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Motivation

The Standard Model (SM) of the strong and electroweak interactions has been
successful explaining most of the high energy physics observations. However, several
unanswered questions remain. Experimentally, neutrino oscillations provide the first
evidence the SM is incomplete since neutrinos were assumed to be massless in the first
version of the electroweak theory. Assuming only Dirac neutrinos, the masses of the

neutral leptons can be obtained in the same way as the ones for the charged leptons in
the SM.



The model considered here adds three Right Handed Neutrinos (SMRHN) to the field
content of the SM.



The model considered here adds three Right Handed Neutrinos (SMRHN) to the field
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SU2)L @U(1)y = U(1)g

The Dirac Lagrangian mass term for the lepton sector is given by

— L =vg M, vp Z_LMZZR h.c.

There are 36 mathematical parameters and in the lepton sector there are 8 constraints: the
three charged lepton masses, the three mixing angles, the two mass squared differences,
plus an unknown Dirac CP-phase, assuming only Dirac neutrinos.



The model considered here adds three Right Handed Neutrinos (SMRHN) to the field

content of the SM.
SU2)L @U(1)y = U(1)g

The Dirac Lagrangian mass term for the lepton sector is given by

— L =vg M, vp Z_LMZZR h.c.

There are 36 mathematical parameters and in the lepton sector there are 8 constraints: the
three charged lepton masses, the three mixing angles, the two mass squared differences,
plus an unknown Dirac CP-phase, assuming only Dirac neutrinos.

The weak current Lagrangian in the interaction basis is

Lo- = U~V + he, Lw-= éwl;z‘LUjU,,wuL + hec.
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where, Upyns = UZTU,, called Pontecorvo-Maki-Nakagawa-Sakata matrix (PMNS).



where, Upyns = UZTU,, called Pontecorvo-Maki-Nakagawa-Sakata matrix (PMNS).

Polar theorem: C=H U

M, - M2 =UM,U"
M; — MZR — UMZUT,

WBT:

Upuns = UU, = UTUUTU, = UFTUE = UB, v s

We consider as reference the RRR-forms for the quark sector applied to the lepton sector,
they have in total five texture zeros.



Form M, M,

by | e 0 0 || e? 0
RRR, n| €7 Cn d,| er | e ¢ 0
|d,,| et n 0 0 aj
by, | et 0 0 ;| €1 0

RRR3 cn |dn] €2 ||| |lal e 0 |b| e
d,| e~ 2 a, 0 b e=P2 g
0 |b| e 0 by| Pt 0
RRR4 Cn |dn| eta2 |b1| e~ P C 0
|dy| e U 0 0 a
0 by| e 0 ;| e 0

T, Cn dy| €' ¢ e~ 0 by| €2
n| €7 |dy,| et i, 0 | "2 q




Factoring phases: ®M'®P* such that the matrix M’ now is real.
The phase matrix is defined as a general diagonal matrix of the form Diag(1, e*?t, '?2)

where @1 and ¢ , are thus function of the & and (3 phases.
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Factoring phases: ® AJ/®* such that the matrix A/’ s real.
The phase matrix is defined as a general diagonal matrix of the form Diag(1, e*?t, '?2)

where @1 and ¢ , are thus function of the & and (3 phases.

With this procedure, the real mass matrices are diagonalized by orthogonal rotation matrices.

Det{Mdiag} — Det{M(n,l) },

00 b w3
M = 0 ¢ ldal]. Tr{M 1} = Te{M 1},
bp| |dn| an TT{[MF;Z%]Q} = Tr{[Mn,]°},

With M = Diag(my ., —ma ., m3 1)

n,l
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The lepton mixing matrix can be written as: K = RZCI)Rz;,

As a function of the masses of the particles and two phases: ¢; and ¢-

The three mixing angles now are
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The lepton mixing matrix can be written as:

K = Ri®R},

As a function of the masses of the particles and two phases: ¢; and ¢-

The three mixing angles now are

tan 912
S1n (913

tan (923

Ke,Z /‘Ke,l‘v
Ke,?) ;

‘KM,?)‘/‘KT,?)‘v

Standard parametrization, PDG.
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The lepton mixing matrix can be written as:

K = Ri®R},

As a function of the masses of the particles and two phases: ¢; and ¢-

The three mixing angles now are

tan 912
S1n (913

tan (923

Standard parametrization, PDG.

K€72 /‘Key]- ‘ ,

K C12C13 _ S12€13 |
&3 s 823813¢25 C12€23 — 12 323813625.

‘K,u,g ‘ /‘KT,?) ‘ 7 “12523 © 612623813625 —C13853 — 815C33513€"

and the Jarlskog invariant

Jop =1{K; :SKGS Kyt
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 Analysis of the forms

In the numerical analyses we use the values of the charged lepton masses and the values of
the neutrino oscillation parameters, showed in the next tables:

me (MeV) | m, (MeV) | m, (MeV)
0.011 105.658 1'776.860

sin® 015 & o(sin® 612) | sin® 013 + o(sin® 013) | sin” O3 £+ o(sin® Oa3) | Am2, (eV?) | Am2, (eV?)
0.320 = 0.016 0.0220 = 0.0007 0.574 = 0.014 7.50 x 107 | 2.55 x 10~°
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 Analysis of the forms

In the numerical analyses we use the values of the charged lepton masses and the values of
the neutrino oscillation parameters, showed in the next tables:

me (MeV) | m, (MeV) | m, (MeV)

0.011 105.6083 1776.860
sin® 015 & o(sin® 612) | sin® 013 + o(sin® 013) | sin” O3 £+ o(sin® Oa3) | Am2, (eV?) | Am2, (eV?)
0.320 = 0.016 0.0220 = 0.0007 0.574 £ 0.014 7.50 x 107° | 2.55 x 107

Neutrino masses can be written in terms of the neutrino mass-squared differences and
the unknown absolute neutrino mass my. For normal neutrino mass ordering

where Am3, (Am3;) is the solar (atmospheric) mass-squared difference.
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*Analysis of RRR4-Form

Cp = —Qp + M1 — M2 + M3,

\bn| — \/m1m2m3/(—an + M1 — Mg + m3)7

17




*Analysis of RRR4-Form

Cp = —Qp + M1 — M2 + M3,

\bn| — \/m1m2m3/(—an + M1 — Mg + m3)7

)

4| = (an —m1 +ma)(an, —m1 —ma)(an + mg —ms3)
" —Qp + MM — Mo + M3

byl = m,,

Cl| = /Memy,

mi(an—mi+ma)(—an+mi+ms)
(m1+mz)(mz—m1)(—an+mi—ma+ms)

my Me moms(an+mo—ms)
/ \/(me_l_m,u) (me+m,,) 0 \ / \/(m1+mz)(m1—ms)(—an+m1—m2+m3)
— j m _ . mimg(—an+mi+ms)
& B (m:bkm ) (meJrl:n ) 0  Hn (m1+m2)(ma+ms)(—ant+mi—matms)
g g mima(an,—mi+ms)
\ 0 0 1 / \ \/(ms—ml)(m2+m3)(—an+m1—m2+m3)

mo(an—mi+mso)(an,+ms—ms3)

(m1+mz)(ma+m3z)(an,—mi+ma—m3)

ms(an—mi—ms)(a,+maos—ms)

(m1—m3)(ma+ms3)(an—mi+ma—ms3)

mi(an,+mas—ms3)
(mi1+m2)(mi—ms)
mo(—an+mi+ms)
(m1+m2)(ma+ms3)
ms(a, —mi+ms2)
ms—m1)(ma+ms)

To ensure all elements in the matrix R,, are real, the mathematical restriction must be satisfied.

mip —mo < anp < M3 — M2  Then there are four free parameters, namely \ = {mo, an, d1, P2}
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In order to constrain the model parameters, the following statistical test was implemented:

sin’ @;; — sin® 0, - )
< 2|, with ¢,57=1,2,3.
O'(SlIl 923)

where sin?6,;; are the mixing angles predicted by the forms, while sin®6;; and o(sin®6;;) are
the current best fit values and its one-sigma deviations, respectively.
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In order to constrain the model parameters, the following statistical test was implemented:

where sin?6,;; are the mixing angles predicted by the forms, while sin®6;; and

X2()—\») _ Z (Sin2 (97;]' — SiIl2 é@j

O'(SiIl2 (9@])

2
) . with 4,5 =1,2,3.

the current best fit values and its one-sigma deviations, respectively.

rrrrrrrrrrrrrrrrrrrrrrrrrrr

30,1d.of |

............................

mo [x107° eV]

rrrrrrrrrrrrrrrrrrrrrrrrr

30,1d.o.f

1111111111111111111111111111111

o(sin”f;;) are

a, [x1072 eV]

Parameter Best fit 3o range
mg (x1072 eV) 3.2 2.2,4.1
a, (x107%eV) 1.8 1.6,2.5

1/ T 0 —0.4,0.4]
o /T Independent

Best fit parameters (second column) and three sigma allowed range for 1.d.o.f. (third column).
The X° value at the minimum is 2., = 1.4. Note that in this form, (Jcp) only depends on ¢1

20



* Analysis of the T1-form

The four parameters \ = {mo,an, p1, 02} contribute to the lepton mixing predicted by this texture.

a; = Me — My, + My,

( _\/ m,m-(m,—m;)
(et ) (e —17) (e — g7

MeMr(Me+my)

(me+my)(myu+ms)(me—my+m;)

cl =/ (memym:)/(me —my, +m;),
D o i B i
10 | 10
o 30,1 d.of 30,1 d.of
51 51
L. ——0 @ of S sl
1 2 3 4 5 6 6 16 "5 98 a@g" iaf " 4p
me [x1072 eV] a, [x1072 eV]
451 - e i f5 s e
10 | 5 10 |
5 30, 1d.0f 3 30,1 d.of
5\*\L A/ﬁf | /ﬁf\j\ —
of ~—— ! Ofeo—— —
~1.0 ~0.5 0.0 0.5 1.0 ~1.0 ~0.5 0.0 0.5 1.0
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Me (M, —m-)

(me+my)(me—m-)

My (Me+m-)

(me+my)(my+m;)

m,(me—my,)

(e —m) ()

Me(Me—my ) (Me+m,) \

(e my) (e —m) (e —mp, )
my (me—my)(m,—mr)

(me+my)(mu+ms)(me—my+mz)

x/0m37n4ww+mTXmu—ma>

—mz)(my+mr)(me—my+m-)

Parameter

Best fit

30 range

Mo (X 10_36V)

3.3

1.8,4.7

a, (x10~%eV)

2.3

1.4,3.7

Q1)

0.4

Unconstrained

G2/ T

0.9

Unconstrained




In this form, the Jarlskog invariant depends on both, ¢1 and ¢2, phases as shown in the next figure

7 F 30
| g Jep=0.02
(S 4 - Jgp=0.01
/
, 0 Jep™
/,/ - - - Jgp=-0.01
i / —- Jgp=-0.02
/ - o J1=0.024
1 P
bl s JIM=-0.024
'/."/— '/
// '/l
a 4
Ny
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*DUNE sensitivity to the mixing parameters

We calculated the lepton mixing matrix for each form showed before and their were implemented In
the GLOBES C-library probability engine.

VI’L % VM’ Vl’l’ % Ve’

v, = v, and v, — U,
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*DUNE sensitivity to the mixing parameters

We calculated the lepton mixing matrix for each form showed before and their were implemented In
the GLOBES C-library probability engine.

Uy — Uy Uy — Ve, * For RRR4 form

- Sin?(©,3) = 0.42 Sin?(Gg3) = 0.42 sin?(©,3) = 0.42

B R R ] - - - T T T T ; ";l' T T T T T ] # : ]

- — Scp/m=-1/2 ] - E f & 1: ] = ;2

—r —r —r — - --- &epm=0 1 [ J ENE q1 [ 4
v, > v,and v, > v S AT A L N :
M M M € - T depimet 4 b ik i b 1 =
15F TUA=S 3 B ok B 4 F :
R o ] N H O} I‘qul ] - ’
T 1 i 1 1 r .
10— o\ i) g [ h A T g I ot SR SURPL WO ST -

5 1 =‘:’ 1 5

50— 4 F i 4 F -

o 1 F 1 r ]
25 1 r e TS y

- 1 r 1 H Voo .

u ] u ] - \ N
201~ 4 F 4 E o 7

- i 1 E v E
15— 4 F 4 F: A /]

o F 1 1 [ A\ ]
< 1 C 1 [ SN /7
< - ] - ] - \ /4
100 &\ )L i [ g [ AR WU W ]
s 1 F 1 F .

0_ ] B ] C J-": .'2.\‘r 1 A i L] ]

Sin (@23) =0.58

25 T T T .

- 1 F 1 £/ \ _. ]

20— ] —_ ] L/ ]

- 1 F 1 B .

15} 1 F 1 E A
5 F 1 C B I =
100 a N o= I 4 B AN\ )T
s 1 F 1B vy .

n 1 F 1 C X ]
0 —40 15 20 0 4 10  -05 1.0

mo [x10~2eV]
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Ax?

*T1 form

sin2(@23) =0.42 sin2(623) =0.42 sin2(@23) =0.42 sin2(@23) =0.42

7 o 1 F 0 ' HE I ' \ : ' - ' o RN -
: 1 £ 1 I L - oy \ N
% d---iae=9 3L 1 i ! \ - ¥ 2\ .
- 7 —léepim=-12 1 [ I 19 £/ \ _ - / Yy 7
: ~—-1scpm=0 4 [ 1 14 F/ \ - ] j B .
o 1 Y IF S lscprm=1/2 1 [ 1 v i , 2\ .
i —'-'6Cp/'n=1 B B ||.‘ !I_ j \ 4 — a1 o\ -
: i 0 F = e S\ 1 -"/ B .
i | 1 F i3 FEE - i\ 1 F 2\ -
i ' 1 F i 4 E \ A F 2\ .
= | q4 B v =g E \ /__/_‘ - -
e - ——— L L T L B O — e g N T T e L T
| i 1 C :\ f 1 - \ 1 /-7 \ .
] - : 1 C - 1 C X 1 LC ‘ ]
:%\'-._ ,' 41 =l % 1 F - M
N\ 1E N\ A0 ER A N\ J 3 A
sin?(Op3) = 0.5 sin?(Oy3) = 0.5 sin?(0,3) = 0.5 sin?(©y3) = 0.5
_!' o ! L ,' o ',' L | B R & v ' o T TR | [ T / L T Ty’ :.' T ’ v B L :" .l ol ' A T |
4 E 4 H \ L / -\ i
H 1 F . / - .
41 L N . \ [ / -\ ]
H 4 F - / — - -
x| 1 F i F \ _ / \ i
- 1 ¢ 1 [ (. : - / \ N
'l i i \ — / \ -
-t 1 C 1 ¥ A 1 F \ ’
-t 1 F 1 F A\ ,3 - \ .
. I s I R A\ W ) N A NN on N ol A S W V. -
f{ 1 1 [ 1 / \ -
- - L - L - L \ -
r:‘\'-._ -0 . _ e I \\
1} 1 C 1 \, 1 o O\
—.\.L'. ] B ] ——-r—.—;':"':*r‘-'ﬁ—_ —_— Ae.-\- - - e Tl sl S i el L N W .,-q--—.——.—'r—.——;'—"r‘—:—
sin2(@23) =0.58 sin2(@23) =0.58
1] 1 C 1 £/ 7 \ : - P ]
] 1 [ 1 o 7 \ - A ]
] 0 = / \ — By F .
N| 1 1 £/ \ - Ly L .
ﬁ ] B n B /. \ - /. \ —
of 1 F El= \i - i - E
i 1 E 1 ¥ X - : Lo .
wH I i A\ - g -
_:f.l_ it I it o iy i N bttt Wil Gt Sl A St o §
i 1 E 1 E - Y =
ny . -1 - -1 - ‘.- - ‘e -1
1N 1 F 1 F - - "N\ ]
. ] [ a & d ”—r\. . - = ‘_"7~. il S RPN L Rl Sl P _L.gr‘.;""?-. -
' 3.0 4-1.0 —0.5 0.0 0.5 1.0-1.0 05 0.0 0.5 1.0

G4/ Gl
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sin®(6a3)  ep/m | Mo (x1072 eV) a, (x1072 eV) ¢1/m ¢o /T
042 05 0.3, 1.4 0.9, 2.5] 1.0, 0.6]U[0.7,1.0] [-1.0,-0.5] U[0.6, 1.0]
042 0.0 0.1, 2.2 0.5,3.0] U [3.1,3.8] 1.0, 1.0] 1.0, 1.0]
0.42 0.5 0.3, 1.3 0.7,2.8] U [3.1,3.3 0.9, -2.4] 21.0, —0.6] U [0.4, 1.0]
0.42 1 0.2, 1.2 0.7, 2.8 0.1, 8.72 21.0,—0.5] U [0.5,1.0)
0.5 0.5 0.4, 1.3 12,3.0 0.2, 0.9 0.5, 0.7
0.5 0.0 0.1, 2.0 0.6, 3.4 1.0, 1.0 1.0, 1.0
0.5 0.5 0.1, 1.3 1.0, 3.3 1.0, -0.1] 0.5, 0.4
0.5 1 0.1, 1.2 1.0, 3.2 0.0, 0.8] 0.4, 0.6
058 0.5 04,15 10,25 03,09 0.5, 0.6
0.58 0 0.1, 2.4 0.6,3.0] U [3.3,3.7] 1.0, 1.0 1.0, 1.0
058 0.5 0.2, 1.6 0.9, 2.9] 1.0, 0.0 0.5, 0.4 |
0.58 | 0.2, 1.5 0.9, 2.9] 0.1, 0.9] 0.4, 0.5
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Conclusions

* The texture zeros diminishing the mathematical parameters in the models.

The texture zeros give us an alternative to the PDG parametrization, in a function of four
parameters.

The forms showed here predict a neutrino mixing compatible with the current neutrino

oscillation phenomenology including the possibility of the CP-symmetry violation encoded

in a physical phase. We have shown that DUNE sensitivity to this Dirac CP-phase is
comparable to the sensitivity to 4., of the PDG parametrization.
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