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Theory of neutrino oscillation

Hypothesis: neutrino mixing
(Pontecorvo 1958; Maki, Nakagawa, Sakata 1962)

Ve V, V. are not mass eigenstates but linear superpositions
of mass eigenstates v; v, vz with eigenvalues m; m, msj

Va)=2Uailvi) | @
|
U,i~ unitary-mixing matrix

‘Vi> — %:Via‘va>

V., =(U_)
la ( al )
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e, W, T (flavour index)
=1, 2,3 (mass index)




Time evolution of a neutrino with momentum p
produced in the flavour eigenstate v, attime t=0

v(t)) = eip'rzk:Uake_iEkt‘VO Note: |v(0))=|v,)

—IiE,t
Ek = \/ p2 1 mk2 =P the cc_)mplex p_hases e '«
are different if m; = my

=P appearance of new flavour vg#v, attime t>0
Example for two — neutrino mixing

v, )=cosd|v,)+sing|v,)
vﬁ> =—sin 6|v,) +cosb|v,) 0 = mixing angle

If v =v, at production (t = 0):

v(t)) = {cosh|v,) +e "= sind|v, )|




m2
For m<<p E:\/p2+m2zp+2— (in vacuum!)

2 2 2 2 2
‘E g oM T M — T _Am
e 2 7= 7=

Probability to detect Vg attime t if V(0) = Vy!

Z,,(t) = ‘<vﬁ\v(t)>‘ =sin’(26)sin (A;:Et] Am?® =m,? —m;?

Using units more familiar to experimentalists:

L = ct distance between

&,,(L)=sIn “(26)sin (1 267Am? :;j neutrino source

and detector

Units: Am? [eV?]; L [km]; E [GeV] (or L [m]; E [MeV])
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Status of neutrino oscillations 2018:

first hint for normal mass ordering and improved CP sensitivityj

P. F. de Salas, D. V. Forero, C. A. Ternes, M. Tértola and J. W. F. Valle,
arXiv:1708.01186v2 [hep-ph] 27 Apr 2018

parameter best it &4 1o 2o range 3o range
Ammiy [10—5aw2) 7.55+0-0 7T.20-7.94 T.05-8.14
A3 | [10~%eV?] (NO)  2.504+0.03 2 44-2 57 2_41—-2_60
|Am3y | [102eV?] (10) 2_42+0-03 234247 2.31-2.51
sin® #lya /10~ 3204072 2 80-3.50 2 T3—3.79
Bya /" 345417 32.5-36.8 31.5-38.0
sin® fgg /1071 (NO) 5 474020 4 67-5.83 4. 45-5.99
flaq /- AT.THLS 43.1-49 8 41 8-50.7
sin” Bz /10~ (10 5.51%0-28 4.91-5.84 4 53-5.98
5 47.9+1-9 44 5-48.9 42 3-50.7
sin® #3107 (NO) 2 160+ 5 088  2.03-2.34 | 962 41
fya,f° B H'D-;ﬁ B2-88 8.0-8.9
sin® #1a /102 (10 2. 2204007 2.07-2.36 | 90—2 44
fya /° gs53*Q-11 B.3-8.8 8.1-9.0
8w (NO) | 214931 1.01-1.75 0.87—1.94
&/ 218+358 182315 1 57349
8= (1O) 1 567518 1.27-1.82 1.12-1.94
& 281 +33 220328 202349
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Reactor anomalies (LSND, MiniBooNe;
and etc)

However, there are hints from the LSND experiment at Los Alamos in the
1990s, and more recently from the MiniBooNE experiment at Fermilab,
that there may be (at least) one more light neutrino:

LSND observes-a signal from v, — ¥, oscillations with Am? = 0.2 - 2 eV?;
MiniBooNE has a similar signal in Vﬂ — V, oscillations , but not in V= Ve

The statistical significance is about 3 standard deviations in both
experiments.
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Updated global analysis of neutrino oscillation
in the presence of eV-scale sterile neutrinos

Mona Dentler, Alvaro Hernandez-Cabezudo, Joachim Kopp,
Pedro Machado, Michele Maltoni, Ilvan Martinez-Soler, and
Thomas Schwetz, arXiv:1803.10661v1 [hep-ph] 28 Mar 2018

10' LILILILA | ) LR LT R | 2 T LR |
[ Reactor Oldfree Old fixed | = 2 o 2
Do g = A.m41~ 1.29 e/ for free and
' e 1 fixed reactor fluxes
. sin® 6, = 0.0089 for free
NE:' : reactor fluxes
< sin? 8,, = 0.0096 for fixed
reactor fluxes
10—-1_

‘ |Uesl = 0.1
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The LSND v, - v, oscillation signal with Am? = 0.2 - 2 eV* requires
the existence of a 4" neutrino:

(m22 - m12) + (m32 - m22) + (m12 - m32) =0

m,2-m,?>=7.6 x 107 eV |m,2-m,?| = 2.4 x 107° eV?

— |m,2-mg?| = |mz>m,2[+(m,?>m,?) << 0.2 — 2 eV?

Measurement of the Z — boson width at LEP: number of neutrinos N,, = 2.984 + 0.008
= the 4! neutrino does not couple to W or Z = no interaction with matter:
“sterile neutrino” — the mixing matrix dimensions are at least 4 x 4

4
Va:ZUaka a:e1ﬂ1T1S
k=1

2 2

P(Vy_Ve): (Akl :mkz _mlz)

4
D UyU , exp(-iE,t)
k=1

4
UU,,+ Zuekuﬂk exp(— i ﬂtj
2 2E

For the LSND experiment oscillation effects associated with A;, and A,; are negligible:

? L

P, —v,)= :4Ue4Uﬂ4‘zsin2(1.267A41Ej (L[m]; E[MeV])

: L A\
dYUU,+U U, exp(—lz—“Elt)

k=1

4 ﬁ(—
[ ZUe4U ua = O from unitarity}
k=1

)
sin“ 20,
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The MiniBooNE and LSND antineutrino result
(if confirmed) implies:
the existence of a 4t sterile neutrino or even more

Ekstension of neutrino oscillation, such as

» 3+1 (Carlo Giunti and Marco Laveder, 2014)

» 342 (M. Sorel, J. M. Conrad, and M. H. Shaevitz, 2004)
» 1+3+1 (Joachim Kopp et al., 2013)

> 3+3
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X-ray observations

Detection unidentified line from

e galaxy clusters,
* in the individual spectra of nearby galaxy clusters,

* in the Andromeda galaxy,

* inthe Galactic Center region

The position of this line is E = 3.55 kel with
an uncertainty in position ~0.05 keV

(E. Bulbul et al., 2014)
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If the line is interpreted as
originating from a two-body
decay of a DM particle

Mass dark matter mg =~ 7.1 keV and

» life time tpp ~ 10278103 g
(Boyarsky et. al, 2014)

Converting the lifetime to
the sterile neutrino mixing
angle

» sin®?20 ~ (2 —20) x 10711
(Boyarsky et. al, 2014)
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(Boyarsky et. al, 2014)
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We have possibility of 3 kinds of neutrinos with 3 @
mass order:

**Sub-eV neutrinos (solar and athmospheric
neutrinos or 3 active neutrinos)

s*eV sterile neutrinos (SBL neutrino oscillation)
s*keV sterile neutrinos (X-ray observation)

= The eV and keV sterile neutrino each of them
maybe part of different families

" There maybe several heavier neutrinos for the
Seesaw mechanism
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The Model

Building models that can
accommodate 3 order mass in one

scheme

‘ 3+3+3 Model

In order to include the active
neutrinos, the eV sterile neutrinos,
and the keV sterile neutrinos
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Particles contents

We proposed a model invariant
under SM @ SU(2)rQ@ U(1)

Particle U(1), SU(2), U(1), SU(2),

vy 1 2 0 1 0, 1 2 0 1
Vg 0 1 0 2 X1 0 1 0 2
ny 0 1 1 1 X3 1 2 -1 2
Ng 0 1 1 2 X 0 1 5 2
Nj, 0 1 3 1 &4 0 1 0 1
Ng 0 1 5 2 s 0 1 2 1

$3 0 1 5 1
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Relevan Yukawa Lagrangian

LD G1¢pVvg + Goxs Tyyng + G3 x1 N Ng
+Gy X3 VLnR + Gs x5 NLVR + G, VRV
+G7€2 anR + G8€3 NRNR + h C.

After spontaneous symmetry
Breaking and have VEV’s

L D Me1 VLV + My NyNg + Mgy N Np
+m1T/LTlR + Mes NLVR + MlT/Rvg

+M, Tigné + M3 NxNS + h.c.
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The mass Lagrangian above can be written as

LD YPMyY

T
Withy = (v, +vf ny+nf N+ NE vg+vs ng+n§ N+ N§)

And M is neutrino matrix mass,
given by

0 0 0O m, O
0 0 Me3 0 Mg
Mmey 0 mez; My O 0
\ my m, 0 0 M, 0
0 0 mgy 0 0 Ms

/o 0 0 Mg my O
0
0
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Special case for one generation

Input value of mass neutrino to the neutrino

mass matrix ( GeV units )

Mey; = 1/4000, m,, = 1/2000, m,3 = 1/431, m; = 1/250,
m, = 844/1000 , M; = 4800, M, = 10°, M; = 107

Diagonalize the matrix M then gives

my =~ 2.869 X 10716 GeV = 2.869 x 10~ eV

‘ Sub-eV neutrino

m, ~ 1.1346 X 107° GeV = 1.1346 eV

‘ eV sterile neutrino

mg =~ 7.124 X 107° GeV = 7.124 keV

‘ keV sterile neutrino

m, =~ 4800 GeV

me =~ 1.0X 10° GeV

me =~ 1.0 X 107 GeV

—

| 3 massive neutrinos

e
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Oscillations in SBL

> Am5, correspond to Am%,
Am35,=m3 = 1,287 eV? mmmd | Am3,~ 1.29 eV/?
- 2

> sin® 209, ?

» U, corespond to |U,,| ~ 0.1

0.994234 _0.00473929 -52083310° 3.9940410° 2384975107

-0.00471201  0.000507783  -0.999989  3.8478910°% 0.00000844000 9.89483 10"
[J =| -010m26  -0994245 -8.0409710° -483372107 -6.1372910° 5.0000010!
11410410 486170107 2468771070  -1.00000 1050421070 1.1606510°%0

1601791078 -6.8259410 0.00000844009 2.1883810°° 100000 1.1723710°%

i 12 S | T | 17 5 2971q 32
533632107 497123107 402049107 241802107 23271210 L.
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Oscillations active and keV sterile {2,

neutrino

** M4 correspond to mg
myg =~ 7.124 keV =) me =~ 7.1 kel

‘ "
% sin? 26
, [ Am _\m
P, W{_(Sﬂj_225ﬁ oi{ ﬂ_bf‘tj ﬂjl)“:111 ( Zbﬂj)-l-zzd ﬁk ﬁﬂ.{n;i j;)“ﬂll]( ok )

k>j k=7

Only sensitive for v;— v5 oscillation

) Am%.?»
Py, v, = —2U;3 U3z Uyp Uzg sin o

|

sin? 26 = 8.118 x 10~11 » sin? 26 ~ (2 — 20) x 10~11
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Conclusions

» This models can accommodate eV and keV
sterile neutrinos in one scheme which agree
with experimental parameters

Outlook

» For 3 generation neutrinos
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THANK YOU
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