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Main goal of this BSM is to account for the hierarchy of fermion
masses

mg>>me>my , Mp>Ms>Mg , My >>M, > Me



MODEL WITH LOCAL SU(3) FAMILY SYMMETRY

The global symmetry in limit of all quarks and leptons
massless, including R-handed neutrinos:

SU(3)q, ® SU(3)us ® SU(3) gy ® SU(3);, ® SU(3).,, @ SU(3)es,

D SU(3) g, +up+da+i+eqtva = SU(3)

SU(3) : Gauged Family Symmetry

Completely vector-like and universal. That is, couple
equally to Left and Right Handed quarks and leptons

G=SU(3)® Gsy "GAUGE GROUP"
Gsy = SU(3)¢c ® SU(2). ® U(1)y : Standard Model Group



MODEL WITH LOCAL SU(3) FAMILY SYMMETRY
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Standard model fermions
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All SM fermions transform as the fundamental representation
under the SU(3) family symmetry.



MODEL WITH LOCAL SU(3) FAMILY SYMMETRY
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EXTRA FERMIONS: SU(2), SINGLETS

Demanding the model to be theoretical consistent: Gauge
Invariance & Anomaly Free

Anomaly conditions:
[SUE)® ., [SU(2)]? SU(3), [U(1)]* SU(3)
Veg
Right Handed Neutrinos: V7 = (3,1,1,0)g = | vy
Vrg
So, in this scenario Right Handed Neutrinos are needed to
cancel Anomalies



MODEL WITH LOCAL SU(3) FAMILY SYMMETRY
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7t,8, [0?77—,87V

ILint,su(3) = %H (Forut? — 2u18) ZY'
t = IH (f1 Vulf + fQO’VMfZ 2’?7117‘3?) Zg

2V3

+ I8 (P 10V + POy, 1Y + oy £V + hoc)

f

where gy is the SU(3) coupling constant, Z;, Z, and
Y,.jE ,i=1,2,3,j=1,2 are the eight gauge bosons.



MODEL WITH LOCAL SU(3) FAMILY SYMMETRY
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FERMION CONTENT

We would like to be consistent with low energy Standard
Model(SM) and simultaneously generate and account for
the hierarchy of quark and lepton masses and mixing

SU(3) X GSM — GSM — SU(S)C X U(1)Q

SM fermions SM fermions
remain massless become massive
(PDG known values)

Previous features of this BSM, all together, define the
required scalars, V.E.V’s, and additional vector-like
fermions



MODEL WITH LOCAL SU(3) FAMILY SYMMETRY
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NEW SET OF SU(2), WEAK SINGLET VECTOR-LIKE
FERMIONS:

A completely Sterile Neutrino: NP, NZ =(1,1,1,0) ,

Vector Like quarks:
°.U%=(1,3,1,5) , D?.D%=(1,31,-2)

and a Vector Like electron: EP Eg=(1,1,1,-2)

@ These new vector-like fermions do not spoil previous
Anomaly Cancelation

@ They are introduced to generate the top, bottom, and
tau masses at tree level from Dirac See-saw
mechanism



MODEL WITH LOCAL SU(3) FAMILY SYMMETRY
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The transformation of these vector-like fermions allows the
mass invariant mass terms

My Uf Ug + Mp Df Dg + Mg Ef Eg + h.c.
and

mp NP Ng + my Nf (NP)® + mg N3 (N3)¢ + h.c



SU(3) FAMILY SYMMETRY BREAKING

Scalars introduced to break symmetries:

. SU3):

o o]

TI21 31

772:(3>171>0): 7732 >773:(3a1>170): ng
o (o]

Tl23 Tl33

with VEV’s:
0 0
(n2) = (/\2) , (m3) = (0)
0 A

SUB) x Gey 2% SUR)x Gsy 22  Gem

As: 5 very heavy boson masses (> 100 TeV’s)
NAo: 3 heavy boson masses (a few TeV’s)



SU(3) FAMILY SYMMETRY BREAKING

The above scalar fields and VEV’s break completely the SU(3)
family symmetry, generating the mass terms

g2 A2 2 A2 2
o () TRV +vivo)+ B2+ F -2z
. g"%’al\g YYD L YTYD 2 n2Z
® (13) : (Y2 Yy + Y5 Y )+ onNsF

To suppress properly FCNC like, for instance: ;. — e,
uw— eee, K° — Ko, it is relevant which gauge bosons are
heavy, and which ones are very heavy



SU(3) FAMILY SYMMETRY BREAKING

SU(3) GAUGE BOSON MASSES:

Neglecting tiny contributions from electroweak symmetry
breaking

_ . _ 1
M YYD+ M YS Yy + (M + M) Y'Yy + oM 27

1 M5+ 4M5 1,22

53 222—51\//2%2122
Mgzg : Mgzﬁ
| Z Z
z | M %

Table: Z; — Z, mixing mass matrix



SU(3) FAMILY SYMMETRY BREAKING

From the diagonalization of the Z; — Z» squared mass matrix:

2
M2 = 3 (MS + M — \/(M§ — M2)2 + M22M§)

2
ME =72 (MS + M+ \/(/\//32 — M2)2 4 M22M§)

+

2 2
M3 Y Y + MEYS Yy + (M5 + M5) Ys Yy + M2 Z L

2 T2
Zy\ _ [cos¢ —sing\ (Z-
Z>)  \sing cos¢ Z.
2
cos¢sin¢>:ﬁ M.

4 Mg v - )

where

with the hierarchy M;, Mo > M.



ELECTROWEAK SYMMETRY BREA

Il. Electroweak symmetry breaking: In this scenario we
introduce two triplets of SU(2), Higgs doublets:
U =(3,1,2,-1),09 = (3,1,2,+1), explicitly:

(%), )




ELECTROWEAK SYMMETRY BREA

ELECTROWEAK SYMMETRY BREAKING

with the VEV's:
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ELECTROWEAK SYMMETRY BREA

Contribute to the W and Z boson masses:

8
I gPanz, (- v, - v+ v5d>z1

+(V12u+ V22u_2V3?u Vd V2d+2V3d) \/*

2 2
%(v + Vi) WHw- +M(V5+ v3) Z2
1

B \

Y4+ Yo Y4+ Yy
+2 (ViyVay — VidVaq) # +2(ViyVau — V1dVad) %
YI+Y;
+2 (Vo Vay — Vog V- 33]
( 2uV3u 2d 3d) \/E

+ tiny contributions to the SU(3) gauge boson masses

2 _ 2 2 2
V2= V2 + V3 + Ve, V3 =V3 + V3, + V3. Hence, if we define

My = Eg v, we may write v = /2 + v3 =~ 246 GeV.



Tree Level: Charged fermion masses:

Now we describe briefly the procedure to get the masses for
quarks and leptons up to one loop corrections.

Before "Electroweak Symmetry Breaking"(EWSB) all ordinary,
"Standard Model"(SM) fermions remain massless, and the
quarks and leptons global symmetry is:

SU(3)q, ® SU(3)y, ® SU(3)g, ® SU(3), ® SU(3),, ® SU(3)es

h? ®9 ES + ha 98 me EP + h398ns EP + MEP ES + h.c
where M is a free mass parameter (M Ef ES is gauge
invariant), h, hy, ho and hs are Yukawa coupling constants.
u-quarks and neutrinos coupled only to oY

d-quarks and charged leptons couple only to ®¢



Dirac See-saw mechanisms

In the gauge basis z/JﬂRT
read as ¢{ M)$ + h.c, where

= (€% u°,7° E®)L R, the mass terms

_len wp T8 Ej
e 0 0 0 hvy
w0 0 0 hvg
?l0 0 0 hvy
EP| 0 hohy hghg Mg

Table: Tree level Dirac mass matrix M?°



Notice that M° has the same structure of a See-saw mass
matrix, here for Dirac fermion masses. So, we call M° a "Dirac
See-saw" mass matrix. M?© is diagonalized by applying a
biunitary transformation o7 p = VP x1,5-

Ve mOMOT VP = V3T MOT M® V8 = Diag(0,0, A2, )

VET M® V§ = Diag(0,0, — X3, As)

where A3 and )7 are the nonzero eigenvalues, A4 being the
fourth heavy fermion mass, and A5 of the order of the top,
bottom and tau mass for u, d and e fermions, respectively.



Tree level Dirac and Majorana Neutrino masses

Tree level Dirac Neutrino masses

hDW¢U N"% =+ hl,g\lligﬁng NE =+ hl,3\|/73R773 Nf =+ mDWfNE + h.c

hp, hy, ho, and h; are Yukawa couplings, and mp a Dirac type
invariant neutrino mass for the sterile neutrino N 5. After electroweak
symmetry breaking, we obtain in the interaction basis

W = (18, V8,12, N°). g, the mass terms

~0 ~0 ~0 0
hD [VU1 Vel + Ve VNL + Vu3 VTL] NFi'

+ [h2 N2 735 + hus A3 225] NP + mp NP N§ + h.c.



Tree level Dirac and Majorana Neutrino masses

VeR VﬁR VR Ng
20 0 0 hp vy
oo 0 hpve
v | 0 0 0 hp vy3
NP | O hohy hgahs  mp

Table: Tree level Dirac mass terms mj v vjp



Tree level Dirac and Majorana Neutrino masses

Tree level Majorana masses:

Since N} p are completely sterile neutrinos, we may also write
the left and right handed Majorana type couplings

h WP OU(ND)e  +  my NP (NP)C + h.c
and

h2r Vo 02 (NR)° + hsrWons (NR)° + mga Nj (NR)° + h.c.

respectively. After spontaneous symmetry breaking, we also
get the left handed and right handed Majorana mass terms

he [Vu1 5& + Vo ﬁzL + Vi3 ﬁgl_] (NDYYE + my Nf (ND)¢

+ [hg;q/\g 53,:;4—/73,:;/\3 ﬁgg] (N,%)C + mgp N,% (N,%)°+h.c.



Tree level Dirac and Majorana Neutrino masses

v VZL v NP
l/gL 0 0 0 hL Vut
I/Z L 0 0 0 hL 7]
vo, 0 0 0 hevys
NP | hovn hevie Bpvgs my

Table: Tree level L-handed Majorana mass terms mj; 77 (v7)°

VeR v ZR v2p N
v | 0 0 0 0
vop | 0 0 0 hops
Wh | 0 0 0 hphg
NS | 0  hmhe hsghs  mg

Table: Tree level R-handed Majorana mass terms mj; v, (u;,’;,)T



Tree level Dirac and Majorana Neutrino masses

_ (vg)®  (p)®  (2)° (NP wvep  vim V7R Ng

vy 0 0 0 hy Vi 0 0 0 hpVy1
ﬁ 0 0 0 hive 0O 0 0 hpVio
Vo, 0 0 0 hivis 0O 0 0 hpVis

N7 hivin heve hpvgs myg 0 ha/\2 haAz Mp

W) | o0 0 0 0 0 0 0 0
W 0 0 0 hoAo 0 0 0 hors
(v2g)° 0 0 0 hs/g 0 0 0 hsris
(Ng)e | hovur  hpvie  hpvys Mp 0  hopM2 h3pAs mg

Table: Tree Level Majorana masses



Tree level Dirac and Majorana Neutrino masses

Thus, in the basis

T
el = (e, vo vo NEL (8R)°. (v8R)° . (vER)°. (NB)° ).
the Generic 8 x 8 tree level Majorana mass matrix for neutrinos
M¢, from Table 24, WS M9 (V9)¢ + h.c., read

0 0 0 oo O O 0 a

0 0 0 a O O O &

0 0 0 a3 0 O O a3

MO — ay as az mpg 0 b bz mp
v 0O 0 0 O O 0O O o
0O 0 0 b O O 0 5B

0 0 0 by 0 0 0 f

a a a mp 0 B 3 Mg



Tree level Dirac and Majorana Neutrino masses

Diagonalization of MP yields four zero eigenvalues (five zero
mass eigenvalues also possible if ab = a8 ), associated to the

neutrino fields: ap = /&% + a3

82 L0 a1 L0 as as 0 ao az 0 ap 0
ap Vel — ap YuL apa el apa ul a Vel
o bs o bo o)

Ver > b ViR — b ViR

b= /b2 + b2.



Tree level Dirac and Majorana Neutrino masses

ho

Assuming for simplicity 512 = %8 — fan = ¢p,

aj

hy

h;

a; hD ’

hs

Bi
b h

hir
=CnR,

the Characteristic Polynomial for the nonzero eigenvalues of M?
reduce to the one of the matrix my, Eq.(1), where

my =

0 o O
ame
0 b O
a mp f3

T i o o o o
U, my Uy = Diag(mg, mg, m7, mg)

(U%)T M2 U = Diag(0,0,0,0, mg, mg, mS, mg)

a
mp
B

mp

Uiq
Uz1
Us1
U

Uiz
Uz2
Us2
Us2

i3
Uz3
Us3
Us3

Uya
Uz4

1
Una (1)
Ugq



Tree level Dirac and Majorana Neutrino masses
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ONE LOOP CONTRIBUTION TO FERMION MASSES

One loop contributions to fermion masses

After tree level contributions the fermion global symmetry is broken
down to:

SU(2)q, ® SU(2)y, ® SU(2)g, ® SU(2);, ® SU(2),, ® SU(2)e,

Therefore, in this scenario light fermion masses, including neutrinos,
may get extremely small masses from radiative corrections mediated
by the SU(3) heavy gauge bosons.

«
CY7H > m(VOw(VRrf(My,mR) ,  an= I
k=3.4

My is the gauge boson mass Cy is coupling constant, mg = —\3 and

mg = X4, and f(x, y) = X2 y2 In
aib;M
> mg (VO)(VR)kf(My, mR) = )\é /)\2 (My),
k=3,4
i,j=1,2,3,and F(My)= In ¥ Mi ;I M

—M2 k2



ONE LOOP CONTRIBUTION TO FERMION MASSES

Y

X=

— —¢

(0] (0] (0] (0]
¢r  €kr | L Er
|

|
< Mg > < P >

Figure: Generic one loop diagram contribution to the mass term
. a9 a0
mj; € €jr

¥—> >—
[0} [0}
: €tr, €ir,



ONE LOOP CONTRIBUTION TO FERMION MASSES

o o o (o]
ep rp T Eg

e | Dy Dip Diz 0

u| 0 Dx Dy O

| 0 Dy Dy O

ECl 0 0 0 ©

Table: Generic one loop diagram contribution to the mass term
mi; €] €



ONE LOOP CONTRIBUTION TO FERMION MASSES

Dyy D2 Diz3 0

o_ | 0 Dx D3 O
Mi = 0 D D3z 0]

0 0 0 O

DEMO g + PIMS g = XL M xR,

M = [Diag(0,0, -, As) + V2T M3 V]



ONE LOOP CONTRIBUTION TO FERMION MASSES

Generic mass matrix up to one loop for quarks and charged
leptons.

my4 m2 Cp M43 Sp M43
ma4 Mo2 Cs Ma3 Sp M3
Ca M3t Co M3z —A3+ CyCs Ma3 CaSp Ma3

So M3y So Mg SaCg Ma3 A4 + 5,53 Ma3



ONE LOOP CONTRIBUTION TO FERMION MASSES

The diagonalization of M yields the physical masses for u, d, e and v
fermions. Using a new biunitary transformation x, g = VL(j,)? Vi R;

— T
e Mxp=U VI MV wg, with v, g7 = (f,f, 5, F)Lg the
mass eigenfields, that is

T T
VI M MmT VD = v T M VD = Diag(m?, m3, m§, M2)
mé = m3, m5 = m?, m§ = m? and Mz = MZ for charged leptons.
Therefore the transformation from massless to mass fermions

eigenfields in this scenario reads

W=vevw,  and  yf= V3V wg



QUARK MIXING AND NON-UNITARY (Vexm)a x4

Quark (Vekn)axa and Lepton (Upyns)sxs mixing matrices

The transformation from massless to physical mass fermion eigenfields for
quarks and charged leptons is

PP =VeVI W, and  ¢f = VE VY wg,

and for neutrinos W9 = UP U, V... Vector like quarks are SU(2), weak
n7glets and hence, the mteraction of L-handed up and down quarks;
(u°, ¢ t°), and £, = (d°, s°, b°),, to the W charged gauge boson is

% Pour W = % T (VS VD)aral” (Vo VD )ars vuWa W, (3)

g is the SU(2), gauge coupling. Hence, the non-unitary Veky of dimension
4 x 4 is identified as

(Vorm)axa = [(ViL VLSZ))SX4]T (Va Vép)sm (4)
Similar analysis of the couplings of active L-handed neutrinos and L-handed
charged leptons to W boson, leads to the lepton mixing matrix

(Upms)axs = [(VE VS )axal” (US U, )axs (5)



QUARK MIXING AND NON-UNITARY (Vxmn)a x 4

It is important to comment here that the scalar fields introduced to break the
symmetries in the model: ¢, ®?, . and 73, do not couple ordinary fermions
directly. So, FCNC scalar couplings to ordinary fermions are suppressed by
light-heavy mixing angles, which as is shown in (Vcku)ax4, may be small
enough to suppress properly the FCNC mediated by the scalar fields within
this scenario.



One loop Dirac and Majorana Neutrino masses

One loop Dirac Neutrino masses

Light neutrinos may get tiny Dirac mass terms from the generic one loop
diagram in Fig. 2, as well as L-handed and R-handed Majorana masses from
Fig. 3 and Fig. 4, respectively. The contribution from these diagrams read

_ %

aH
oy~ m,(My); , oap= ar’

mV(MY)I] = Z mz I?( ﬂ( f(MYa ml‘())

k=5,6,7,8
M? M3 a; b;
R) = s In—2 , my(My)iayj = —2 F (M
F(My, mi) M2 — mg? nm,‘Z2 M (My)is) ab}—( V)

.FV(My) = Uq1U3q m‘5’ f(/Wy7 mg) + UqoU32 mg f(/\/’y7 mg)
+ U13U33 m? f(My, m‘7’) + UqaU34 mg f(My, mg)



One loop Dirac and Majorana Neutrino masses

Y
M
—> )¢ ¢ ¥—> .
Ve ViR )N NT U g g
| |
<Nk > < oY% >

Figure: Generic one loop diagram contribution to the Dirac mass
term my; vjvip. M= My, m., mp



One loop Dirac and Majorana Neutrino masses

] o o] []
Ver ViR ViR Nz

vy | Dbi1 Doz Dyiz O

Vo 0 D, D,23 0

Vo, 0 D,s2 D,z 0

N| o o 0 o0

Table: One loop Dirac neutrino mass terms mj; v vz



One loop Dirac and Majorana Neutrino masses

Y

X=

(0] (0] (0] (0]
N N ver vir

— -
(o] o
ViT, VkL :

K—> —
I
I
I !
< P* > < P" >

Figure: Generic one loop diagram contribution to the L-handed
Majorana mass term mj; 7 (v2)". M = My, m, mg



One loop Dirac and Majorana Neutrino masses

o o] o (o]
Vel VuL VrL N?

o
vg | Lt Luiz Loz O

L2 Ly L,z O

vy | Luys Lyes Lyss O

N| O 0o 0 o0

Table: One loop L-handed neutrino Majorana mass terms
.. 50 o\T
mj v (vj)



One loop Dirac and Majorana Neutrino masses

Y

X=

— - ¥—> —
(0] (0] (0] (0] (0] o
ViR Vkr | N N | ViR ViR

| |
<Nk > <MNs >

Figure: Generic one loop diagram contribution to the R-handed
Majorana mass term mj; 7;(vz)". M = My, m;, mp



One loop Dirac and Majorana Neutrino masses

(o] (o] ] [
Ver ViR ViR Nz
o)
ver | Rt Ruiz Ruiz O

o
vop | Rviz Ruze RAuaz O

2 | Ruis Ruas Russ O

NG| O 0 0 0

Table: One loop R-handed neutrino Majorana mass terms
.. 50 o\T
mj vjp (Vig)



One loop Dirac and Majorana Neutrino masses

(va)° (var)° (v2,)° (ND)° Vém ViR ViR Na

Vg Ly 11 L, 12 L3 0 Dy 11 D, 12 D, 13 0
E L1z L2 L, o3 0 D, 21 D, 22 D, 23 0
Vo, L, 13 L, 23 L, 33 0 D, 31 D, 32 D, 33 0
N? 0 0 0 0 0 0 0 0
(veR)® D, 11 D, 21 D, 31 0 Ry 11 Rz Ru13 0
W D, 12 D, 2> D, 32 0 R, 12 R, 22 R, 23 0
(vog)° D, 13 D, 23 D, 33 0 R, 13 R, 23 R, 33 0
(Ng)e 0 0 0 0 0 0 0 0

Table: One Loop Majorana mass matrix M¢, in the W9 basis



One loop Dirac and Majorana Neutrino masses

NEUTRINO MASS MATRIX UP TO ONE LOOP

M, = (U2)T M3, US + Diag(0,0,0,0, mg, mg, m3, mg)

Niy Niz Niz Ny Nis Nie Ni7 Nig

Nig N Naz  Nog Nos Nog Noz Nog

Niz N 0 0 Nss N3g Ns7 Nag

“ Nig Nog 0 Ny Nys Ny Ny7 Nag
o Nis Nos  Ngs  Nas  Nss + mg Nsg Ns7 Nsg
Nig Nog  Nag  Nag Nsg Nee + mg Nes7 Nesg

Niz - Noz N7 Ny7 Ns7 Nez N77 + m9 Nzg




How much consistent is this scenario?

Preliminary numerical results

Performing a numerical analysis of the free space parameter at the
Mz scale: Zhi-zhong Xing,He Zhang and Shun Zhou, Phys. Rev. D
86, 013013 (2012).

SU(3) PARAMETERS: 2% = 0.2, M, =2 TeV, M3 = 2000 TeV

2 2

vy, + V.
Yid 0362085 , L9 %9 475972
Vog Vag

vZ 4 y2
v 037808 , LU 2. 495379

Voyu V3u



Tree level see-saw mass matrix:

0 0 0 114787.
. |o 0 0 23171.6
Mu= g 0 0 309729. | MeV.

0 —3.17479 x 105 156759. 4.24124 x 10°

the mass matrix up to one loop corrections:

6.43247 —577.395 —-4630.47 —3456.86
M, — —0.16682 —-108.687 —879.805 —656.816 MeV
Y7 | 2.37508 2422.47 —172176. 19530.5

0.118903 121.275 1309.7 5.3078 x 108
and the u-quark masses

(my, me, my, My)=(1.35499 , 653.465 , 172261 , 5.30784x10°% ) MeV



0 0 0 1046.42
. o 0 0 219.849
Ma= |y 0 0 205308 | MeV
0 —1.85135x 105 221156. 613328,
310297 133734 169541  51.5401
o | 18553 539152 379617 115403 | .
d=| _473173  _19.0579 285957  376.526

—0.0236586 —0.00952897 0.0619291 1.9628 x 10°

(mg, ms, my, Mp) = (279562, 57.0595 , 2860.08 , 1.9628x10°) MeV



non-unitary (Vexn)axa

and the quark mixing

—0.974353 0.225 —0.003419 —0.000028
v [ —0.224674 —0.973565 —0.041082 0.000029
(Vorm)axs = —0.012580 —0.039314 0.997707 —0.000690

0.000193  0.000038 —0.053674 0.000037



Charged leptons:

0 0 0 221060.
0 0 0 46443 8
o __
Me= 19 0 0 623847, | MeV
0 _420644. 19927.4 6.63423 x 107
000939  _47.9938 _467.564  _2.9817
M. _ | ~00548027 937083 947006 0603915 |,
e=| 0780936 204812 -1669.71  16.335

0.00780976 2.04822  25.6163 6.63469 x 10’

fit the charged lepton masses:

(Mo, m,, m., Mg) = (0.4860, 102.727 , 1746.23, 66.346x10° ) MeV



Conclusions:

Solutions for quark masses and mixing, show parameter space
regions where some of the extra particles; scalars, gauge
bosons and vector-like fermions may lie within a few TeV’s
region, and hence, within current LHC energies.
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