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Texture Zeroes in the Fermion Mass Matrices

[Weinberg; Fritzsch; Ramond,Robert,Ross
Frampton,Glashow,Marfatia
Nishiura,Matsuda,Fukuyama

Branco,D.E.C.,Gonzalez Felipe]

« Reduce Free Parameters (predictions)
+ Possible Origin of texture zeroes:
m Discrete or Continuous symmetries [exact zeroes]
m Froggatt-Nielsen Mechanism [suppressed entries]
V)Q+Q

My~ (§

% Texture Zeroes

m Can be some zeroes due to Weak Basis transformations?
m Can we make also M; also Hermitian?
m Such zeroes have no physical meaning
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Weak Basis Transformations

« General Transf. Leaving Charged Currents Invariant

m Quarks

/
ny rm, = W(}L ny WuR

mg —r I’I’l& = W; mg War

m Leptons

my — m2 = Wg my Wer

m, —m', = W} m, W,

% In the case of Hermitian Mass Matrices

Wir = an Wi = Wq and Wer = Wy
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Nearest-Neighbour-Interaction Basis

[Branco, Lavoura, Mota]

+ Obtained through Weak Basis Transformations

+ 8 Zeroes in Non-Hermitian Mass Matrices

« No further Physical Consequences, just a weak basis!
+ Completely factorisable V = 0} K 0,

0 A, O 0 A; O
M,=|A, 0 B, Mg= A, 0 By
0 B, C, 0 B, Cu

« or equivalently

&

o With H, g = M, M
« Can one have Hermiticity in addition?
— Fritzsch Ansatz [Physical Implications]
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Fritzsch Ansatz

+ NNI plus Hermiticity
+ The orthogonal matrices 0" HO = diag(m?}, m3,m3) are just
function of mass ratios [exact]

s (ma ) myms (ma+my) i (my —3)

(ma—my) (ma+ma+my)(mz—my) - \/(m, —ma) (ma+matmy) (mz—mz) \/(m;—/m)(/uxfmﬁ»m, )(mz—m3)

0— 1 (3 12) () 3 (ma )
Gy —1m2) 3 —my) (my—my) (m—m3) (3 —my) (my—mi3)
- my (ma+my) (ms+m,) - 1y (mamy) (m3Fmy) m3 (myma) (ma+m)
Gy —m11) (m+mo+-my ) (3 —my) (2 —m1) (3 +-mo+-my ) (m3 —mz) (3 —m1) (my+mo+-my ) (my —mi3)

+ If one takes into account the quark masss Hierarchy and
neglet the up Sector contribution

1 _ /4 mg Mg
mg  my \/ my
[ mg 1 ms
~ ~ 4 Uiy
= O‘/ - mg my,
_ jmd s 1
my my

+ Ruled out: m;, is too small and V., inadequate
+ Deviations of the Fritzsch Ansatz 6/38




Minimal Deviations from Hermiticity

+ Working with H = MM

A? 0 AB'
H=| 0 A?+B BC
AB BC  B*+(?
+ Deviation from Hermiticity
A=A(l — &) A =A(1 + ¢)
BEE(I*G[,) B EE(l+Eb)

% €4,€, << 1 but not zero
%+ ¢, = 0 = ¢, is the Fritzsch ansatz, ruled out by the data
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Experimental Quark Masses and Mixings at Mz scale

[G. Rodrigo et al, Phys. Lett. B 313 (1993) 441
Y. Koide et al, Phys. Rev. D 57 (1998) 3986

Z. z. Xing at al, Phys. Rev. D 77 (2008) 113016]

< Runnig quark masses from PDG’12 to M in the MS scheme using RGE for QCD
@ 4 loops:

my = 13709 MeV  me = 0.63+£0.02GeV  m; = 171.8 £ 0.7GeV
mg = 2803 MeV  my = 55+3MeV my = 2.86 & 0.04 GeV

< CKM constructed from | V.|, |V.»| and |V,,| and either sin 23 or ~ constrained by
J

B = ae(—VeaViViVin) 7 = are(—VuaVipViVes) = (Vs Vs Vis V)

ub " cd

[Vus| = 0.22534 £0.00065 |Vip| = (3.517013) x 1073 |Vp| = (41.27044) x 1073

§in28 = 0.679 £ 0.020 7= (1311)° 7= (2964330) x 107
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Results for NNI at Mz
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Nearest-Neighbour Interaction

result of an Abelian family symmetry in a multi-Higgs extension

< What is the minimal scenario for M, and M,; be NNI form as a
in the context of the SM?
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Discrete Flavour Symmetries

<+ NNI quark mass matrix implemented through the introduction of
an Abelian family symmetry at the Lagrangian level.

@ least two Higgs doublets are needed: ¢, ®,

Under Z, symmetry: ¥; — ! = ¢ 7 2%

Q%))

oi Q(0L;) =g Qug;) = u; Q(dg;) = d;

The quark fields transformations:

(q1,92) = (g3 + b1 — D2,93 — 1 + ¢2)
(ur, uz, uz3) = (g3 — 1 + 292,43 + d1,93 + ¢2)
(di, dy, d3) = (g3 — 21 + 2,93 — D2,93 — 1)
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Discrete Flavour Symmetries

% Allowed bilineares:

- —2¢1 + 3¢ b2 —¢1 +2¢2
Q(Qpurj) = ) 2¢1 — ¢ é1
—¢1 +2¢2 ?1 [03)
_ —3¢1 + 262 —¢1 —2¢1 + ¢
Q(Qydrj) = —é b1 — 20 —o
—2¢1+ ¢ —P2 —¢1

+ Neither Z> nor Z3 works:

—2¢1 +3¢2 = ¢2 (mod 2)
—2¢1 + 3¢ = ¢ (mod 3) J

Minimal symmetry — Z,4
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Discrete Flavour Symmetries

<+ The most general Yukawa couplings:

—Ly :FLll @L‘f)luk + Fi @LEIV)ZUR

+ TV 0, ®1dg + T30, ®rdr + H.c.,

[ J
Yukawa matrices T'2:

IS (
0 a O 0 0 0
a, 0 0 k=10 0 b
0 0 ¢ 0 by

coo
oo
oF
\_/
=
=N
Il
VY
ol o
cof
oo
SN————

Ty
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Discrete Flavour Symmetries

<+ The most general Yukawa couplings:

—Ly =T, @L(T)IMR + I @Lfi)zu,g
+ T, 0, ®1dg + T30, ®adg + H.c.,

) = ioy @

+ After spontaneous symmetry breaking, Higgs VEV’s,
(®) = v, and (®,) = v, generate NNI mass matrices

0 / V2 ay 0 0 viag 0
M, = |v2a, 0 vib, My=[vid, 0 wby

/
0 wb, we, 0 wby vic
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Accidental Global U(1) symmetry

+ Renormalisability implies that Z, has to be imposed on the
full Lagrangian

« The most general renormalisable scalar potential
consistent with Z, and gauge symmetry

V=@ + p2|®* + Ai|®1]* + AP
+ 3 (@12 B + Ny @] D, Bl B,

+ Potential acquires a new accidental global symmetry
which, upon spontaneous symmetry breaking leads to a
massless neutral scalar (tree level)

+ Soft-breaking term avoids the problem

V = 12 (I,;f P, + H.c. J

« Or by introducing a singlet Higgs field [Z, charged] 14/38



CP Violation in the Model

« Spontaneous CP Violation is not possible, essentially due
to the absence of terms like

(@] @, @] @,) + He

% scalar vacuum:

@y= (). @)= (%)

« Two CP Conserving minima

0=0 for 12 <0

0= for ti2 >0

« CP Violation via Kobayashi-Maskawa mechanism through
Yukawa couplings 15/38



Grand Unification Theories

Gsy € SU(5) € SO(10) € Eg C Eg

« Unification of gauge groups in an simple Group

+ Gauge coupling unification

+ Charge quantization: |Q, + 0.| < 1072, they also explain
the charge assignments

« Additional family symmetries relating different generations
lead to simple models of fermion masses and mixing
angles

+ Neutrino oscillations governed by a see-saw mechanism
are easily included (leptogenesis)

+ Bottom-Tau or Top-Bottom-Tau Yukawa coupling unification
is predicted in simple SU(5) or SO(10), resp.

« Anomaly freedom automatic in many GUTs
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NNI in Grand Unification

« Minimal SM Fermion Content: SU(5) and SO(10)

+ Quark and Leptons are together in higher dimension
multiplets

« Flavour symmetry which give rise to NNI in the Quark
Sector imposes restrictions on the Leptonic Sector

« SU(5): 5%, 10 and Right-handed Neutrinos are singlets
[minimal field content] and then free Z, charges

Q(10) = Q(g) = Q(u°) = Q(")
Q(5%) = Q(f) = Q(d°)

« SO(10): all in a unique 16 spinorial representation

Q(16) = Q(q) = Q) = Q(&°) = Q(¢) = Q(d°) = A(v°)
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Consistent SU(5) x Z; model

[Georgi and Glashow, 1974]

+ Same fermionic content as the SU(5)
%+ Non-renormalisable model: M, # M}
+ We require that Z, forces NNI form to M, and M,

Fermionic sector

« 10, = (Q, u“, €);

« 57 = (L,d),

< 11 = Z/l.c

Scalar sector
+ X(24) (Q(2)
% H (5) and H>

s

0)
)
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Proton Decay and Unification

« Nonrenormalisable higher dimension operators

2 .
Z £ (An)zj H:a 10?b 2;7 5]*c

o

T
My;—M :SA’

(Vi A +v3 As)

+ Heavy gauge bosons X and Y [My = 2¢}07]
(p — 10%") > 1.4x10**y = My > (4.9-5.1)x 10" GeV
with o' ~ 26 — 35

+ Coloured Higgs triplets, 71 and 7,

() (Th), 1 o
5 S ] 00)(0:k) + ke
n:],z n
This channel does not induce Proton decay at tree level 19/38



Unification of the gauge couplings @ 2 loop level considering
the splitting between >3 and g

« X, Y, T, T, @ A scale and H;, H, @ electroweak scale

1
o, 6

V

10° 10 0w, 10"
1 (GeV) N

1.3 x 10" GeV < A < 2.4 x 10" GeV [Problematic]
Mz < Ms, < 1.8 x 10*GeV
5.4 x 10" GeV < My, < 1.3 x 10'* GeV

Solution: 24 fermionic multiplets and 45 bosonic
20/38



SU(5) and Neutrinos

+ M, has also NNI form
« Singular Seesaw is not viable
+ Effective Neutrino Mass Matrix for Q(®,) = 1

Charges vg =(0,1,3) wvg=(1,2,3) wg;€{0,2}
L123) 12 I (15)

$1=0 0 * = * % ¥ x 0 x
10=(1,3,0) x * 0 x 0 0 0 x 0
5*=(2,0,1) *x 0 0 x* 0 x* 0 x*

Pp1=2 0 * 0 0
10=(2,0,3) * 0 x =
1,3 0 x =

0
« In the case of SO(10) does not work for Z4 [works in SUSY]
21/38
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Adjoint-SU(5) x Z4

[Fileviez Perez]

» More fermionic and bosonic states

<+ The model is renormalisable
+ We require that Z, forces NNI form to M, and M,

Fermionic sector
| | 10, = (Q, I/tc, e")i
w5 = (L,d;

m 24

Scalar sector
m 3(24) (Q(%) = 0)
m S5y and 45y

- Abelian discrete flavour symmetry 7,

Q(10;) = 3q3 + ¢, —q3 — &, q3)

Q(57) = (g3 + 20,343, —q3 + ¢)
Q(24;) = (ny,ny,n3)
Q(5n) = 243

¢ = Q(45n)
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Adjoint-SU(5)

% 455 = 5(372)]% D S((,*71)7% (&) S(3*_’2>7% D S(3*71)% PAPT, & H,,

457" = e[S(gr 1))ac + ¢T3 — 60 T4
45317 = g [S3+ 2)]er

45," = %S{;"[AA]Z + &4 H5

452" = AST + §T TS

45;S = 6”[5(3*70}“

457° = —3 (6T Hy — 0° Hj)

« New coloured triplets A ~ (3,3, —1/3) [Ma > 3.8 x 103 GeV]

1 < A-1/3 \@Az/3>

I
— AT _
A=A7 VZAT AL

2
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Adjoint-SU(5) x Z4
« The X breaks the SU(5) to the SM

« The doublets H,, H, break SM — SU(3). x U(1)en
+ Generate the fermion masses via Yukawa interactions

—Ly = (I,),10:10; (54) + (I'7),, 10:10; (454) + (T'y) , 10; 57 (55;)
(Fle) 10;5; (455) + My Tr (px p1) + A Tr (pr 1 )
+ (TL).. 57 (ox) (5w) + (T2),,. 57 (o) (45) + Hoc.,

<« M, and M, have NNI form

0
Mu = V45 0 u + Vs au
0 - Cu
0 ay 0O 0 O
Mg=vys|d, 0 O +v510 0 by
0 0 ¢y 0 b; 0 24/38



Adjoint-SU(5) x Z4

+ The 45, allows M, — M] = 817
% Since M, has NNI form —> M, has also NNI form
+ Majorana and Dirac mass matrices

1
o= (M- 53
=g (- 752).
wi )
b =5 (ot remars).
m? = \% (cosaf},—3sinar12/) )

% Three see-saw contributions 25/38



Adjoint-SU(5)

[Fileviez Perez and Wise]

« Type-I, Type-lll and Colored-seesaw

(H) | \(H)  (H), | (H) (HY~_ /"(H)
| | | | VA
| | | | S
vi Yoy LY R oY
POk P3j P8
5 o 27171 2
+ Seesaw Formula [F(x) = (l_ng‘;‘

- T _ T
(mu),j == (mgMOl mOD ) - (m?M3 : m? )

ij y

2
8m p Mg,

V2C N4 (US Plzl)ik (US I‘Izj)jk F |:MS(8,2):|




« The presence of the the Adjoint fermions (24) allows
Unification of the gauge couplings within a large range of
the parameter space

A=6.4x10" GeV A=13x10Gev A22x107 Gev PP
o e Py,
rr, - 2P,
,,,,,,, Py Py s
I [
—
,,,,, Ps, P, —— b, e PPy,
PP ! '

o o = Py
10 F —
E Ps —— 5Py, o
: ’ — — P,

sF
100
E
oF

E L%,
E
JF
100

N N X

27/38



Proton decay

+ Via the coloured tripletsT

Tu)y (Ta)y ©) (ugdf
<>M<> 5(00)(OiL) + (e )] J

« Via the coloured triplets 7,

4(r2); (T2
M3,

() (ugdr) J

+ Via the new coloured triplets A

r2) (1?2
( 14)1/2( d)kl {1‘/[21'/3 [(uidj)(ukel) + (“id/‘)(dkl/l> — ]‘/[iz/}(d,‘d,‘)(ukl/})

They do not induce Proton decay at tree level due to Z,! 28/38



Neutrino sector

my, Mo3,s Q(24) mgy Q(5%) Q(10:) Q(5x) Q(45k)
0 0 =
0 0 = <* * 0) (31,00 (0,2,1) 2 1
0 0 0 * =
« 0 0 (1.23)
0 * 0 * 0 0
5 o o 0 x x (1,300 (0,2,3) 2 3
(o * *> * k0
0 % 0
* 0 0 (* 0 x> (1,32 (2,0,3) 2 1
0 0 = P
0 * 0 ©1.3
0 0 =
x % 0 (3,1,2) (2,0,1) 2 3
* 0 =x
x % 0
0 0 = 0 0 = (2,0,1)  (1,3,0) 0 1
0 % 0 0 *
x 0 0 (1.29)
ok % 0 x =
(* 0 0) <x 0 0) (2,03) (31,0 0 3
* 0 * * = 0
0 %
x 0 0 0« 0 0,23) (31,2 0 1
0 0 = x % 0
0 % 0 ©.1.9
P
(0 0 x> 0,21)  (1,3,2) 0 3
« 0 *
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Neutrino sector

Neutrino Oscillation data:
sin®2013 = 0.092 £ 0.016

[DAYA-BAY colaboration, 2012]

[Forero, Tortola, Valle, arXiv:1205.4018]

best fit 30 range
Am3, [1075 eV 7.62 7.12-8.20
2 - 255 231 -2.74
Ay | [107 eV] 243 221-264
sin? 0 0.320 0.27 —0.37
n2 0 0.613 (0.427) 0.36 - 0.68
sin® 63 0.600 0.37 - 0.67
sin? 013 ggggg 0.017 — 0.033
0.807
0 ~0.037 0-o2m
Other constraints
Effective Majorana mass: .. = | Zle m; U]*,.2|

[mee| < 0.005 eV (NH)

[Pascoli et al, 2003]

102 eV < |mee| < 0.05eV (IH)

[Bilenky et al, 2001; Petcov et al, 2005]

Tritium 8 decay: m?,, = Y2, m?|Uy;|* < (2.3eV)?  at95% C.L.

[Nakamura et al, 2012(PDG)]

From cosmological and astrophysical data: 7 = Zle m; < 0.68eV at95% C.L.
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Results

Texture-IT (NH)

0.0275 —

0.025

0.0225 —

0.004 0.008 0.012

¢ 0.0015 < m[eV] < 0.013

24

@ 0.97 < |mee| [107%eV] < 2.1
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Results

* *
m, = 0 0
0 *
IH
2 in?
sin? B3 0.034 - sin Oy o
0.032
064
0.030
060
002k
056
0.026
0.52
0.024
E 0.48
0.022
: 0.44
0020
0.40
0018t
036
0002 0004 0006 0.008 0010 0.0 0.014  0.016  0.018 0.002 0004 0006 0008 0010 0012 0014 0016 0018
my [eV] ms [eV]

% 0.005 < m3[eV] < 0.010

< 0.015eV < |mee

[eV] < 0.021
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Results

0 * 0 * *
my, = | * * * my, = 0 0
0 * */ 0 *) NH
) Texture-II (IH) Texture-I1 ) (NH)
sin’®),, ATaeT sin’0, —
03— 03
02 02+
0.1 0.1
ol L L 1| [ ol L v L v L 1Ly
0 002 004 006 008 0.1 012 0 002 004 006 008 0.1 0.12
m, (eV) m, (eV)
Not viable
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Results
(0 * 0) <* . *>
me=e * * m, = | * 0 0
0 * *) Nu N 0 )

100 |
H

= 10 F
g
= NH
$ PR
g 1 RN

01}

0.0001 0.001 0.01 0.1 1

m [eV]
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Majorana- and Dirac-type phases

m [eV]

pj = arg (Um U:;j>
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Conclusions

2%
<

24
<

The NNI textures for quark mass matrix obtained through
Abelian flavour symmetry in the context of two Higgs
doublets. The Minimal realisation is Z4

Z, is implemented in the Consistente-SU(5) and in
Adjoint-SU(5)

The charged lepton mass matrix has also NNI form

« m,, has two possible patterns

The renormalisable Adjoint model solves unification and
proton decay

Proton decay through coloured triplet exchange is absent
at tree level

Normal Hierarchy Inverted Hierarchy
0 * 0 * * *
* * * * 0 0
0 * * * 0 *
0.0015eV < m; < 0.013eV 0.005eV < m3 < 0.010eV
0.00097 eV < |mge| < 0.0021 eV 0.015eV < |me.| < 0.021 eV
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