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Four zero textures and Motivation

Magic of four zero Yukawa textures :

Great phenomenological success in quark sector: u-typgealmass matrices
(Fritzsch and Xing, Prog. Nucl. Part. Phykb 2000, 1).

Type-l See-Saw

Lagrangian mass term : SM leptons + 3 RH N’s

_ 1,
— " = ZL(MQHIZZQ + V_ZL(mD>ll’Nl’R + §NZL(MR)ZZ’NZ’R + h.c.

Neutrino mass matrix

1 _ 5 0 mp (VC )
—-ZL" =— (v Nf £l 4+ he
% 2( L L)z(mlT) MR)”/ Np ;
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for O(MR) > O(mD) —
1
—XVTZ — §V_ZL(mV>”/VlCR + h.c.
m, ~ —mpMp'm} (See — Saw formula) .

Without loss of generality choose basifiagonallM, and Mg with real positive entries;.
m, Diagonalisation

Ulm, U* = m}; = diag(m1, ma, ms)

m;'s Real Positive.
Now

my — %/UZYVdiag<Ml_17 M2_17 Mi))_l)YVT
— Udiag<m17 7/”:27 m3)UT
U = Upmns = UckmUa;
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Relation of flavor basis to mass basiév.), = (U),, vir

Charged current interaction in mass basis:

L=(—g/V2)liry"Uijvr,W,;

U Parametrization

v
C12C13 $12C13 —S13€ P

_ 5 s
U = | —S12C23 — €12523513€"°P C12Co3 — 512523513€"°P —5S93C13
5 5
— 512593 + €12C23513€"°P 12893 + S12C23513€"°P 93013

= PMNSxMajorana Phase Matrix

T = ©ORIg, Sy = S0,
dp = Dirac phase

an, oo, = Majorana phases

X

.QQ

)

[\D‘

-
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In our chosen basis :

me 0 0 M, 0 0
0 0 m. 0 0 M;
and in this basis
a1 az asg
mp = | by by b3
C1 C2 C3

with complex elements.

m, from see-saw

9 9
aj @2 a albl azbz a3b3 a101 a202
Y + -I— + 22 + 3 + —I—

_ =17 | ajly agbg a b3 5101 5202 5303
m, = —mpMp mp =—| S+ T2+ 5 1+ + + 22+M3

9
a101 4+ a202 4+ a3033 5101 4+ 5202 4+ 5305 _|_ _|_
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Additional inputs:
No family of neutrino is decoupled

m; A0 and  allM;’s are large (likel0° Gev or more)

detm, # 0 # det mp

No artificial cancellations!
Maximum number of zeros allowed thp with above constraints= 4
(G.C. Branco, D.E.-Costa, M.N. Rebelo and P. ReyRD 08)

All four zero textures have been classified. 72 allowed teg®ne important property of
these:

High Scale CP Violatiomompletely determined by tHeow Energy CP Violation
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72 textures categorised into two

CategoryA: 54 Textures

e 18 Textures, First row orthogonal to second rois, )12 = (m, )91 =0
e 18 Textures, First row orthogonal to third rowsmn, )13 = (my, )31 =0

e 18 Textures, Second row orthogonal to third rom, )ss = (m,)32 =0
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CategoryB: Textures with two zeros in one row and one each in the rest

e 6 Textures, First row with two zeros
e 6 Textures, Second row with two zeros

e 6 Textures, Third row with two zeros

If the rows with one zero each ake! thendet cofactor(m, )] =0

In addition for each textures B: (m,),, # 0
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Neutrino Factfile

2 2 2

o |Am3,| ~ 2.4 x 107%eV?, |Am3,| ~ 7.6 x 1075%eV?

o [RI=2731 ~ 3.2 x 1072

|Amgy| —

e 0.05eV < X;m; < 0.5eV « cosmological bound

® 923 ~ %, (912 ~ Sin_l %, 913 small
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w7 symmetry and its consequences

Underpr symmetry,L invariant underv,«— v,;, N, +— N,.

—
ayp az a3 M; 0 0
mp = b1 bQ b3 ; MR: 0 MQ 0
by b3 by 0 0 M

CustodialyT symmetry inm,,:

m, = :mf

SuRIuuIIeN

*

— h=m,m) = is pT symmetric,

B B
C D
D C

P QQ
R S
S R

Q
Q*
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where

P = |AP+2|B|>, Q=A'B+B*C+D)
R = |BP*+|C*+|D?>, S=|B?+CD*+DC*

Apply to four zero textures.
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CategoryA:

uT symmetry in Lagrangian is incompatible with orfigur zeros inmp for 52 textures
here

In the remainin@ texturesur symmetry can be fitted

a;y as a9 ap as a9 M1 0 0
mM =10 b o, @mP=|0 0 b Mp=| 0 M, 0
0 0 bQ 0 bQ 0 0 0 M2

See-Saw formula=
CL%/Ml + 2&%/M2 CLQbQ/MQ CLQbQ/MQ
m,—— CLQbQ/MQ b%/MQ 0 :
CLQbQ/MQ 0 b%/MQ

for both.
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Under parametrization

b2 My a o a
= — - T — k Z(&+&> — k (107
ms 2, 1 X 1)2 1€ —1)2 9€

m,, after phase factor absorptieff by v, :

]{%622& + 2]6% ]{2 ]{2
m, = ms kg 1 0
ko 0 1

3real parameters;, ks, &
Further, tribimaximal mixingi.e. 6,5 = sin—!(1/+/3)==, assumption

A+B=C+D

— cosa =0 ky = (2k2 + by — 1)V2.

One real parameter.
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CategoryB:

Again, 16 textures here with only four zeros mp are incompatible withiw symmetry
Hence ruled outin remaining two texturegs~ Symmetry imposed without ambiguity

aq 0 0 ay 0 0 M1 0 0
mp — b1 bg 0 : bl 0 bQ MR = 0 M2 0
bl 0 bQ bl b2 0 0 0 M2

See-Saw formula=

CL%/Ml albl/Ml albl/Ml
m,=—— CL1[)1/M1 b%/Ml—l-b%/MQ b%/Ml ;
Cblbl/Ml b%/Ml b%/Ml —|—b%/M2

for both.
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Under parametrization
b% M2 a

ms =
Absorbing phase factef® in v,:

B hhe® e
m, = ms lll2€zé l%e%ﬁ + 1 136_225
lllgezﬂ l%e%ﬁ 156%5 +1

Again, 3 real parameters, [, 5.

Now, additional TBM,0;» = sin'(1/4/3), assumption
A+B=C+D

B = cos (I /4ly),

1
b= (1= B)2

One real parameter.

=z X ! = eiB/ % X @ —
My’ M, " by M, by
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Parametric Functions for Categaody

X4 = 2V/2k/(2k3 + 1)2 4 2k2(2k3 + 1) cos 2 + k?
Xou =1 — 4ky — ki — 4k?k3 cos 2a

X3 =1 — 4k — ki — 4k?k3 cos 200 — 4k3

Xya = ki + 4Kk5 + 4kik3 cos 2a

X514 = —8kik; sin 2@

Parametric functions for CategoBy

Xip = 2\/5162\/(2[% +12)2 + 2(212 + 13) cos 28 + 1
Xop =4l — 17 +4l5c0s28 + 1

Xsp =1— (205 +1)* — 415 cos 283

Xyp=1

X5p = —Slilysin 23




Phenomenology

Physical Quantities

tan20p, = =, R= - . X =x?+ X2
MR TRy Am3,  X;— X L
1

1 _
ma = |[Am2, X V2 mgy = |Am2 (X! — 5X3X Ly 5)\1/2,
mpgg = ‘(mV)ee| — ‘Am%1X4X*1|1/2

and Majorana Phases

oy — augz) — 12+ mist — mch,

2m1ms3sty| 7|
Z12m2 4 m2cd — m2gh
cos(cuns, — argZ) = |[Z]"m3 + macry 1512

2maemscis| Z|
(mw)22 + (Mmy )23
(mu>22 - (mu>23

Z:
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Input data (M.C. Gonzalez-Garcia, M. Maltoni and J. SalvaldtEP 1008:117, 2010)

Quantity ExperimentaBo range
912 31.5° 10 37.6°
Rinverted —4.13 x 107?to —2.53 x 1072
Roormal 2.46 x 1072103.92 x 102
Am3, 6.90 x 107° eV*t08.20 x 107> eV*
Am3, (inverted) —2.73 x 107 eV?t0 —1.99 x 107% eV*
Am3, (normal)| 2.09 x 1077 eV*t02.83 x 1077 eV*
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4 T T T T T T T T
3.5 Category A .

2.5 r .

1.5 1 .
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Restrictions on parameter space

e 839° < a < 90°

e 2.0 < k1 <5b.3

o 1.2 < ky < 3.7

e Only inverted mass ordering allowed

TBM =— 1.95 < ky < 1.97 at the3o level
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Restrictions on parameter space

o 87° < 3 < 90°
e 0.1 <} <0.55
e 0.6 <y <0.76

e Only normal ordered mass spectrum allowed

TBM — 0.11 < [; < 0.15 at the3o level
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Mass ranges in our scheme

Category A Category B
»m; = 0.092 t01.35eV | =m; =0.052100.123 eV
mgz = 0.005 t00.450 eV | mgz = 0.0003 to 0.0156 eV

Latest cosmological bountm,; < 0.28 eV removes a large part of the allowed paramete

space of Category A.
S. A. Thomas, F. B. Abdalla, O. Lahav, PRL, 105, 031301, (2010

Majorana Phases

—98.0° < apy, < 20.0° 9.2° < ayy, £36.4°  (Category A)
—88.6° < aypyy, < 7.97° 90.7° < apy, < 128.8°  (Category B)
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Radiative lepton decay:l, — lg7

la — lgy a>pB:lh=e l=pu I3=T1

MSUGRA scenarios with universal scalar masses at high 3¢ale- 2 x 10'GeV)=
Mx
M,
M; = mass of I-th heavy right chiral neutrino Categoky Allowed two textures-
(my )23 = 0= BR(7 — vy = 0) In both CategonA and CategorB: (m, )13 = (m,)12 #
0= BR(7 — ev)# 0 #BR(u — ev)
BR(T — ey) _ BR(7 — ev.r)
BR(p — ey) BR(p — ev,v,)

BR(lo — lgy) o< BR(lo — lgvD) |(mp)ai(mp)s; In

~ (.178.
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Baryogenesis via SUSY leptogenesis

Baryon asymmetry

_np—ng (24—|—4ng)nl—nl

"= iy 60 + 13ng/ n,

For MSSMny = 2 and

n,—mny

n = —2.45 ~ (5.5 —7.0) x 107'% (30).

e
Sakharov conditions (1967):

e Baryon no. violation

e CP and C violation

o Out of equilibrium condition
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Baryogenesis via leptogenesis (Fukugita and Yanagida)12&pton no. and CP violei-
tion from Majorana nature aN; via N; — ¢,l,, gbLl@ Interference between tree and one

loop diagrams.
Sphaleronic conversion @t ~ My: AB = AL

_ n; —njy
n=—2.45 -
o TN = 6) = (N, = 6L
L [F<Nz — gbulﬁ) + I'(N; — Qﬁ/ﬁ)]

(8% M2 (8% M2 B
T I L e
If} = Im(m}))ijD)m(mEmlD)ﬁ

T3 = Tm(mb),,(mp);(mbmp),; — 0 (here)

flo) = va | —— —m 2T (s

— In
Calculation of "= from ¢ involved.

1l —=x €T
My
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Leptogenesis at scald;,,.s;=min(M;, My, Ms) .

3 possible mass hierarchical casesAgr
(1) NHN: Migpest = My < My = Ms, (2) IHN: Mipypest = Mo = Mz < My, (3) QDN
Mlowest = Ml = M2 — M31

3 possible regimes:

(1) Unflavored leptogenesi®f (1 + tan? 37" > 10'2 GeV, (2) Fully flavored lep-
togenesist,,es(1 + tan ﬁ)_l < 107 GeV, (3) 7 flavored leptogenesig)’ GeV<
Miowest(1 + tan® 3) "' < 10'2 GeV,

Two CategoriesA andB. Thus3 x 3 x 2 = 18 different possibilities

Sphaleron conversion—
np —Np n; — Ny
n= B gyt
TLfY n7

Standard calculation using flavor dependent Boltzman emnst
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Results:a, 5 in fourth quadrant<€ 0) for NHN and QDN cases and in the first quadiant
(0 >) for IHN in all regimes.
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Unflavored Leptogenesis

CategoryA
Parameters NHN IHN QDN
NON ION
Qa a <0 a >0 a <0 a >0
89.0° — 89.9° | 89.95° — 89.99° | 89.1° — 89.9? | 89.10° — 89.99°
T 10 — 10° 0.001 — 0.1 2.0—0.1 0.1 —0.9
tan (3 2 — 60 2-5 2 — 60 2 — 60
5.0 x 103 5.0 x 103 5 x 10° 5.0 x 10°
T — — — —
4.9 x 100 2.6 x 10* 3.6 x 10° 4.9 x 109
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Unflavored Leptogenesis

CategoryB
Parameters NHN IHN QDN
NON ION
3 B <0 B>0 B <0 B>0
88.8% — 89.9°(89.48° — 89.99° | 87.0° — 89.9° | 89.84° — 89.99°
T 10 — 10° 0.001 — 0.1 8.3-9.5 0.1 —0.9
tan (3 28 2 — 12 2 — 60 2 —10
8.4 x 10° 5.0 x 103 5.0 x 10° 5.0 x 10°
ot — — — —
8.5 x 104 1.6 x 10° 4.9 x 109 1.0 x 10°
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Fully flavored Leptogenesis

CategoryA
Parameters NHN IHN QDN
NON ION
Q a <0 a >0 a <0 a >0
89.4° — 89.9° | 89.0° — 89.8° | 89.1° — 89.9° | 89.0° — 89.9°
T 10—10° | 0.001 —0.1 | 1.1 —10.0 0.1 —0.9
tan 3 25 — 60 22 — 60 2 — 60 2 — 60
67 4.9 x 107 23 10
Mopwest _ . _ _
109GeV
3.6 x 10° 3.6 x 103 | 3.60 x 10° | 3.6 x 10°
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Fully flavored Leptogenesis

CategoryB
Parameters NHN IHN QDN
NON ION
3 B <0 B>0 B <0 B>0
87.0° — 89.9°|87.0° — 89.9° | 87.0° — 89.9° | 87.0° — 89.9°
T 10 —10° | 0.001 — 0.1 1.1—10 0.3 —0.9
tan (3 16 — 60 24 — 60 6 — 60 7 — 60
2.4 x 107 5.7 x 10> | 0.35 x 10° | 0.49 x 10?
ot — — — —
3.6 x 10° 3.6 x 10° 3.6 x 10° 3.6 x 10°
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r-flavored Leptogenesis

CategoryA
Parameters NHN IHN QDN
NON ION
Q a <0 a >0 a <0 a >0
89.0° — 89.9° | 89.0° — 89.9° | 89.0° — 89.9° | 89.0° — 89.9°
T 10—10° | 0.001 —0.1 | 1.1 —10.0 0.1 —0.9
tan 3 2 — 60 2 — 60 2 — 60 2 — 60
1.7 x 103 50 100 100
Mopwest _ . _ _
109GeV
4.0 x 10* | 1.03x 10* | 1.97 x 10* | 1.45 x 10*
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r-flavored Leptogenesis

CategoryB
Parameters NHN IHN QDN
NON ION
3 B <0 B>0 B <0 B>0
87.0° — 89.9°|87.0° — 89.9° | 87.0° — 89.9° | 87.0° — 89.9°
T 10—10° | 0.001 —0.1 | 1.1 —10.0 0.1 —0.9
tan (3 2 — 60 2 — 60 2 — 60 2 — 60
3.25 x 10° | 6.25 x 10*> | 0.37 x 10> | 0.37 x 107
ot — — — —
2.3 x 10* 5.0 x 104 2.1 x 104 1.6 x 10°
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Deviations from RG running

Have considered radiative breakingef symmetry. Assumer symmetry atA ~ 10!
GeV (highest)/; ) One loop RG running from to A ~ 10° GeV will break it owing to
charged leptons in the loop.

In MSSM using m?2 > m; , deviationA:

2

A, r (tan* 3 + 1) In (A)

- 8122 A
Now
Y =diag(1,1,1 — A)YA
and
10 0 10 0
my=[01 0 mi>[01 0
00 (1—A,) 00 (1—A;)

Have worked outn; 2 3, = m; andmgg as well asp. Their changes are marginal.
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Results for3o variations ofR andfy,:
Category A

o 0° < O3 <2.7°
¢ 36.3° < fy3 < 45°

e Inverted mass ordering retained

Category B

o 0° < (913 < 0.85°
o 45° < B3 < 46.8°

« Normal mass ordering retained

Slide 39
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But measurable low energy CP violation
X5,
X(X3 - X?)

JC’P ~

|JAp| ~2.0x 107 |J5p| ~3.0x 1074

The same phas®, 5 contributes to/-p, 0v33 decay and leptogenesis
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More general perturbation

New result from thel 2K collaboration (6 signal events withl estimated backgrourd
event), arxiv:1106.2822.

4.1° < (913

for 0., # 0 with a best fit value;; ~ 9°.

Not compatible with);3 from RG evolvedur symmetry breaking in our scheme.
Have to consider more general perturbation

Hypothesis u7 breaking fromv, — N5 contribution toY,.

Now

Y, =diag.(1,1,1 — ¢)YAT
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and
0 0

10 10
my=[01 0 [m|01 0
00 (1—¢) 00 (1—¢)
Proceeding as before, fer~ 0.2, we find
0° < 013 < 12° (Category A)
0° < 013 < 8.5° (Category B)

| J4p|~2.0x 1072

|JEp| ~3.0x1072
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Conclusions on four zero Yukawa textures within type-| seesw

o Out of 126 four zero texturesr symmetry compatible witkOURtextures only leac -
Ing to only two forms ofm,: one for category A, one for category B

o For thesef;, and R admit restricted regions in the parameter space &f§d) is in
some tension with data

e Tri-bimaximal mixing farther highly restricts the pararaet

o Small radiative deviations fromx7 symmetry yield rather smafh 5, generate/-p» and
further restrictd,s.

o More general perturbative deviations can generate a lé@yger



