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Callibration data of Ga solar neutrino experiments with radio
active sources show a deficit compared to expectations.
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there are three classes of data: . . ) .
» each combination of two sets is consistent

R . 2 0 . =
Ve — Ve disappearance  sin®20ee (they depend on different mixing parameters)

vy — v, disappearance sin? 20,
Y, — Ve appearance  sinZ 26, » BUT: strong tension if all three of them are combined



Type I seesaw model

3 active neutrinos doublets: Ly; = (vpi,er;)?, 3 right-handed neutrinos singlets: vg;

The Lagrangian responsible to neutrino masses is

0 Y*v
Yiv M

L= DR'y“BuVR - %pRMV;:I — I/LYHVR + H.C. y MV =

H = (H° H™)T is the Higgs doublet, (H) = (v,0)T

FL Symmetry

The FL transformation on a fermionic field of the form g — g + €.

FL symmetry: Lagragian L does not change under FR transformation.

FL symmetry for the SM particles actively participate in electro-weak interactions
too restrictive for the theory to survive known experimental constraints.

For right-handed neutrinos they may allow such a possibility.

Along a particular direction in right-handed flavor space, ¢ = &1vg1 + &avre + E3VR3
Making an appropriate transformation in flavour space,

relabelling vg; to be g, and the other othorgonal states to be vgs 3,

the invariance of the Lagrangian in under a global FL transformation becomes

the invariance of the Lagrangian under: vg, — vg, + €.



Tryu(i0*vr) — Dpryu(i0*vr) + 0% (Eivuvr) = Dryu(i0*vr) + 0% (€ivuvr)
is invariant under a FL transformation up to a total derivative.

The invariance of the Yukawa coupling term under FL transformation gives

0 Yo Y 00 0
Y = 0 }7,,2 ?,;3 3 M= 0 Mzz Mz:;
0Y, Yy 0 Myy My

The Majorana mass matrix M is forced to be a rank two matrix. vp; is massless.
The non-zero eigen-values of M are heavy to facilitate the seesaw mechanism.

Integrating out two heavy neutrinos vpy gs, results in a mass matrix for (v,,v,, v, v§,;):

iy 0 o
m, = Yy, = VMY 2
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m,, is a 3 X 3 matrix:
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m, is a rank two matrix which gives two non-zero neutrino masses.
One combination of active neutrinos is massless in this model.

A seesaw model with:

two heavy right-handed neutrinos, a scenario called the minimal seesaw.

No sterile neutrino with a finite mass!



—
Soft breaking of FL symmetry can only occur in the Majorana mass sector M.

With soft-breaking terms of FL symmetry, the Majorana mass matrix can be written as

11 T12 13
M = | 219 My My3
13 Mog Mss

After integrating out two heavy neutrinos we get a mass matrix for (v, v,, v,, v§,):

My —Y*oM-1XT S
my = ~ L~ , T1=x11 — XM X", X=($12,$13)-
— XM~y x



In the limit that z,5 3 are zero, z;; is the which we assume to be of order eV.

~ Uo0
Light neutrino mass matrix is diagonalized by U =
01

U is the usual PMNS mixing for active neutrinos defined by 7, = U*mn.U".

Convention that the Majorana phases are kept in the mass eigen-values,
U does not contain any Majorana phases.

Yv producing NH and IH neutrino mass hierarchy are respectively

/ 0 0\ (cos@ sine\

iUm)Y2 | cos® sin® | (M2, iU®)Y? | —sinf cosh | (M *)Y?,

\—sinH cosG} \ 0 O/

f is a complex number, and M’ = diag{M,, M3} are heavy neutrino masses.




For z,5 23 non-zero, mixing between active and the light sterile neutrino will happen.

Approximate the mixing matrix for small active-sterile neutrino mixing

- 1 RY([UO
U
—R" 1 01

R is a 3 X 1 matrix representing the mixing of active neutrinos and sterile neutrino.
This is valid as long as R;;(I = e, u, T), the element of R, satisfies |R;|*> < 1.
R is approximately given by

1 ~ ~
R'~ ——Y*oMXT
I

Neutrino mass matrix becomes

UT (., — R*z:RYU 0

0 I

~ _ =171
,ms~x1—x11—XM X",



If 21913 are of the order as z;;, i.e. of order eV,

Sterile-active neutrino mixing too small to explain the anomalies mentioned.
Mixing to be interesting, about 0.1, x5 13 should satisfy YoM*1xt /z1 =~ 0.1.

With z,; ~ eV, elements in X should be larger than those in Yo.

In this case the correction to sterile neutrino mass from z;5 ;3 may not be neglected.
In order not to change the mass dramatically,

Z12.13 much larger than 1/eV M3 should not be allowed.
The hierarchy for various quantities are therefore: Yv < X < M.



Soft-breaking terms are all related to right-handed neutrino mass matrix,

a natural criteria for soft-breaking terms is that the smallest eigenvalue
should be much smaller than two large eigen-masses existed without soft-breaking terms.
The lightest eigenvalue, phenomenologically, should be mg ~ eV,

Requirement: the lightest eigen-value of M to be much smaller than those in M
me = det(M)/det(M) =z, — XTM™X .

This requirement only limit m, and x,; to be of order eV,
but still allow z12 13 to be larger since it mofifies mass eigen-values by X M-1xT,
On the other hand, z,5;3 should be much smaller than large non-zero masses in M.

This also needs naturally: Yv < X < M.



Diagonalization of U% (7, — R*z,R")U
Set S=1+ %M‘I/ZXTXM‘l/z, and A diagonalize S: ATSA = S.
Introducing X7 = %J\ZI ~1/2XT G can be re-expressed as S = 1+ X7 X.

Assume X is real. Then:
A=ZRT(10)+X] (0 1),

Xl,g are two normalized 1 X 2 real matrices: )A(if(f = 6;;(¢,j = 1,2) and X, XT = 0.
S = diag{1+ X X7 1},
For NH

0 0 - P

i " XXT/(1+ XXT)

R~ —U*(m.)Y? * (sin@)* \/

e (™) (cos@)* (sinf) ( 0
—(sinf)* (cosf)*

For IH

R" ~ LU"‘(ﬁz;)l/2 —(sinf)* (cosf)*

Jz1

(cosf)* (sinf)*
[

VXX + XXT))

0 0



Numerical Analysis

IMustrative solutions to obtain the best fit of the sterile neutrino mass and mixing
m, = 1.27 eV, |U..|?> =0.035, |U,.|* = 0.00886,
U, is constrained by atmospheric and solar neutrino data:
|U,5|? <0.2, 20.

The PMNS matrix U The mixing matrix U is expressed using 6;; as follows

c12€13 $12€13 s13€™ %
_ i5 i6

U = | —s12¢23 — €12823513€"  C12Co3 — S12823513€"°  SazCiz | »

i i5
§12823 — C12C23813€"°  —C12823 — S12C23513€"  Co3Ci3

Use the neutrino mass squared differences and mixing of active neutrinos as

Am3, =762 x 107° eV?, |Am3,| =2.50 x 107° eV?,
sin?6;, = 0.32, sin?6,3 = 0.60, sin?6;3 = 0.025.

We find solutions for our scenarios:

NH:m; =0, |my|=1/Am3, ~0.873 x 1072 eV, |ms| ~ /|Am%| ~ 0.05 eV,

IH : |my| = /|Am3,| % 0.05 eV, |my| & \/|Am3,| — Am3, ~ 0.05 eV, m; = 0.




Solutions for R

For NH
Uea(m3)/2 cos § — U,pz(m3)'/?sin 6
—1 I — o
R~ U2(m3) /2 cos§ — Uy,z(m3)/?sinf |,

\/ms Z11
U,o(m3)? cos @ — U,4(m3)/?sind

In this scenario it’s difficult to have larger |Ues|?(| Res|?) and smaller |Uys|?(|Ryus|?)

For TH
Uer(m3)2 cos  — U,y(m})/?sin 6
—1 I — o
R~ U,a(m3)*? cos @ — Uya(m3)/?sinf |,

\/ms T1
U.1(m?) /2 cos§ — U,y(m})/?sinf

|my fmg| = |my/m| =~ 0.0394 for IH, their contributions to R;, are equally important.
Possible to have solutions agree with data constraints

An example:

6 =, (mj/m})? ~ —i, cosf = /0.3 4, sinf = v/1.3 and (z1; — z1)/z1; = 1/1.3.

We obtain: |U,|2 ~ 0.0087 and |U..|? ~ 0.036.

A prediction: |Uy| is suppressed together with |U,s| with |Uys|? ~ 0.0044.



e parameter space is rig

Q,h* ~ 0.137, |Ri1[2/1078) (M, /3KeV)?

VR, 1s not stable, v; = v + 20, 20 + v,

Tug, = 0.0 X 10%s(1KeV /M;)*(1078/ >, | Riu|?.

To have Q, ~ 27/%, m, should be a few KeV, and |Rj;|? ~ 1078,
not in the parameter space to solve the anomalies mentioned earlier.

But this is still a possibility. Signature: X-ray from vg, — v(7) + 7.

Possible to have natural solution in Seesaw model with soft breaking FL symmetry.









