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Introduction

The origin of fermion masses and mixings is not explained by the SM.
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The S3 group has three irreducible representations: 1, 1’ and 2. Denoting
the basis vectors for two Sz doublets as (xi, xz)T and (yl,yg)T and y’ a
non trivial S3 singlet, the S3 multiplication rules are (Ishimori, et al, Prog.
Theor. Phys. Suppl 2010):

(n) ®<yq> = (a1 +xey2); + (x1y2 — xey1)y
2 2

X2 2
< X2}/2—X1}/1 ) (1)
x1y2 +xoy1 ),
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A S3 x Zg flavor model

The S3 symmetry is assumed to be softly broken whereas the Zg discrete
group is broken at the scale vy.

o~ (11), 1= 1(11,172)~ (2,6’%) ,ox~ (1, =), (3)

mi(3—j) mi(3—k)
qiL ~ (1,67 31), UkRN(llye (Zk), usr ~(1,1),

dir ~ (1’,e"“3’”), /jLN (1" 3”), /jR~(1’,e@),
) ()

BY ~ (2,(”7’), (2e4) =123,

E) ~ (2e7%). B~ (26%),

Vkp ~ <1’,e‘ﬂ7>, k=1,2. (4)

We use the S3 discrete group since it is the smallest non-Abelian group,
having a doublet and two singlets as irreducible representations.
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3 3 3—j
_ X
j=1 k=
3 3 y 3—k
LYY (80), dory
j=1k=1
3
+ Z y,EB) <§(Lk)B,(?k)) X+ h.c. (5)
k?l 3 3—j
ey 7. (k) X
o= J; k;lyjk liLg <ER 17)1 A4
3 3 - 3—k
+ Y YK (E(Lj)ﬂ)l, kR AT
Jj=1lk=1
3 L ;
+ Y (BVEY) x (6)
k=1
where | set
vy = AA, A = 0.225. (7)
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Fermion masses and mixing.

The charged fermion mass matrices are:

€11 313 Y13 v
o= e B i | e

S W
d,l dl d,l
5(11 24 8(12 23 5(13 22 y

Mp, = a3 gldhp2 () 7
d,l d,l d,l
5(31 A2 8(32 ‘A “5(33 )

where the dimensionless parameters ej(.,f) (U, k=1,2,3) with f = u,d, ],
are generated at one loop level. The invariance of charged exotic fermion
Yukawa interactions under the cyclic symmetry requires to consider the Zg
instead of the Z; discrete symmetry.
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The light active neutrino mass matrix is:

w2 WiWs cos @ Wy Wscos (¢ — 0)
M, = W1 W5 cos ¢ W22 W> W3 cos o ,
WiWscos (¢ — ) WoWjscoso 4
V_V>- Ajlm Aj2\/m A = /\3—1 (v)
o= 6473A | 6473A = s \f

cosp = M cos ) = Wl W cos W W
S 1 7 e A

[uy

where the dimensionless parameters fs(v) (s =1,2) are generated at three
loop level.
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A S3 x Z, flavor model

The fermion mass hierarchy is explained by a sequential loop suppression,
so that the masses are generated according to:

t-quark —  tree-level mass from ajL$U3R, (9)

b,c, T,y — I-loop mass; tree-level (10)
suppressed by a symmetry.

s,u,d, e — 2-loop mass; tree-level & 1-loop (11)
suppressed by a symmetry.

Vi — 4-loop mass; tree-level & lower loops (12)

suppressed by a symmetry.
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The mass matrices My p of up and down quarks, M, ,, of charged leptons
and light active neutrinos
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v (BRR)s e (BEd)s
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their entries are generated at different loop-levels:

(u)
Ki3 — tree-level (13)
(u) (d) () ()
€ €3 €3, €3 1-loop-level (14)
(1) ~(d) ~(d) ~(0)
€161 .60, &1 — 2-loop-level (15)
(v)
€y — Aloop-level, (16)
where j, k=1,2,3.
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The S3 X Z> discrete group is assumed to be softly broken.
p~(L1),  o=(m)~@21), gp~(L-1), (1)

umR (1/, —1) ) UupRr ~ (1/, 1) , Usr ~~ (1, 1) ,
1), dr~(1,-1), dr~(11),

dir ~ (
hg ~ (1,-1), hr~(1,1), hr~(11),
(

gr ~ (L1), L~(11), j=123 ve=(1,-1), s=12
TL = ( ) (2 ]_) TR = (TlR: TQR) ~ (2, ].),
T, = ) (2,1), Tr= (ﬂR, TQR) ~(2,-1),

(
By = (Bi, Bo)~ (2 1) Br = (Bir, Bor) ~ (2,1),
E = < L:E2L> , Er= (E1R1E2R> ~(2-1),

- (.80 ~ . B - (BR.EY) ~ 2.

(= ()~ @y, - () ~ @y, (o

n.l
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3 _
—Eg) = X:lyj()lju,b <ERU>1%+X1(I) (ELU> R~
J:
5 & ) ) 1 0 (E
+Z;Zlyjs lip (ER 0)1A+k2121xk5 (EL )1 ke
j=1s= ==
(E) (£(5) =(5)
+ A (ECER)) o+ he.
3 2 2
—EE;/) = Z Z)/j(sV)/jL(FﬁVsRW_‘_ Z msﬁsRV5-?+h-C'
j=1s=1 s=1

. = ~ 2 (s ?(S)N s - = ~
Liq=mr (TLTR)I +y my (BL B}Q) + e (ELER>1 + h.c., (19)
1

Ly p = Ui20102 (20)

Antonio Enrique Carcamo Hernandez (UTFSITwo viable models of SM fermion mass gener 09/09 16 / 28



2
Yb vV U1
~ fi 21
mp 16”2 1Ay P2 (21)
.ys v

~ 5f— 22
ms (1670 ) M A3 Hi2, (22)

Assuming y; 2fi ~ y2f ~ 1 and pu1p ~ M, we find a rough estimate
A ~ 10v ~ 2.5TeV (23)

for the correct order of magnitude of m;, and ms;.

Antonio Enrique Carcamo Hernandez (UTFSITwo viable models of SM fermion mass gener 09/09 17 / 28



Model Phenomenology.

12pSv Bi+vi  BiBa+mir2 BiBz+ s
M, = ) B1B2 + 1172 .3% + 'Y% B2B3 + Y23 )
(16712)* A8
T B1B3 + 1173 B2P3+ 7273 B3+ 73
- WY ) — WY W —19 o
Bs Ys1 m L Vs 2 2 s ’ 4 (24)

~

2
(y(V)> f(V)L‘uiygv
(16712)*  ms A®

v

Assuming (y(")>2 FW) o, Wy ~ Po ~ ms ~ - A and taking

A = 2.5TeV from the quark sector (23) we find for & ~ 1 the light
neutrino mass scale m, ~ 1eV, which is too heavy. Assuming, for instance,
« = 0.3 we arrive at the correct neutrino mass scale m, ~ 50 meV. We
expect a typical mass scale for all the non-SM particles — the 7-DM
candidate, in particular, — to be mpon v ~ my ~a - A ~ 750 GeV.
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The only possible decay modes of # are

n = 12 ar1itir, 012 T1R 2RUiL, 0'1,2§2(?1LdkRv 0'1,2§1(7?)'2RdiL,
01,2E2L,1L/1R' 01,2E1R,2ReiL, 01202V VsR (26)
withs,k=1,2and i=1,2,3.

We assume that our DM candidate # annihilates mainly into WW, ZZ, tt,
bb and hh. We take /\h2,72 =1,1.2,1.5 (from top to bottom, respectively).
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Conclusions

For the S3 x Zg flavor model:
@ The top quark and the exotic fermions acquire tree level masses.
@ The remaining charged fermions and the light active neutrinos get
one and three loop level masses, respectively.
@ The breaking of Zg generates the non SM fermion masses as well as
the observed pattern of SM fermion masses and mixings
@ The preserved S3 allows for natural dark matter candidates.
For the S3 x Z, flavor model:
@ The SM fermion mass hierarchy is generated by the loops.
@ We model cutoff scale is A ~ 2.5 TeV, from the 1- and 2-loop quark
masses.
@ The model predicts one massless and two non-zero mass neutrinos.
@ We hinted that the mass scale of the non-SM particles of our model
are of the order of 1 TeV.
@ The model possesses DM particle candidates. We found that one of
them, the SM-singlet scalar # lighter than the other non-SM scalars,
could be a viable DM particle.
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Since the dimensionless parameters E(k) (U, k=1,2,3) with f = u,d, I, are

() (f)

generated at one loop level, | set €y = A A3, In addition, | adopt the
benchmark:

() _ _(u) (u) _ (u) (u) _ ()

dip = a9’ 31" = Y13°» a3 = Yo3
A [d]en A =[] e )
N 0 ) P C )

The best fit values are:

aY ~ 058, alt) ~ 219, alt) ~ 0.67,
Y ~ 0.0, alt) ~0.83, a\?) ~ 1.06,
a9 ~ 053, a\9 ~1.07, a9 ~1.03 (28)

ad) ~ 136, aly ~135 1 ~056°, T, 464°
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Observable

Model value

Experimental value

my(MeV) 1.44 1.4510-20
m.(MeV) | 656 635 + 86
m;(GeV) 177.1 1721+06+0.9
my(MeV) | 2.9 2.9702
ms(MeV) 57.7 57.77128
my(GeV) 2.82 2.827007

sin 017 0.225 0.225

sin 03 0.0412 0.0412

sin 013 0.00351 0.00351

5 64° 68°
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In the concerning to the charged lepton sector, | adopt the benchmark

aJ(.L) = af(l)é-k, so that the charged lepton masses take the form:

me = agl))ﬂL, my = agl))\5L me = a(l))\3L.

V2 V2’

The best-fit values are:

0=¢/2 ~ 3873°, W,~—0063eVz, W,~0.18eV?,
0.15eVZ,  for NH

W3 ~
A"~ 01, & ~102 A ~08s, (29)
0 ~ 162.26°, @~79.44°, W, ~022eVz,

Wo ~ 0.15eV2, Ws~0.17eV2, for IH
0.1, ay)~102 ai ~o088 (30)

12
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Observable Model value | Experimental value
me(MeV) 0.487 0.487
m;,(MeV) 102.8 102.8 +0.0003
m(GeV) 1.75 1.75 £ 0.0003
Am3,(107%eV?) (NH) | 7.22 7.6070 1
Am3,(1073eV?) (NH) | 250 248705
sin® 012 (NH) 0.334 0.323+0.016
sin® 03 (NH) 0.567 0.567 9032
sin® 013 (NH) 0.0228 0.0234 £ 0.0020
Am3,(10~%eV?) (IH) 7.60 7.6070 13
Am?,(1073eV?) (IH) | 2.48 2.48755
sin” 012 (IH) 0.323 0.3234+0.016
sin” 03 (IH) 0.573 0.57375023
sin” 013 (IH) 0.0240 0.0240 +0.0019

Table: Model and experimental values of the charged lepton masses, neutrino
mass squared splittings and leptonic mixing parameters for the normal (NH) and

inverted (IH) mass hierarchies.
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For the second model, we adopt the benchmark:

gl o= AU ey =pat B =g
g = Gae fD a3 =123, (31)
The best fit values are:

A"~ 217, al") ~1.01, al") ~0.51, b ~ 1,63,
by~ 0.40, b ~ 245, il = (W =« ~ 057,
ol ~ —204—460x10% al?) ~1.20—4.88 x 1073,
bl ~ —017-1.08x 1073, by ~ —1.60 —1.14 x 1073},
'~ —081-378x1073, ) ~ —0.86+151 %103,
al) ~ 081-442x107%, b{!) ~1.95 -1.03 x 1073,
A~ 0784227 x1073 (32)
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Observable | Model value | Experimental value
m,(MeV) | 137 1.457020
mc(MeV) 652 635 + 86
m;(GeV) 172 1721+0.6+0.9
myg(MeV) | 2.9 29752
ms(MeV) 57.7 57.771%8
my(GeV) 2.82 2.82700%
sin 012 0.22536 0.22536 + 0.00061
sin 623 0.0414 0.0414 +0.0012
sin 013 0.00355 0.00355 £ 0.00015
) 68° 68°

Table: Model and experimental values of the quark masses and CKM parameters.
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