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Redefinition of lepton mixing matrix

@ We adopt the charged lepton diagonal basis,

m; = diag (me, myu, m-) .
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Redefinition of lepton mixing matrix

@ We adopt the charged lepton diagonal basis,

m; = diag (me, My, mr) .

@ The neutrino mass matrix m, can be expressed via the mixing matrix U as
m, = U"diag (m1, ma2,m3) uf
under the assumption of Majorana neutrinos.

@ The invariance of the neutrino mass matrix under the action of a CP
transformation
. _T T
v = iXv%Cr;, =X m,X=m,,

X should be a symmetric unitary matrix to avoid degenerate neutrino masses.
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Redefinition of lepton mixing matrix

@ We adopt the charged lepton diagonal basis,

m; = diag (me, My, mr) .

@ The neutrino mass matrix m, can be expressed via the mixing matrix U as
m, = U"diag (m1, ma2,m3) uf

under the assumption of Majorana neutrinos.
@ The invariance of the neutrino mass matrix under the action of a CP

transformation

VL — iX”yoCDLT = X"m,X =m},

X should be a symmetric unitary matrix to avoid degenerate neutrino masses.

@ The lepton mixing matrix
U=X03x3Q,,
> is the Takagi factorization matrix of X fulfilling X = X7,

. —ikym/2 _—ikom/2 _—ikgw/2
Qy:dlag(e21”/,61277/,613”/),

the entries of Q, are £1 and #+¢ which encode the CP-parity or CP-signs of
the neutrino states and it renders the light neutrino mass eigenvalues positive.
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Redefinition of lepton mixing matrix

@ The matrix Ozxsz = 0102043 is a generic three dimensional real orthogonal
matrix, and it can be parameterized as

1 0 0 cosfz 0 sinfs
01 = 0 COS 91 sin 6'1 s 02 = 0 1 0
0 —sinf; cosby

—sinfls 0 cosfs

cos 03 sinflzs 0
O3 = —sinfs cosf3 0
0 0 1
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The neutrino oscillation data

Parameter! BFP+l1o 20 range 30 range
am3, [1077 ev?] 7.6070-19 7.26 — 7.99 7.11 — 8.18
Am3; [107% ev?] (NH) 2487000 2.35 — 2.59 2.30 — 2.65
Am?, [10*3 eV2] (TH) 2.3810-0% 2.26 — 2.48 2.20 — 2.54
sin 015/10 1 3.23 +0.16 2.92 — 3.57 2.78 — 3.75
2 -1 0.32
sin? 6p3/10~ 1 (NH) 5.6779:32 4.14 — 6.23 3.93 — 6.43
2 -1 0.25
sin? 63 /10~ 1 (IH) 5.7375-25 4.35 — 6.21 4.03 — 6.40
sin? 613/10~2 (NH) 2.26 4+ 0.12 2.02 — 2.50 1.90 — 2.62
sin? 013/1072 (IH) 2.29 +0.12 2.05 — 2.52 1.93 — 2.65
+0.55
5/m (NH) 1417358 0.0 — 2.0 0.0 — 2.0
5/m (IH) 1.484£0.31  0.00 — 0.09 & 0.86 — 2.0 0.0 — 2.0

The allowed ranges of | (Upmns) y | are explicitly given at the 3o level:

3

NH IH
0.780 — 0.842  0.520 — 0.607  0.137 — 0.162 0.779 — 0.842  0.520 — 0.607 0.139 — 0.163
0.207 — 0.555 0.395 — 0.714 0.618 — 0.794 0.207 — 0.554  0.397 — 0.710  0.626 — 0.792
0.226 — 0.566  0.420 — 0.731  0.590 — 0.772 0.229 — 0.566  0.426 — 0.729  0.592 — 0.765

1_ —
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The neutrino oscillation data

NH IH
0.780 — 0.842 0.520 — 0.607 0.137 — 0.162 0.779 — 0.842 0.520 — 0.607 0.139 — 0.
0.395 — 0.714  0.618 — 0.794

55
0.226 — 0.566  0.420 — 0.731  0.590 — 0.772

0.207 — 0.5
0.229 — 0.566  0.426 — 0.729  0.592 — 0.7

l H().2()770.554 0.397 — 0.710  0.626 — 0.7

* The |Uui| ~ |Urs| relation. Approximate ;1 — 7 relation.
* Exact p — 7 relation |Uy;| = |Ur;|. This equality holds if either of the following
two sets of conditions can be satisfied.

023 = % ,013 =0;

|Upil = |Uri| <
23 = 7 ,6cp = £7.
It is clear that 013 has already bee ruled out, but 623 = 7 and dcp = —7 are
both allowed at the 1 or 20 level (and dcp = % is also allowed at the 30).
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The p — 7 Flavor Symmetry

We claim that there must be a partial or approximate p — 7 flavor symmetry behind
the observed pattern of the PMNS matrix.

The p — 7 symmetry gives the constraint that Lagrangian is invariant under
transformation of p and 7 neutrinos states.

* The pu — 7 permutation symmetry

The neutrino mass term is unchanged under the
transformations;

Ve —> Ve, Vy — Vs, Vr — Uy .

* The pu — 7 reflection symmetry
The neutrino mass term is unchanged under the transformations?;

C c (&
Ve —F Ve, Vy — Vs, Vr —> V-

2 . . .
The superscript ¢ denotes the charged conjugation.
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-
Generalized p — 7 reflection

This interesting CP transformation takes the following form:

e 0 0
. LBy
X = 0 e*® cos © ie'” 2 sin®
LBt iy
0 e 2 sin® e’ cos ©

where the parameters «, 3, 7, and © are real.
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This interesting CP transformation takes the following form:

e 0 0
. LBy
X = 0 e*® cos © ie'” 2 sin®
LBt i
0 e 2 sin® e’ cos ©

where the parameters «, 3, 7y, and © are real. The corresponding Takagi
factorization matrix is given by
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-
Generalized p — 7 reflection

This interesting CP transformation takes the following form:

e 0 0
. LBy
X = 0 e*® cos © ie'” 2 sin®
LBt iy
0 e 2 sin® e’ cos ©

where the parameters «, 3, v, and © are real. The corresponding Takagi
factorization matrix is given by

o
e'2 0 0
= 0 e'2 cosy ie'?sin5
T R AN ;X
0 1e'2 sm% e'z cos%

As a result the resulting lepton mixing angles are determined as

sin? 013 = sin? 0, sin?60;2 = sin?0s, sin?fas = % (1 —cos®cos26q) ,
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Generalized p — 7 reflection

This interesting CP transformation takes the following form:
0

el 0
; LB
X = 0 e cos © ie'” 2 sin® ,
LBt iy
0 de' 2 sin® e cos ©

The corresponding Takagi

where the parameters «, 3, v, and © are real.

factorization matrix is given by
e
e’z 0 0
_ ig e it . e
Y= 0 e'2 cosy ie'?sin5
o i L
e'2 cos %

T R AN
0 1e'2 sm%

As a result the resulting lepton mixing angles are determined as
sin? 03 = % (1 —cos®cos26q) ,

sin® 615 = sin? 0, sin? 015 = sin? 03,

while the CP violation parameters are predicted as
sin 6CP _ sin © sign [‘sin 0o s‘in 203] ,
\/l—cosz © cos? 20,

03 — ke /
=kackag P23 .

1 5in © sin 05 sin 203 cos® 0 ,
dcp =

Jep = 3
tandcp = tan © csc 201, P12 = 71"2;’“ T, ¢i13= 7"’35’61 T,
8/18 May 24, 2016
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-
Generalized p — 7 reflection

We have a correlation between dcp and the atmospheric angle.
sin? dcp sin? 2023 = sin? ©.
Taking © = :tg, both 623 and dcp are maximal, since the residual CP

transformation X reduces to the standard p — 7 reflection. When 61 = =7, the

atmospheric mixing angle 023 is maximal and tan dcp = & tan ©.

160 IO

80 10 20
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Neutrinoless double beta decay

The rare decay (A, Z) — (A, Z +2) + e~ + e~ is the lepton number violating

process “par excellence”. In the symmetric parametrization, the amplitude for the
decay is proportional to the effective mass parameter

2 2 .2 2 —i2 . 9 2
|Mee| = |ma cos™ O12 cos”™ 13 + ma sin” 012 cos™ O1ze”* P12 4 mgsin? Grze” 2018 |
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Neutrinoless double beta decay

The rare decay (A, Z) — (A, Z +2) + e~ + e~ is the lepton number violating

process “par excellence”. In the symmetric parametrization, the amplitude for the
decay is proportional to the effective mass parameter

2 2 .2 2 —i2 . 2 _io
|Mee| = |ma cos™ O12 cos”™ 13 + ma sin” 012 cos™ O1ze”* 12 4 s sin? 053¢ 12013

)
Within our scheme the Majorana phases are predicted as

ko — k ks — k
¢12 = !ﬂ' and ¢13 — gﬂ-.

2 2
In other words, these phase factors are predicted to lie at their CP conserving
values, which correspond to the CP signs of neutrino states. This implies that the
two Majorana phases (¢12, ¢13) can only take the following nine values

(0,0), (0,+w/2), (£7/2,0) and (&w/2,+7/2).
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Neutrinoless double beta decay

The rare decay (A, Z) — (A, Z +2) + e~ + e~ is the lepton number violating
process “par excellence”. In the symmetric parametrization, the amplitude for the
decay is proportional to the effective mass parameter

2 2 .2 2 —i2 .2 —i2
|Mee| = |ma cos™ O12 cos”™ 13 + ma sin” 012 cos™ O1ze”* 12 4 s sin? 053¢ 12013 ,

Within our scheme the Majorana phases are predicted as

ko — k1 ks — k1
—_— —

¢12 = B ™ and ¢13 = B

In other words, these phase factors are predicted to lie at their CP conserving
values, which correspond to the CP signs of neutrino states. This implies that the
two Majorana phases (¢12, ¢13) can only take the following nine values

(0,0), (0,+w/2), (£7/2,0) and (&w/2,+7/2).

The effective mass me. is an even function. This means that for each possible

neutrino mass ordering, there are only four independent regions for the effective

mass.
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Neutrinoless double beta decay

l Normal Ordering ‘
CP signs Q. | (¢12, ¢13) [Mee| (1077 eV)

diag(1,1,1) (0, 0) [0.32,7.22] The allowed ranges

diag(1,1, —i) (0, 2) [9.50 x 10—~ ,6.89] for the effective mass
diag(1, —, 1) (3,0) [0,3.31] in for the case of
diag(1, —i, —1) (g, g) [0,2.94] normal and inverted

ordering. Notice that
in our generalized

l Inverted Ordering ‘ u — 7 reflection
CP signs Q, ($12, ¢13) | [mee] (1077 eV) ;f;saerslcg ;ﬁcoﬁfﬁ‘]ﬁéaé‘a
diag (1,1,1) (0, 0)
: : 4.59,8.20 .
diag (1,1, —) (0, %) [ ] and +7/2
diag (1,4, 1) (,%’ 2) [1.10,3.45]
diag (1, —1) (5, 5)

F. Gonzalez-Canales (CINVESTA Remnant CP 11/18 May 24, 2016 11 / 18



Neutrinoless double beta decay

100 -

|Mee| [€V]

F. Gonzalez-Canales (CINVESTA

Disfavoured by 0vfsp

| Disfavoured by Cosmology
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The red and blue dashed
lines indicate the regions
currently allowed at 30 by
neutrino oscillation data.
The most stringent upper
bound |mee| < 0.120eV from
EXO-200 in combination
with KamLAND-ZEN. The
upper limit on the mass of
the lightest neutrino is
derived from the lastest
Planck result

>,mi < 0.230eV at 95%

level.
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CP violation in neutrino oscillations

* The existence of leptonic CP violation would show up as the difference of
oscillation probabilities between neutrino and anti-neutrinos.
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CP violation in neutrino oscillations

* The existence of leptonic CP violation would show up as the difference of
oscillation probabilities between neutrino and anti-neutrinos.

* The transition probability P(v, — v.) in matter has the form

P (v, = ve) ™ Pagm + Psol & 2V PagmV/ Paol cOS (A32 =+ arcsin ( sin© >) .

sin 2923
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CP violation in neutrino oscillations

* The existence of leptonic CP violation would show up as the difference of
oscillation probabilities between neutrino and anti-neutrinos.

* The transition probability P(v, — v.) in matter has the form

P (v, = ve) ™ Pagm + Psol & 2V PagmV/ Paol cOS (Agz =+ arcsin ( sin© >) .

sin 2923

* The neutrino anti-neutrino asymmetry in matter is given by

2\/%\/ Psol sin Agg sin @

A e — :l: )
. (Patm + Pisot) sin 2623 & 2/ Patm/ Psol V/ sin® 2023 — sin? © cos Ass

where
. . sin(Ag1—al . sin(alL
vV Patm = Sin 023 Sin 2913% A31 ) vV Psol = COS 923 S1n 2912 % Azl 5

Ay = AmijL/(ZLE) with Amij =m? — mf-7 L is the baseline, FE is the energy
of neutrino. a = GrN./v/?2, G is the Fermi constant and N, is the density of
electrons, with a ~ (3500km)_1 for pYe = 3.0g cm_3, where Y. is the electron
fraction.
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CP violation in neutrino oscillations

> O
. Q7 $
02 F S
- : -
E =1GeV : HE ixi 1
o : P The mixing angle 623 is taken
—_— : Co
0.15 —- ' ' ' . .
f— ; P within the 30 range

0.393 < sin? 025 < 0.643. The

remaining neutrino oscillation

P (v, = ve)

parameters are fixed at their best

fit values:

Am3; = 7.60 x 10~%eV?,
|Am3;| = 2.48 x 10 3eV?,
sin f12 = 0.323 and

sin 013 = 0.0226. The ©

parameter is fixed to the value

Ae (%)

3w /8. The figure corresponds to

the case of normal ordering and

sl | the sign combinations.

. . . .
500 1500 2500 3500 4500
L [km]
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CP violation in neutrino oscillations

T2K Experiment
T

014 |4 . The transition probability

L =295km

I P (v, — ve) at a baseline of

295km which corresponds to
1 the T2K experiment. The

mixing angle 023 is taken

. . within the 30 range

0.1 1 10
E [GeV] 0.393 < sin® 623 < 0.643. The
T2K Experiment remaining neutrino

01
0.09
008
< 007
T 006
= o0s
B 0.04
0.03
0.02
0.01

oscillation parameters are
fixed at their best fit values:
Am3, = 7.60 x 10~ °eV?,
|Am3,| = 2.48 x 107%eV?,
sin 1o = 0.323 and

sin 013 = 0.0226.

TR T S S S R S R
02 04 06 08 1 12 14 16 18
O [7]
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CP violation in neutrino oscillations

NOvA Experiment
T

L=8l0km | The transition probability
- -
04 - - ¥ | P (v, — ve) at a baseline of

810km which corresponds to
the NOvA experiment. The

P (v, —ve)

mixing angle 23 is taken

within the 30 range

0.1 1 10
E [GeV] 0.393 < sin? 623 < 0.643. The
NOvA Experiment

remaining neutrino

T T T T T T
N © = 2GeV
[ I = = 1.45GeV

0.08 -

oscillation parameters are
fixed at their best fit values:
Am3, = 7.60 x 10~ °eV?,
|Am3,| = 2.48 x 107%eV?,
sin 1o = 0.323 and

sin 013 = 0.0226.

L
02 04 06 08 1 12 14 16 18
O [n]
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CP violation in neutrino oscillations

DUNE Experiment
T T

03s | [=1300km The transition probability
03 H - - "—77 — :
- P (v, — ve) at a baseline of

1300km, which corresponds
to the DUNE proposal. The

mixing angle 023 is taken

within the 30 range
0.393 < sin? 623 < 0.643. The

remaining neutrino

1 10
E [GeV]

DUNE Experiment

T T
12| E=226eV B 1 oscillation parameters are

fixed at their best fit values:
Am3, = 7.60 x 10~ °eV?,
|Am3,| = 2.48 x 107%eV?,
sin 1o = 0.323 and
L . sin 013 = 0.0226.

L
0 02 04 06 08 1 12 14 16 18
O [r]
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Conclusions

@ We have proposed a generalized u — 7 reflection scenario for leptonic CP
violation and derived the corresponding restrictions on lepton flavor mixing
parameters.

@ In contrast with flavor symmetry schemes, our generalized CP symmetry
approach can constrain not only the mixing angles but also the CP violating
phases in function of four parameters.

@ We found that the “Majorana” phases are predicted to lie at their
CP-conserving values with important implications for the neutrinoless double
beta decay amplitudes.

@ We have obtained a new correlation between the atmospheric mixing angle 623
and the “Dirac” CP phase dcp.

@ We have also analysed the phenomenological implications of our scheme for
present as well as upcoming neutrino oscillation experiments T2K, NOvA and
DUNE.
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