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There are several open questions, motivations, to look for
physics "Beyond the Standard Model” (BSM):

» Neutrino masses and mixing, oscillation
» Hierarchy of masses

» Dart Matter (DM), Dart Energy (DE), Matter-Antimatter
Asymmetry.

Main goal of this BSM: To account for the hierarchy of fermion
masses:

my>>Mme>my , Mp>Ms> Mg , My 2> My > Me,

and quark and lepton mixing matrices: Vg and Uppyns-



Ordinary Fermions: Q = T3, + Y

I [ SUB)c [ SUR). | U(T)y |

o __ Uﬁ 3 2 1
qi = de j
ujc,’q 3 1 §2

j‘,‘)? 3 1 '3

e 1 -2
V/% 1 1 0
+
bsm = <(Zo> 1 2 -1
¢SM = fO’g ¢*SM 1 2 +1

Table: SM fermion content and charges, j = 1,2, 3 family index



Comments:
» Anomalies cancel for each family, j = 1,2, 3.
> QS dsm U, i,j = 1,2, 3 is gauge invariant.

» So, the Yukawa couplings Y; ; qT‘iqSSM uf’ i, j=1,2,3 are
gauge invariant, with Y; ; completely arbitrary.



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

SU(3)g, ® SU(8)u, @ SU(3)g, @ SU(3)), @ SU(3),, @ SU(3)e,

) SU(S)QL+UR+dR+/L+eR+VR = SU(S)

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

9H (f10 ’;? f;,o) Yo =

Vi o\ M
s
Yy fo
\/é 2
(o]
z f3
V3



| | SUB)F | SUB)c | SU2). | U()y |

¥g 3 3 2 3

%R 3 3 1 2
Ygn | 8 3 1 3
PP 3 1 2 -1

s 3 1 1 -2

o 3 1 1 0
Ul 5 1 3 1 3
D? g 1 3 1 -2
Efp 1 1 1 -2
N? g 1 1 1 0

Table: Fermion content and charges



[ SU®)r [ SUG)c | SU@). | U0y |
(s 8 | 1 | 1 [ 0 |
Py 3 1 2 -1
ol 3 1 2 +1

Table: Scalars fields and charges

v

12,73 are introduced to break spontaneously SU(3)r.

U, o9 are introduced to break spontaneously the

SU(Z)L X U(1)y

u-quarks and neutrinos coupled only to oY

d-quarks and charged leptons couple only to ®¢

g PU %, and 1 ©9 ¢y are forbidden by the SU(3)r family
symmetry. B ) B
3x3=148,3x3=38+6, 3x3x3=(1+8)x3 =3+6+3+15

v

v
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Yukawa couplings:

hy ¥ Y UR + hoy 85 m2 UP + + hay ¥9gn3 UP + My UP UR
hg g 7 DR + hog Y8 M2 DY + + hag ¢G5 ms DY + Mp D? Df,
hy P O N + ho, 905 12 NP + + ha, Y85 ns NP + mp NP N
he ¥f ®% ER + hoe 03510 EY + + hae ¢35 13 EY + Mg EP EJ

+h.c

Tree level Majorana Yukawa couplings:

hor %5 n2 (NB)® + hsg ¢°5 n3 (N§)° + mg N3 (NgR)°
hLJIOCDU (Nf)c + mLWf(Nf)C + h.c



Scalar Potential
V(n2,m3, o4, 09) =
13 0 o + 15 0l s + 1By (n 1 + h.c) + 15 @U10 4 13 0ol
A2 (nd m2)? + As (nd ms)? + Aoz (nd ma)t (13 71s)
Ao (04T OUY2 1 2y (q)dT O9Y2 4+ Ayg (GUT dU)f odt pd
(ng n2) [Cg 77; N3 + Co3 (ng ns + h.c) + c, ®UT oY + ¢y odf ¢d}

(15 ns) [kzs (n} 13 + h.c) + ky dUT &Y 4 ky & <1>d}

(s + h.c) [pu ouf ov 4 py oo cpd]



’ \wg\ 3F!‘¢ZH‘¢/O‘¢3R‘ 3/?\‘”“\‘“\772,773\Uf,H\DZR\Ef.H\NfA
us | 21 2 I JoJo 0o JoJo 0 z 3 0 0
Uty | 2 2 2 1] -2 A1+ 0 z -2 2 0
U()e | 1 0 0 1 0 0 1 1 0 0 0 0 0
Ul); | © 1 1 0 1 1 0 | 0 1 0 0 0 0

Table: Charges under the global symmetry

U)ex U(1)y x U(1)a x U(1)g

All the Yukawa couplings and the scalar potential are invariant under the global

symmetry U(1)g x U(1)y x U(1)a x U(1)g, where B is the baryon number, and Y is

the hypercharge.

Peceei-Quinn symmetry to address the strong CP problem.

U(1)s = U(1)pa ?



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(S)F X GSM — GSM — SU(3)C X U(1)Q
SM fermions SM fermions SM fermions
are massless remain massless become massive

(PDG known values)

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



Standard Model Singlet Scalars introduced to break SU(3)r

symmetry:
0 0
(n2) = (/\2) , (m3) = (0)
0 A

SUB)E x Gsy b SU@)F?x Gey s SU2)g x Gsw
FCNC ?

As: 5 very heavy boson masses (> 100 TeV’s)
NA>: 3 heavy boson masses (a few TeV’s) , "approximate
SU(2)4 global symmetry"

To suppress properly FCNC like, for instance: ; — ey
(Br<57x1071), - eee(Br<1x107"3), K° - Ko,
D° — Do, it is relevant which gauge bosons are heavy, and
which ones are very heavy



$ d

Figure: Generic tree level contribution to K° — K° from the SU(3)
horizontal gauge bosons.

Figure: Generic tree level contribution to K° — K° from the scalar
fields, ¢ =y ,nz , O, %,



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

gH gH

> () B2 (Y+Y—+Y+Y) 2 (22 7_221\[)
92
> (ng): 8 S(Y;Yg+y+ )+g,2;/\2Z




oY =

In this scenario we introduce two triplets of SU(2), Higgs doublets;
=(3,1,2,-1),¢% = (3,1,2,+1):
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Contribute to the W and Z boson masses:

—(v +VHWTW +

2 2
(g ‘;g )(V +V)ZZ

1 2
+Z\/92+799H20[(V1u V2u_V12d+V22d)Z1+(V12u+v22u_2‘/§u_V12d_v22d+2V§d)%

+ Y Y+ Yy AR
+2 (VigVey — VigVed) 1T +2(ViuVay — VigVad) T + 2 (VayVay — VaqVad) ST

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

V2= V2 + V3 + Ve, Vi = VG + V3, + Vi, Hence, if we define
My = §g v, we may write v = /2 + v3 = 246 GeV.



Tree level Fermion Masses

Vg P49 93, p are not SU(3)r invariant

Allowed Tree Level Yukawa couplings:

he 0P ©9 ER + hoe03m2 EP + h3e Qs Ef + Mg EP ER +h.c
DIRAC SEE-SAW MECHANISMS

In the gauge basis wf’RT = (€% u°,7° E°) g, the mass terms
read as Y M)% + h.c, where

e wy BB
e | 0 0 0 he Va1
w0 0 0 he Va2
|0 0 0 he Vg3
EP | 0 hooho hgehs Mg

Table: Tree level Dirac mass matrix M?° for u and d quarks, charged
leptons and Dirac neutrinos



VT MOMOT VP = V3T MOT M® V3 = Diag(0,0, A3, 3)

VT MO V3 = Diag(0,0, —\s, \s)



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)r heavy gauge bosons.

2
o
ey > m (VO(VRf(My, mg) . an= I
T k=34
My is the gauge boson mass cY is coupling constant, mg = — s,

mg = X4, and f(x,y) = X2 y2 In

aibM .
> mg (V) i(VR)if(My, mg) = /\é //\2 F(My) i,j=1,2,3,
k=3,4 4773
2 2 2 2
F(My) = My In My My In My

M2 -2 >\2 NV ASSYRRDY:
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Figure: Generic one loop diagram contribution to the mass term
. @0 a0
mj; €; g



o o o] o]
_|er wpp TR Epg
e | D11 D2 Dz O

pf | 0 D Dz O

| 0 Dy Ds3 O

E|l 0 0 o0 0

Table: One loop mass matrix M¢

PIMO Y + PP MS G = XL M xR



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

M = Diag(0,0, Az, As) + V2T MO V8

mi+ m2 Cp M3 Sg M3
Mo+ Mmoo Cp Mo3 Sg Mo3

Co M31 CoM3p —A3 + CoCg Ma3 CaSp Ma3

Sa M31 S Map SaCp Ma3 A4 + SaSp Ma3




The diagonalization of M yields the physical masses for u, d, e
and v fermions. Using a new biunitary transformation

VO W a2 M oxa =0 VO MV wa, with
XL,R LR YLRs> XL XR LV, R R, WI
W, g’ = (f1, f, B3, F)L g the mass eigenfields, that is

T T
VT MMT VD) = v T M V) = Diag(m?, m3, m3, M),

mz = m3, m3 = m2, m§ = m? and MZ = M2 for charged
leptons. Therefore the transformation from massless to mass
fermions eigenfields in this scenario reads

o _ yo y1) o _ o (1)

and for neutrinos W6 = U2 U, V,,.



Quark (Vexm)axs and Lepton (Upyns)saxs mixing matrices

Vector like quarks are SU(2), weak singlets, and hence, the
interaction of L-handed up and down quarks; flj’LT = (u°c°t°), and

foT = (d° s b°),, to the W charged gauge boson is
dL

% Pouy g W = % Vo (VG VD )aral™ (VG VS Yo 7 WH,

g is the SU(2), gauge coupling. Hence, the non-unitary Vg of
dimension 4 x 4 is identified as
(Verm)axa = (VO Vi )axal” (VG VE)axa

Similar analysis of the couplings of active L-handed neutrinos and
L-handed charged leptons to W boson, leads to the lepton mixing
matrix

(Upmns)axs = (VY VL )3xal™ (U2 Uy Yaxs



NEUTRINO MASSES
Tree level Dirac Neutrino masses

hDV?CDU N/Oq + hyg\uigﬁng Nf + hyswigﬁ’n(g NLO + mDWng +h.c

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

basis \UI,L r= (vd,vg,v2, N°) R, the mass terms

hD |:Vu1 VeL+Vu21/ L+VU3V L:| NH+ |:hl,2/\2V R+hV3A3V R:| NL
+mD NL NR+hC



_ Yer  YuR ViR Na
vy | 0 0 0 hp vy
ﬁ 0 0 0 hp V2
v, | 0 0 0 hp vu3
NP | O hohy hghs mp

Table: Tree level Dirac mass terms mj; 7 vjp



Tree level Majorana masses
Since N7 5 are completely sterile neutrinos, we may also write
the left and right handed Majorana type couplings

h W OU(NPYe  +  my NP (ND)® + h.c
and
hg,q \Dg 2 (N,oq)c + h3,q \ng 3 (N,%)C + mp N"oq (N,%)C + h.c.
respectively. After spontaneous symmetry breaking, we also

get the left handed and right handed Majorana mass terms

h; [vm U+ Ve L+ Vi3 VTL} (NP +  mp NP (NP)°©

+ [Par o 705 + horNa %) (NB)® + maN§(Ng)® + he.



VoL VﬁL 2 NP
Vg a 0 0 0 h[_ Vit
v | 0 0 0 e
Vo, 0 0 0 hevys
NP | hevr heve  hpvgs my

Table: Tree level L-handed Majorana mass terms mj; v} (v])°

Ver iR ViR Na
v 0 0 0 0
vop| O 0 0 hop\2
vr| O 0 0 hapAs
N3 0  hogNo  h3pis mg

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



(ve)® (o) (2)° (ND)° vem vim  v2m  NR
Vg 0 0 0 hivys O 0 0 hp Vi
Ve, 0 0 0 Mmve O 0 0 hpve
v, 0 0 0 hvg O 0 0  hpvs
N | v v hvg me 0  hA2  h3Ag Mp
(v35)°¢ 0 0 0 0 0 0 0 0
Wo7 | 0 0 0 Mmhs 0 O 0 el
W | o 0 0 hAs 0 O 0 hsahs
(N)e | hpvyr  hpvie  hpvys  Mp 0 horN2 hspN\s mg

Table: Tree Level Majorana masses



Numerical results |

To illustrate the spectrum of masses and mixing from this
scenario, let us consider the following fit of space parameters at
the M scale

Using the input values for the SU(3) ¢ family symmetry:

M, =2TeV . Ms;=2000TeV , 2H _o2
v

with M», M5 the horizontal boson masses, and the coupling
constant, respectively,

_ 98N
2

2/\2
v =T Mg

gy =2.809 A, =1.00658TeV ,A3=2013.16TeV
and the tree level mixing angles

S1d = S1e = 0.6 Sogd = Soe = 0.1047
Siy = S1, = 0.575341 Soy = Sop = 0.0925127



Quark masses and (Vi )4x4 Mixing

u-quarks:
Tree level see-saw mass matrix:
0 0 0 108921.
0 0 0 17589.5
o __
M= 10 0 0 154844, | MeV
0 —6.42288 x 108 462459. 2.5111 x 108

the mass matrix up to one loop corrections:

7.19764 —626.533 —1479.88 —3792.15
M, = —0.468392 —-81.7707 —197.807 —-506.875 MeV
“7 | 5.04103 1502.25 —172425. 12057.2

0.0504129 15.0233 47.0554 6.91226 x 10°
and the u-quark masses

(my, me, my, My) = (1.396, 644.835 , 172438, 6.912x10°%) MeV



d-quarks:

0 0 0 2860.87
0 0 0 501.98
o __
Ma=19 0 0 3814.49 MeV
0 —-2.3645x 10° 323661. 2.17117 x 108
—4.22954  3.26664  26.4239 29.045
My — 19.9418 ~416  —57.7027 —63.4265 MeV

—2.27726 —31.0285 —2859.26 755.343
—0.002277 —0.031028 0.687179 3.2264 x 10°

(Mg, Ms, My, Mp) = (2.501, 45.803, 2860.14, 3.226x10°) MeV



and the quark mixing

—0.97445  0.224576 —0.003514 —0.000021
(Vora)axs = —0.224523 —-0.973562 0.042015 —0.000010
0.006011 0.041720 0.999041 —0.001233
—0.000219 -0.0011268 —-0.011702 0.000014



Lepton masses and (Upyns)4x4 Mixing:

Charged leptons:

0o 0 0 129165.
N F 0 22663.9
Me=1o0 o 0 172220. | MeV
0 —337398. 32029.6 2.16401 x 107

2.2376 —66.4545 —394.792 —6.18239
M. — —0.175708 —-9.01417 -57.8818 —0.906422 MeV
e 1.66889 164.714 —1693.76 26.556

0.016689 1.64723 16.9589 2.16438 x 10’
fit the charged lepton masses:

(Me, m,, m,, Mg) = (0.486, 102.702, 1746.17 , 2.164x107 ) MeV



Neglecting for simplicitly the Majorana mass terms, we report
the following Dirac neutrino masses and lepton mixing:
Dirac neutrino masses:

0 0 0 0.076760

. |o 0 0 0.012395
Mo=10 0 0 0.109124 | €V

0 —0.108392 —0.264395 0.854133

0.015703 —0.004190 0.009713  0.003179
—0.001021 —-0.01824 —-0.005614 —0.001837
0.010890  0.004245 —0.048705 —0.002164
0.001539  0.000600 —0.000934 0.909297

M, = eV

fit the light neutrino masses:

(my, mo, my, ms) = (0.017127, 0.0192, 0.050703, 0.909309 ) eV



the squared mass differences:

me—m? = 7.5x107%, md—m3 = 2.2x107%, m3—m? = 0.826) eV?
2 1 3 2 4 1
and the lepton mixing

0.610887 —0.786302 —0.092369 0.003816

(Uptns) s = —0.709911 -0.595411 0.374805 0.032066
—0.349473 —-0.164968 —0.912482 —0.133926

0.001821  0.000257  0.009733  0.001377



PREDICTIONS:

» NEW MASSIVE GAUGE BOSONS AND SCALARS,
(few-100) TeV

» VECTOR LIKE QUARKS AND CHARGED LEPTONS,
Mu, Mp, Mg %( 1-100 )TeV

» STERILE NEUTRINOS:
Light (eV), May be two
Heavy (KeV-GeV),
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