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Background and motivation

CP violating interaction is necessary
for the Baryon Asymmetry in the Universe (BAU).

Sakharov’s three conditions

- Baryon number violation
- C and CP violation
- Interact out of thermal equilibrium era

Kobayashi-Maskawa model :
Mixing among three flavors can violate CP symmetry (quark sector)
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The origin of CP violation closely relates to the flavor structure
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CP violating phase in the lepton sector d.p:
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— Normal
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20 C.L.

CP conservation (6.p = 0, +m)
is excluded in 20 C.L.
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Ocp = — ~ may be favored ?
: : ?
Is there something symmetric structure? SRR <t 4 2017)

20 C.L.. Normal Hierarchy (NH) [—171°, —34.4°]
Inverted Hierarchy (IH) [—88.2°, —68.2°]
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How to predict CP violating phase
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PMNS mixing matrix is derived from neutrino mass matrix.

9 parameters contribute to the PMNS mixing matrix at most

Global experimental data of neutrino oscillation NuFIT 3.2 (2018), JHEP 01 (2018) 087

5 parameters are available
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Approaches to 0.p -- reduce model parameters --

(A). 2 right-handed (RH) Majorana neutrinos

-- The lightest neutrino becomes massless.

(B). Flavor symmetry (A4, S4, As, etc.)

-- control Yukawa couplings in the Lagrangian.
-- introduce gauge singlet scalars (called as “flavons”).

(C). Texture zeros

-- put zeros in some elements of the neutrino mass matrix.
-- can not construct the Lagrangian.

‘ Our model is a combination of the three methods




Model

(--). First setting (without loss of generality)

-- Diagonal basis of charged lepton mass matrix

me
M; = ( L ) Upmns = U;rUv =U,
mT

(A). 2 right-handed ( RH ) Majorana neutrinos

_ (M 0)_ (p‘l 0) _ bt
MR_<0 M, =M 0 1 p_M1

We can take diagonal basis of Mp in the seesaw mechanism

M, =-MpMyM}
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(B). Flavor symmetry (A4 or S, are implied)

--Assume tri-maximal mixing

tri-bimaximal (TBM) mixing
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Harrison, Perkins, Scott
Phys. Lett. B 458, (1999) 79

- We focus on TM; here

fix
/ 1 0
V6 | V3 1 0 0
s = _\/_13 \/% —% <0 cos¢ ei"sin¢>
i i i 0 —e '%singp cos¢
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" \/61 \/1§ 1 ( co;rl) (1) ei"soinqb)
PMNS = | T (= |V =1 =
\/g \/§ \/E _p—log;
i i i e ?sinp 0 cos¢
Ve V3| V2

named by W. Rodejohann et al.

TM, will be discussed in numerically...
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TM; realization

We obtain the following Dirac mass matrix:

b+c e+ f This leads to TM; mixing with NH.
Mp =v I% g - IH pattern will be shown numerically.
¢ f v ~ 174.1 GeV : Higgs doublet vacuum expectation value

the relative phase between b and ctobe O ort. = b/c is real.

(C). Texture zeros --finalize the model minimization --

- impose a 0 in the Dirac mass matrix.

e+ f b e+f c et+f
e 2 — 2 2 - 2 2
Mp =v b . Mp =v b e Mp =v p
b f f c f
Case | Case |l Case Il

Excluded from 30 interval ( off the edge but near)
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Symmetry realization by S,

Dirac massterm: Lp = qulL H, vp + quz L H, vp,
TM; with NH
b+c e+ f b+c e+ f
A B ()~ 2 | (p~| 2
D b e 1 C 2 f
C f b e

SU™ (1) = (1)
-- residual Z, symmetry from S,
SU¢2) = (¢2)

generators of S, : S, T, U*
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Profile of case |

The neutrino mass matrix (seesaw mechanism) M, = —M, MM},

in the TBM basis:

0 0 0
3 V3
29210 —(k + 1)? — (k% -1)
MIBM = vl M, Vrgy = L 2v2
M, Ne
0 k?—1) 12|B|? e2i¢B+—k—12}
- 5= { 1B12p > (k= 1)
k=e/f
|B|eis = b/f k can be make by freedom of the phase redefinition.

- 3 model parameters in the mixing matrix : {k, |B|'(= |BlyP), ¢5}

- Jarlskog invariant : I This factor determines the sign of sin §p. I

3f12 v12

Jep = —§W(|B|\/@6(k + 1)*(k* — 1) sin 2¢p
0

o« sin 8qp
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Profile of TM; with IH
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¢ Z (keitk —
0 2\/_(1( k—1) Z(ke k—1)

;(keiq)k +1)* 0 ?(kzezw)k -1)

0 0 0

M,
?(kzem/’k 1) 0 (ke —1)°

‘ - 2 model parameters in the mixing matrix : {k, ¢}
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Numerical Results
NuFIT 3.2 (2018), JHEP 01 (2018) 087

We show these minimal models

Case | TM, with IH TM, (common in NH and IH )

e+ f e+ f o e+ f

—2b
MD=U b e MD=U b

2 2
e e
b f b f b f
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Numerical Results ( case | ) k=e/f

Blue : 30 plot
Ocp: £[71.4°,97.9°] (10) Green : 10 plot
. +[57.5°, 1120] (30-) Magenta : 30 plot with k = —3
.+ :77.80, 1010] (k _ _3) Red (horizontal) : 20 interval by T2K [—171°, —34.4°]
Red (vertical) : 30 interval by NuFIT
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Numerical Results ( TM; with IH) k=e/f

Blue : 30 plot
Ocp: £[69.9°,84.7°] (10) Green : 10 plot
: i[56.8°, 1070] (30-) Magenta : 30 plot with k = —3

Red (horizontal) : 20 interval by T2K [—88.2°, —68.2°]

Red (vertical) : 30 interval by NuFIT
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Numerical Results ( TM,)

Scp: £[51.0 °,180°] (30)
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back to case |

The predicted §.p is sensitive to k.
But the sign of d.p is not determined...

This result (case I) indicates

Sign| Jcp | = Sign| é¢p |

*Recall

3f12 le

Yoo — —§W(|B|\/ﬁ)6(k + 1)*(k* — 1) sin 2¢5
0

(Am%3 Tl Amfz)Am%Am%Z
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Leptogenesis in our models

B— L asymmetry in the comoving volume (MK M)

np_j,

YB—L — _Elk YI\?;I(T >> Ml)

is relevant to CP asymmetry of the lighter RH neutrino N; decay.

2
3 Im[(YgYD)ZJ 1
161 (YJYD)M p

==

61""_ p

The heavier RH neutrino decay is relevant at M; > 10*[GeV]

Here, we assume M, < 101*[GeV] for simplicity.
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CP asymmetry in 1 loop decay of N;

Case |

2|b|? b*(e — f)

YJYDZ le + f? e =—
ble—f)" L= +lel2+IfI’
TM, with IH |
6|b|? 0
A e + f|? = € =0
e et I e 4 1117 1
4
™,
A% —(3”"2 0 > = ¢ =0
. le + 12 + lel® + |12 .

€1 = —

2
3 Im [(YJYD)le 1
16w (Yng)ll p

3 1

1
2 B2 .
Tz /120 = D2 sin 2,
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Numerical results (30)

Demanded Baryon asymmetry for the nucleosynthesis:

ng = Z—j = 7.04Y; = [5.8,6.6] x 1071° (95% C.L.)
[PDG] Chin. Phys. C 40 (2016) 10, 10001]

040 045 050 0.55 0.60
Sin2823

M, = 10 [GeV]

The sign of O .p is split by k
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Sign of O0.p
B and B — L asymmetry are related ( sphaleron transition at T > Tgy, ~ 100[GeV] ):

np . 8Nflavor + 4'NHiggs 28

= Yg_; ==—=Yg_ '
5 22Nigvor + 13Npiggs B—L B—L (Suppose 3 flavors and 1 Higgs)

Y
B 79

S.Yu. Khlebnikov, M.E. Shaposhnikov, Nucl. Phys. B 308, 885 (1998)

Demanded Baryon asymmetry for the nucleosynthesis:

ng = -2 = 7.04Yz = [5.8,6.6] x 1071° (95% C.L.)

n
Y
[PDG] Chin. Phys. C 40 (2016) 10, 10001]

@ 179

—€1k Yy = —7.04%773 > ()
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For simple analysis

1 3.3x107%[eV] i il . y
- — AL 0.55 x 10-3[eV] >0  validfor M; < 10™*[GeV]
1 ]
v2(YpY)) v?
where = 11— 2|fI2|B|?*—  forcasel
=t = 2RI

fitted by G.F. Giudice, A.Notari, M. Raidal, A.Riotto and A. Strumia, [Nucl. Phys. B 685 (2004) 89]

The number density of N; in thermal equilibrium

135¢(3)

eq __ —

¥ = gt g, = 106.75 (SM)
Nucl. Phys. B 685 (2004) 89

e = = |20~ 1)2sm2¢>3
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Mass hierarchy of RH neutrinos

Consistent with our assumptions:

M; & M,
M; « 10'*[GeV]
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Minimal seesaw model with
2 RH neutrinos & tri-maximal mixing TM; and TM,

e+f\ - Normal hierarchy
Mo=v| g --- distinct the sign of §.p
L f --- include (653 ,6cp) = (%' _g)

explain neutrino oscillation & BAU
Symmetry realization by S,

Dirac mass term - % ¢, LH, Vi, + % ¢, LH, VR,

e+ f e+ f
SU g = g -- residual Z, symmetry from S,
f f S,T,U : generators of S,

Is it consist with quark sector?

SKM ~ +70°  can be realized with our model?
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Global experimental data of neutrino oscillation

Normal Ordering (best fit) Inverted Ordering (Ax? = 4.14)
bfp +1o 30 range bfp 1o 30 range

0.307 70 015 0.272 — 0.346 0.307 70 015 0.272 — 0.346
33.621078 31.42 — 36.05 33.6275 1% 31.43 — 36.06

0.538T5 bes 0.418 — 0.613 0.55470 023 0.435 — 0.616
47.2135 40.3 — 51.5 481173 41.3 — 51.7

0.022060:09075  0,01981 — 0.02436 | 0.0222779-0997%  0.02006 — 0.02452
8.5470 1% 8.09 — 8.98 8.587 014 8.14 — 9.01

234133 144 — 374 278120 192 — 354
74017521 6.80 — 8.02 7401021 6.80 — 8.02

+2.49470:933 19399 — +2.593 | —2.46519032 2562 —» —2.369

NUFIT 3.2 (2018), JHEP 01 (2018) 087




