-
rameters from global data including solar, atmospheric, reactor
(KamLAND and CHOOZ) and accelerator (K2K and MINOS) ex-
periments (From T.Schwetz, arXiv:0710.5027 and G.L. Fogli et
al, arXiv:0806.2649.)



parameter pest fit 20 3o
%1[10 SeV2] 7.6 7.3-8.1 7.1-8.3

[10 SeVv?] | 2.4 2.1-2.7 2.0-2.8

sin 912 0.32 | 0.28-0.37 | 0.26—0.40
sin 923 0.50 | 0.38-0.63 | 0.34—0.67
sin2 613 0.007 | < 0.033 | < 0.050

e [ he current data within 1o is well approximated by the so-called
Tri-Bimaximal mixing
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TB mixing predicts sin2 012,TB = %, Sin2 023,TB = % and Sin2 (913’1-5 =
0. TB mixing seems to indicate an underlying symmetry.



|Fami|y symmetry, fermion mass hierarchies and flavor mixingl

e Family symmetry is a well-known mechanism to understanding the
hierarchies in fermion masses and flavor mixing, it assumes that
the patterns in fermion mass and flavor mixing come from certain
family symmetry between generations and its spontaneous broken.

e Many models with family symmetries gauged or global, continuous
or discrete, Abelian or non-Abelian, have been suggested so far.
E.g. U(2) flavor symmetry model by L.J. Hall et al successfully
accounts for the quark masses and CKM mixing angles.

e Discrete family symmetries(S3, S, and Ay etc) seem suitable to
produce the Tri-Bimaximal mixing in the lepton sector, especially
the Ay symmetry.

e It is challenging to build a family symmetry model,
which can naturally produce the masses and mixing
angles in both the quark and the lepton sectors.



|Short review on A; model by Altarelli and Feruglio I

e A, assignments of the matter fields

(i=1,2,3) —————_ 3
6C ,LLC TC ______ 1 1// 1/

e Flavon fields and A, spontaneous breaking

or ————{p7)x(1,0,0) — — — Z3 in the charged lepton sector
g ————{pg)x(1,1,1) — — — Z5 in the neutrino sector

e Mass matrices of charged lepton and neutrino at the leading order

e 0O O
My = vd'v_T( 5y o>
A 0 Ou Yr
> (a+2b/3 —b/3 —b/3
M, = 2| —p/3  2b/3 a—b/3
A —b/3 a—b/3 2b/3



e B mixing is derived naturally, and the subleading corrections

don’'t spoil the successful leading order results

2
UM, Upp = %diag(a 4 b a,—a-+b)

e (Challenge)If the same classification scheme in A, is extended
from leptons to quarks, the CKM matrix is a unit matrix at leading
order, and the non-leading corrections in the up and down quark
sector almost cancel in the mixing matrix. It seems difficult to
derive the observed quark mixing via A4 flavor symmetry.



‘Basic properties of T’ groupl

e Geometrically, T' are proper rotations leaving a regular tetrahedron
invariant in the SU(2) space.

e From group theory, T’ is the double cover of A4, which is the even
permutation of 4 objects, and the order of T’ is 24. It is by two
generators S and T with the multiplication rules

S4=T73=1, TS?=S°T, ST 18=TST

e Character table of the group T/, w is the third root of unity,

2711

l.e. w=e3 = —% —+ Z\/T§ C; are the classes of the group, °C;
is the order of the ith class, i.e. the number of distinct elements
contained in this class, °h¢. is the order of the elements A in the
class C;, i.e. the smallest integer (> 0) for which the equation
Ah¢ =1 holds.



Cq7 (> (3 (Csp (U Cg C7
°C; 1 1 6 4 4 4 4
oh(;z. 1 2 4 6 3 3 6}
1 1 1 1 1 1 1 1

17 11 1 1 w W W w®
17 1 1 1 w? W w? W

2 2 -2 0 1 -1 -1 ]

2/ 2 2 0 w —w?® —w w
ol 2 -2 0 w? —w —w® w
3 3 3 -1 0] 0] 0] 0]

e In addition to the singlet representations and triplet representa-
tion, T’ has three doublet representations. T’ can replicate the
success of A4 model building, and it allows us to treat the first
two generation quarks and the third generation quark differently.



SUSY model based on T ® Z3 ® Zg flavor symmetryl

e Symmetry of the model

SUB)e®@SUR);, U(1)y — — —— > gauge symmetry
T"® Z3® Z9g — — —— > global flavor symmetry

e Auxiliary symmetry Z3 and Zg
Z3 — — —— > distinguishing o1 from eg

Z9 — — —— > hierarchies in the fermion masses and mixring angles

e (MSSM)Matter fields and their transformation rules
Fields | ¢ e© e ¢ 1 Qp | U | D] Q3 t¢ b | hy g

T’ 3 1 17 1’ 2" | 2 | 2 1” 1’ 1’
2 o | o2 2 2 2D 2 2

84 o (@ o 87 (87 (@
Zg | 1] 1 | g |81 1 |1 |p
with a = exp[i27/3] and 8 = exp[i2n/9]
Comment: The above assignments are free from discrete anom-
aly(communication with C.Luhn. )
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Flavor symmetry spontaneous breaking I

Flavon fields which are responsible for flavor symmetry breaking,
and their transformation properties under the global flavor sym-
metry

Fields [or |og | &€ | ¢ 1 0 | 0 | A | & | x
77 1313 1 [27[1" [ 1 [ 1 [ 1[1
Zz |1 o o [T [ 1T [T 1T [ 1T [1
Zg | p | 1 1 || 8 | 8162 | 38° |8

The vacuum expectation values(VEV) of the flavon fields

(€) = ug, (€) = 0, (0= ulg, 0"y = u’e’,
<A> —un, <A> — ’L_LAa <X> — Uy

The magnitudes of VEVS

~ ~ Y1 2 TN
=== ==~ A [ = o]
N N N N N
where A is the cut off scale of the theory.
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Charged lepton sectorl

e T he leading order (%) Yukawa interactions responsible for the
charged lepton masses, which are invariant under the gauge sym-
metry of the standard model and the flavor symmetry T’®Z3®Zg

we = yee (L) A2 Hy /N3 + he1e(os) (psps) H/ N>

+heae(Lps) (s05) Ha/ N + heze(bpg) (psips) Hy/ N>
+heae(Lpg)E2Hy /N + y,1 1 (Ldd) Hy/ N + y,op (Log) A Hy /N2
Fhyap(or) (orer) Ha/ N2 + hyuon((Cor)s g (erer)sg) Ha/ A
+hu3p((Ler)s  (orer)sy) Hay/ N> + hyap(Corer) xHa/ N
+hsucCorer)0 Hy/ N> + hyeu(Corer)0" Hy/ N

+hy 7 (o) X? Hg/ N> + hyuguc(Lor) 00" Hy/ N> + hyouc(bor)x0 Hy/ N>
+hy 100 (Lpr)0"0" Hy/ N3 + hy11u°(Lor) ' x0" Hy/ N
+hp12u(Lor)"0'0 Hy/ N> + yrr¢(Loq) Hy/ N

e After electroweak(EW) symmetry breaking and flavor symmetry
breaking, the charged leptons obtain mass. The mass matrix is



a2 v v3 v3 ve

( Yz T UerS Yerd  Yers \

M€ = ” uhv? ﬁ ugUQ (OF

1ETA3 Yupz Ypr N3

K 0 O Yrn )

2
u .
where y, = 3(he1 + hep + hez) + he4v—§, Yy ~ yu1 + M%, Ype =
112 u’2

2 u u 2y

$hus + huoyX + hmo%‘fUT and yur = shye + hu11,< +h MIQUQ,UT-

e T he above charged lepton mass matrix M€ can be diagonalized
through biunitary transformation VRTM‘?VE = diag(me, my, mr), stan-

dard perturbation diagonalization procedure gives

yue“e”T . lel? lvsl® 3
Y vA A |yul? [v1[*A2 '

with s§, = (°F



The charged lepton masses are,

UA VT ()
me ~ |(Ye ﬁ3 +yé/\—§)vd|
vy
my —= |yup’0d\
(¥
mr = |?JT—TU|
A d

e Realistic hierarchies among the charged lepton masses are gener-
ated

/ 3 / 3
% -~ |@’UJA Ye Ye Vg | N )\4

S| o~ |
mr Yr N2 Yr ’UT/\2 Yr ’UT/\2




| Neutrino sectorI

e | he Yukawa interactions for the neutrino masses are

wy = (ye€ + §e) (L) huhu /N2 + ys (o5t huhu/ N +
Here the neutrino mass comes from 5-dimensional operators, and
the see-saw mechanism can be implemented as well.

e [ he neutrino mass matrix at the leading order is

2 v 2 V

Qyer + 5 3ys N —ZYSR —ZYSR >

— %ys /\ §USW YN — 3YSA A
Do b _ 4,98
—3YSA /\ YA 3yS /\ 3YSA

which is exactly diagonalized by the TB mixing matrix

(v
VET MYV = dwg(2yg— +2y57 ng% —2ye ¢ 42y S)

with V' = Urpg, and the neutrino mass spectrum IS normal hlerar—
chical



MNSP matrix and comparision with A, modeII

e The lepton mixing matrix(MNS matrix)

[ \/Z‘F\/L—:?Q \/1——\}—3?2 \%3?12\

f*\fsw BT T
1

. e 73 V2 )

MNS matrix deviates from the TB mixing pattern because of
the corrections from the charged lepton sector, which is of or-
der O()\3).

Vins = Vi TV =

e As for the lepton sector, the difference between our model and Ay
model are mainly in the symmetry broken chain and the origin of
mass hierarchies in the charged lepton.

Symmetry broken chain Source of mass hierarchies

Aa model Ay — Z3 — nothing FN mechanism

our model T" — nothing Zq




Quark sectorl

e Yukawa interactions in the up and down quark sector

wq = Yu1 (PrQLU)AHu/N + yu2((QLU)3(66)3) Hu/ N
+yu3(QLUC)/9”AHu/A2 + yu4(QL¢)”tcHu//\ + yu5Q3(UC¢)/HU//\
+y:Q3t°Hu + ya1 (p1Qr D) AH /N + y4o(QD)'0" AHy/N?
+v33(Qrd) b AH /AN + y3aQ3(D¢) AHy /N + +yp1 Qb AH /N
Q36 (o) ha/ N + yp3Q3b“X2ha/ N2 + ypaQ3b 0’0" /AZ...

e After electroweak and flavor symmetry breaking, quark acquire
mass
2 /!

unvr (Y u ’LLA V1
Wg = Yul— 5 vyt + iyyo /\lzfvucc + yu3—LL vy (uct — cu) + yuAXvuctC
v1 UAUT TATHN
Fyus— vutc” + Yottty — 57 vass” + yao 3\ vg(ds® — sd”)
UAV] UAV]
Y3 5 vast” + Yaa— 5 “ugbs® + be’UdbbC

2 2
with y, = yp1 + beUA/\ + yb3uA/\ + Ypa

“9“0
UA/\ )




|Textures of quark mass matricesl

u’e’uA

0 “Yu3 A2 0
MY = uguA UAV : v? v v
yu33\—2 Yul %QT + Z?/uQ/\_lQ yu5W1 “
v
0 yu4W1 Yt
u//’L_LA
; ( O”_ —Yd2 3\2 0 \
M — UgU N\ UAV UAV v
Yi2—ho  Ydl—Azs  Yaa Nz | @
0 upvl upa
K Yd3 A2 YA )

e [ he above mass matrices exactly have the same textures as those
in the well-known U(2) flavor model.



e Predictions for quark masses

2
Y3yt U

(1Yu2Yt — YuaYus)viN2
yu4yu5>
yr N

my o |ytvu| ~ vy,

"2 =
| yd2u9 un

yd1”UT/\2
UAVT
/\2

YN 3
my, ~ |beUd| ~AT Vg

Uu| ~ )\8'Uu

My, 2 |

me 2 [(1yy2 — > u|N>\ Uy

mg ™ vl ~A v

’Ud‘ N)\5vd

ms ~ |Yq1

with tan g = % ~ 1



e Predictions for the CKM matrix
Vud_Vcsg‘/tb:l

/!
Yd2 ue Yu3YtUgu
Vi~ Vg~ — — 5~ A
Ya1 v  (CYu2¥t — YudaYus) V7
v
Yb yr = N
- Yu3yt (Va3 yu4)U’9’uA n Yd2Yga UgUAYT 4
b —
Y Wu2Vt — YudYus5 Y Yt VIN ypl?2 ua?

1 /=
Yd2 ,Yd3 Yud |\ UgV1 yd29d4U9uAU1 3
Vig = —=—=(— — —) ~ A

Yql Yp Yyt v [yp|2 ua?

e TwO interesting relations between the quark masses and CKM
elements



Vacuum alignmentl

e Following Altarelli and Feruglio, we exploit a global continuous
U(1l)r symmetry to simplify the vacuum alignment problem. 41
R-charge is assigned to the matter fields, and O R-charge to the
Higgs and flavon supermultiplets. Driving fields carrying +2 R-
charge are introduced.

Fields | ot | pd | €70 | oft | 0" | AR | AR | R
" 3 [ 3 [ 1 [ 2" 17 1 1 1
Zz |1 | a | « | | 1 1 1
Zg (p°1 1] 1 | g2 | B" | g" | B> | B

e At the leading order, the superpotential depending on the driving
fields is

wy = g1(Fdd) + g2(efer) A + g3(670)x + 94(1d" D) + g5x X
+96x70'0" + grx" (orer) + 980102 + 990”0 x + 9100 (oreT)
+MAAEA + 911 A8X2 4+ g1o AR + g3 (orer) + MAARA
+91aAA% + g15(pwsps) + 916(5Ps)E 4+ 9176 (Psps) + 9186767
+g10¢THEE + gooelie?



e [ he scalar potential of the model is
ow
V= Z\ "’|2+Zm§i|sz-|2+
i

e T he driving fields have zero VEV. In the SUSY I|limit, the mini-
mization is

ow .
}; = ig1¢% + gopr1A =0
0
890T1
w .
RU = (1 —1i)g161¢2 + gop73A =0
0
890T2
w
}; = g16% + g2 A =0
19,
gm
w .
(%}% = g3¢2x t g4(pr162 — (1 — Dpr3$1) =0
1
ow |
(%}g = —g3¢1x + ga(er161 + (1 + Dprapa) =0
2
Owy

N g95x°> + 960'0" + g7(71 + 2010073) =0



989" + 990'x + 910(¥F3 + 2p119072) =0

MAA + g11x% + 9120'0" + 913(¢71 + 2972073) =0

MAA —|— g14A2 =0

2 -
5915(90%1 — 2p50¢53) + 9169051 = O
2 5 ..
5915(9052 — pg1ps2) + 916536 = 0O
2

5915@%3 — p51952) + 9160526 = 0O

917(921 + 2052053) + 91862 + g19€ + gop€? = 0O



e [ hese sets of equations admit the solutions

(x) = Uy
(9397 + 9795)gs
<(9/> = u/(g:_[ 3 2 24 ]1/3UX
949699
(9397 +g 295)99
(0") = uf = [Ty AR By,
949698
(A) = up =73 5(97912 — 96913) -|- 97(g5912 — geg11) %
9496 MA
(A) = @ip = [95(97912 — 96913) + 92 (95912 — 96911)1°914 uy
9496 AMA
(¢) = (v1,0),
by — (7,9293[93 (97912 — 96913) + 97 (95912 — 96911)])1/2M—1/2 3/2
919496
. g3 -
(o) = (v7,0,0) with vp = &ux, (§) =0, (&) = ug
gi18
(ps) = (vg,vg,v8),  vg=(— )12y

3917



|Corrections to the leading order predictionsl

e [ wo sources of corrections to the leading order results

1. Higher dimensional operators in the driving superpotential wy—
-revising the vacuum alignment

2. Higher dimensional operators in the Yukawa superpotentials
we, Wy, wqy, aNd wy—modifying the Yukawa couplings after the elec-
troweak and flavor symmetry breaking

e [ he subleading corrections have been studied in details. All ob-
servables get a correction of order 1/A, and the leading order
predictions are not spoiled.



|Testing this model experimentally(in progress)l

e The most promising are the FCNC(flavor changing neutral cur-
rent) processes, such as lepton flavor violation y — ey and u —e

conversion in atom, electric dipole moments of the electron and
neutron, proton decay and so on.

e T he constraints and the implication form leptogenesis.



|Summary|

e A SUSY model based on T ® Z3 ® Zg is built.

e TB mixing with small corrections is derived naturally, and the
correct pattern in the charged lepton masses are generated. In
the charged lepton sector, T’ is broken completely at the leading
order, and it is broken to Z4 in the neutrino sector

e [ he up type quark and down type quark mass matrices have the
same textures as the U(2) flavor theory at the leading order, re-
alistic hierarchies in quark masses and CKM matrix elements are
produced.



Thank youl



