Three Neutrino Oscillations

Lesson Learned from CKM: 3 mixing angles and a phase
Call them 619, 693, 013,0  if s;; = sin 6,5, ¢;; = cos B;5, then
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Three-Neutrino Oscillations

= Electron neutrino survival probability
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It is decoupled from atmospheric v osc.



Three-Neutrino Oscillations

= TIn the case that |Am3,|< |Am3,|= |Am3,]
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Three-Neutrino Oscillations

Example for oscillation from reactor neutrinos
with near and far detectors
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How can we detect Neutrinos?

Neutrino detectors Super Kamiokande

JPERKAMIOKANDE

detect about 1 solar neutrino
per day per 100 tons of water




How can we detect Neutrinos?

Sanford Underground
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T2KK and T2KO

* Longer baseline than T2K to enhance sensitivity to the MH
+  Wide band beam for sensitivity to cos dcp (phase)
as well as sindcp (amplitude).

Seoul

1

1, 000km
1, 200km 4.
-

1, 100km

T2KK: 100 kton in Korea and SK [hep-ph/0410229, 0504026, 0901.1517,
1001.5165) : [z Far Detector
T2KO: 100 kton in Oki island and SK [0804.2111, 1209.2763)

* 8K (22.5kton) is also used as a second detector




How can we detect Neutrinos?
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Water Cerenkov method:

Vy T € mmmmp V), +€°

Neutrino-electron scattering

An F-18 Breaking the Sound Barrier

(similar to sonic boom)

Cerenkov radition : emitted
when a charged particle
passes through a medium
at a speed greater than
phase velocity of light

Cergnkov
radiation
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Cherenkov Radiation: Shockwave of Light

 In a material that has index of refraction n, light moves with
speed V, = c/n (c is the speed of light in vacuum = 3x108 m/s).
— For water, n = 1.33
— Light moves ~30% slower in water than in vacuum

« It's very common for a charged particle, like an electron, to
go faster than this.
— If its energy is high enough (a few MeV) then it will have
a speed V very close to c.




Cosmic Ray

7 / INCOMING
COSMIC RAYS

Neutrinos from the
other side of the Earth.




A half of v, lost 11
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Reactor long baseline experiment
150-210km ¢ E,r > 2.6 MeV)

[K. Eguchi et al., Phys. Rev. Lett., 90, 021802 (2003)]

Look for a deficit of v, at a distance L

A 1LL

# Savannah River

C Bogey

#  Rovno
Goesgen

A Krasnoyarsk
Palo Verde
Chooz

e KamLAND

10 10° 10°
Distance to Reactor (m)

Nops/Ney = 0.611 + 0.094

- In consistent with the results of solar neutrino oscillation




KAMLAND & SK (2008)

L/E distribution of events
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KamLAND covers the 2nd and 3rd maximum
—> characteristic of neutrino oscillation
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Results

Evidence for the existence of neutrino masses and mixing



Solar Neutrinos
 Sunbumstt

Satndard Solar Model (Bahcall)

SuperK, SNO

(Chlorine _

Bahcall-Pinsonneault 2000

Neutrino Flux

Neutrino Energy (MeV)
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Won Nobel Prize 2002!

First experiment by Davis et al. in 1960's
Radiochemical Method (Chlorine): v. + *Cl — *TAr+e".

Found ~ 1/3 of expected rate !



Solar Neutrino Problem

* Vv, flux: observed fluxes are half of SSM pred.




Matter Effect (Mikheyev, Smirnov, Wolfestein)

* When neutrinos travel through a medium,
they interact with the background of
electron, proton and neutron and acquire
effective mass.




Matter EffCC"' (Mikheyev, Smirnov, Wolfestein)

+ This modifies mixing between flavor states
and mass (propagation) states, and
eigenvalues of Hamiltonian, leading to
different osc. probablity

e V, has C.C. and N.C. while v, v, have only N.C.




Matter EffCC"’ (Mikheyev, Smirnov, Wolfestein)

* The Hamiltonian in matter can be obtained by
adding the potential terms

irrelevant for flavor evolution

» Crucial role is played by difference of V

V=V, -V, =V, -V, =+V2GFr N,



Matter EffCC"' (Mikheyev, Smirnov, Wolfestein)

e |n vacuum, time evolution of neutrino states

0 )
FE> ) v ( ‘1/2> )
Aﬁfi cos 20 _‘:ng sin 20 ) ( Vo)

Am~ Am? 1A
- sin26 S cos 20 v3)

_AmZ 0590 +v2GEN.

4K

Am?
w5 sin 20

* For antineutrinos, new term has opposite sign



Matter EffCC"' (Mikheyev, Smirnov, Wolfestein)

+ If N, is constant (earth), diagonalizaing Hamiltonian

tan 26

1 ACC 2
Am?2 cos 20

tan 26, = Acc = 2\/2GEN,LE

Vo =C0S Oy Vi, + SIN Oyyvo,
V, = —Ssin Oy vy, + cos Oy vy



Matter Effect

V, =¢€0S 0y vy, +SinOyv,,

V, = —SinBy Vi, +cos Oy vy,

Ve ™V UV X214

Level Crossing

Ve X1V Vy 2219
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Matter EffCC"' (Mikheyev, Smirnov, Wolfestein)

o If A.c =Am? cos26 resonance occurs, mixing

: . T
1S maximal QM:Z°

Oscillations in matter

In medium with constant density

- The flavors of the eigenstates do not change
- There 1s no vq,,, © vy, transitions, Vq,,, Vo, are
the eigenstates of propagation

» (Ea — Ep)L

P(ve — v,;t) = sin®(20,,) sin 5




Matter EffZC'l' (Mikheyev, Smirnov, Wolfestein)
* In case that matter density varies with time,
(Sun, Supernova), it is hard to solve analytically.

* Vim, Vam @re not propagation eigenstates and
transition between them occurs.

- Adiabatic limit : evolution is sufficiently slow
- each component evolves independently.

Vim © Vom transitions are neglected

3 possibilities of adiabatic conversion



Matter EffCC"' (Mikheyev, Smirnov, Wolfestein)
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Matter Effect on solar neutrinos

V, = €0S Oy Vy,, +Sin By v,,, ' production
V.(x) = cos O v{(x) + sin 8 v,(x) :detection
Neglect interference (averaged over E spectrum)

P v.(X) = [{(10e(x))[? = cos?d cos?iY, | AT [? + cos?d) sin®0)y | A, |2

+ sin®d cos*py AR 12 + sin®d) sin O A,

AR [? = AR |* = AR [* = AR =1~ P

P. = crossing probability non-adiabat

— 1 1
Po.—v.(x) = 5 + (5 — P ) cosZz) cos2v)

(S. Parke, PRL57, '86)



Matter Effect on solar neutrinos

* Production in the center of the sun : matter
effects dominate at high E, negligible at low E

 When matter effects are negligible (low E)
1

Plve —ve.)=1-— 5 sin®(26)

» When matter effects dominate (high E)
(i.e., Vo = Vy,,, at production,
Vom =1/V2(v+v,) in resonance region
Vom = €0S 0 v, + sin 0 v, : no matter effect

non-oscillatory
transition

P(v. — v.) = sin® 0




Matter Effect on solar neutrinos

Neutrino Flux
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Solar neutrinos have

energies which go from
vacuum oscillations to
adiabatic resonance.
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Proof of MSW matter Effects

v, survival Probability (Pee)
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Consistent with MSW-LMA scenario




For Three Neutrino flavors

charged current interaction with electron

v O 0 \ [
& A % €
Vu =< U 0 2?%“‘1 ’ Vu
I \ 0 0 | i
electron number density
Core density p CC effective potential V,
Earth ~ 10 g/cm? ~ 10718 eV
sSun ~ 100 g/cm? ~ 10712 eV
Supernova ~ 10" g/cm? ~1eV




Solar Neutrino Experiment at SNO

0.05 0.11
1727 s (stat) “p (syst)

0.23 0. 1 '
= 2.347 55 (stat) Ty (syst)
= 4.8177 15 (stat) "0 55 (syst),

Bahcall &
Pinsonneault
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Evidence for the existence of neutrino masses and mixing



What we know from neutrino oscillations

U: Pontecorvo-Maki-Nakagawa-Sakata-matrix (PMNS-matrix)

1 0 cosd, 0 sind,e ) cosd, sind, O
Uy =10 cosl,, sind,, 0 1 0 -sing,, cosd, O
0 -sind,, cos@, || -sinde”’ 0 cosé, 0 0 1

atmospheric CP phase reactor/accel. solar

2 2
0:12,013.053,0, Am=;5, Am=,;

0.81 - 0.85 0.53 - 0.58 0.018 - 0.025 LAV -V

Up =M 0.32-0.49 0.52 - 0.69 0.60 - 0.76
MNS : : : . . , N
| 0.27 - 0.46 0.47 - 0.64 0.65 - 0.80 ‘923 = 0 ggm~45°

913 ~9O



What we know from neutrino oscillations

Table 6.1: Table indicating mixing probabilities in neutrinos




Mass scale of neutrinos

*Assume mass hierarchy; m, <m,, <m,,
*Atmospheric neutrino; Am?,,, ~ Am3, ~ Am3,~10"3el?

-Solar neutrino; AmZ,, ~ Am5,~8 x 10~°el/?

sol

-Sum of 3 Am? should be 0; Ami,+Am35;+ Am3, =0

Sd0lA &S 82
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Mass Hierachy of neutrinos

Oscillation probability in vacuum 1s
invariant under Am?— —Am?*

Matter effect depends on sign of Am?
Solar neutrino exp. fix Ams5;> 0

But, we do not determine the sign of Am3,



Mass Hierachy of neutrinos

» \We have 2 options for neutrino mass spectrum

Normal hierarchy Inverted hierarchy




How small neutrino masses?

(large angle MSW)

4]
-

* Cosmological Mass Limit :

Planck CMB

Qi = Z# <3.0076
e

—— m,<0.7(eV)




Inflation -~

Expansion



Neutrinos must be massless

All neutrinos left-handed

70000
yYOou e

Right-handed Neutrinos ?
can’t have a mass !!

Massive neutrinos the standard model is incomplete !




‘Fermion Masses
(1) Dirac Mass

For a Dirac field, ¥ = vp + 91




Fermion Masses
(1) Dirac Mass

we can easily check that Vrip = ¥, = 0.

v = (Vr + ) (YR + 1)
= Ypr + Vrbr + YR + g

= Yrtr + VLR

hus, we can write down the Dirac mass term

VM, + 1 Mg




Fermion Masses

(1) Dirac Mass

 Dirac type mass matrix M is in general N x N
complex matrix

» M Is diagonalized by biunitary matrix

IM" = Umi,U"

M =UmpV'

my
mD —

U :a unitary matrix




Fermion Masses
(1) Dirac Mass

YirpH"; — SSB

VMg = 0 ,UmpV g = (Ut )mpV g

This shows that weak eigenstates are different
From mass eigenstates.



Fermion Masses

(1) Dirac Mass
- Dirac type mass matrix M is invariant

under .
N — )

which implies lepton number conservation.

(Tel Tul TrL

L., L,, L, are not conserved

lepton number (L=Le+Lp+Lt) conserved.



Fermion Masses

(1) Dirac Mass

* The unitary mixing matrix U occurs in C.C.
weak interactions

(in the flavor basis) :

6‘)

T




Fermion Masses
(2) Majorana Mass

« Some basics for understanding Majorana mass
VaV8 T Vg Ya = 2043
Vs = T172737V4 = VaV3V2N1
CraC™ ==

«x




Fermion Masses
(2) Majorana Mass

« Some basics for understanding Majorana mass

U = O07 = (C97)11* = ¢!

e Exercise 1: Prove that




Fermion Masses
(2) Majorana Mass

* Majorana neutrinos : i = ¢

_?:0.290*

()" = C" (VL) = iv*ey, = ( : )

* We need only 2-component field ¢ to describe
a Majorana neutrino.




Fermion Masses
(2) Majorana Mass

* Note that in the same representation, a Dirac
fermion can be written as

* If ¢ = y, 1t 1s a Majorana fermion.

* For spinors ¢, ¥

* For Majorana spinor




Fermion Masses

(2) Majorana Mass
 Using




Fermion Masses

(2) Majorana Mass
« Majorana mass term :

L%ass — —QWIM%DM + h.c.
1

5 (wL + (V)

1

= 2 (1M () +
1

= =5 (M () +




Fermion Masses

(2) Majorana Mass
« Majorana mass term is 1= invariant under

« S0, lepton number Is not conserved.

VLM (V) — e M (g



Fermion Masses

(2) Majorana Mass
 Diagonalization of Majorana mass matrix :
- Ingeneral, BN D eI

» Therefore, XMAXT = v M2y

(Y'X)M3 = MA(Y'X)

Then, (Y1X) must be diagonal.

define Y1 X = P? with P being diagonal, and X P* = U.
UTMU* = Mp




Neutrinos are massless in SM

In SM, only left-handed neutrino states,
only one Higgs SU(2) doublet
SU(2)xU(1) gauge symmetry

In SM, there is no right-handed neutrino
states, so no Dirac-type neutrino masses

* In SM, no way to construct a Majorana
mass term with v, because it violates
gauge symmetry



Neutrinos are massless in SM
SM particle table

M This term implies I3 =1,Y = -2
We need a scalar with I; =1,Y =2

m, v.v,



Implications of neutrino oscillation

Neutrinos are massive
Neutrinos mix

We need new physics beyond SM

A generic neutrino mass Lagrangian :

1 P p—
v Mpvg + 52]\’& (V)" + )

M, M,
ML Mg

1, —
§[VL (VR)](



( ™
— C
m LL VLVL Violates L
< > Violates Le’ Lﬂ’ |_T
M RRVR VI(::Q Neutrino=antineutrino
N _/

N

— Conserves L - : -
m. - v . Neutrino #antineutrino
\ LR LVR }leates Le’ | n | .

\

+ Possible origins of mass terms

- Diracmass : YL, Hvgp+h.c WhenH gets VEV

so,characterized by electroweak symmetry breaking



- Light Majorana mass : arisen from dim-5
effective Lagrangian or from SU(2) triplet Higgs

- Heavy Majorana mass : arisen from SU(2)
singlet Higgs

- To generate neutrino masses, we heed right
handed neutrinos, triplet Higgs, etc.



Why neutrino mass is so small?

. Seesaw Mechanism

tiny neutrino mass

-_— '1 T
m,=mpMp"m

Natural values of mass operators :
— my : electroweak scale
— M: L violation scale <~ embedding into GUT



The seesaw idea was originally mentioned
in a paper's footnote : PLB59 (1975) 256
by Fritzsch, Gell-Mann & Minkowski

This idea was clearly elaborated by Minkowski
in his paper, PLB67 (1977) 421
But, today, the following papers are cited :

Minkowski (1977), Yanagida (1979),
Gell-Mann, Ramond & Slanski (1979)
Glashow (1979), Mohapatra & Senjanovic(1980)



CP violation in neutrino oscillation

C : charge conjugate

Particle = Antiparticle
| eft-Handed = Right-Handed




CP violation in neutrino oscillation
Oscillation probablity

CP AsymmeTrY Aaﬁ o Pl/(__\;;—ﬂ/;}; o Pljn_}prf

AmijL

AgE(L E) _4ZIm U(";kUﬁkUGJUﬁJ sm( >F )
k>j

Jarskog invariant:

2 .
J = €12512623523€13513 SIN 013




CP violation in neutrino oscillation

Right-handed antineutrino is CP conjugate
of left-handed neutrino.

« CP : U U

Ami L
py@_w (L, Z U(":k Usk Uy UBJ exp( 2EJ )

AmﬁjL
Z UﬂkUﬁk o UBJ €Xp 2E




CP violation in neutrino oscillation

In the standard parameterization

2 .
J = €12512623523€13513 SiN 013

Jarskog invariant is useful for quantifying
CP violation in a parameterization-indep't way

Nonzero J implies CPV in case that 0 < 6; <§
Measurement of CPV is not easy.



CPT symmetry in neutrino oscillation

Under CPT transformation

In QFT, CPT is unbroken symmetry

We can test CPT symmetry by measuring
both oscillation probability

It is confirmed that P, _,, = Py 3,
from solar neutrino exp. & reactor exp.



T violation in neutrino oscillation

Under time reversal

T _
aff = Pua —vg P Vg—Va

AmijL
2E
Due to CPT symmetry Alg = Afif;




The Big Questions
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Solar Neutrino Experiments

Radiochemical detectors Cerenkov detectors

Kamiokande
Vo +Cl > Ar+e Ve €2 Vete

SuperKamiokande

Vo, +Ga> Ge+e

SIN[®)

(CC) v.+d—> p+p+e

(ES) v . +e—o>v +e

(NC) v, +d >n+p+v,



Atmospheric Neutrinos

+ p—oe*nd, K*v, etc « Cosmic rays isotropic
— So far not seen — Atmospheric neutrino
— Atmospheric neutrino up-down symmetric

main background

cosmic ray
proton

atmosphere

Earth Edetector




Measurement of 0,
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Daya Bay Neutrino Experiment

Jun Cao
Institute of High Energy Physics, Beijing

3rd International Conference on Flavor Physics, Oct. 3-8, 2005
National Central University

Chung-li, Taiwan




The measurement of oscillation

JdEv d®/dEv occ(Ev) Pg(Ev) g(Ev)
JdEv d®/dEv o-:(Ev) e(EV)

= 85— (28,5 —1)sin?26 <sin? (AmM2L/4E)>.

<Pus> =

Taking data at fixed <L> and <g>.

— For Am?2 > 1/<L/E>, <sin2 x> = %. A vertical
line at sin206 = 2P,. neutrino telescope.

— For Am? < 1/<L/E>, Am?sin?26 = 2P /<L/E>.

2P,

%
N
~
£
(0]

Excluded
P<P,

Fixed L and <E>

Allowed

L or E dependence




Three-Neutrino Oscillations

 Appearance probability including matter

sin?((1—A)A)
(1-4)?

o~ ."'Gill2 2915 Sil’l2 923
sin(AA) sin((1— A)A

a sin 26012 cos 01351n 26013 sin 2023 Sin(A)%

A(1-A)

. o sin(AA)sin((1—A)A
a sin 2672 cos #13sin 26 3 sin 26a3 cos(A)%f&)))

- 2 Y
5 . sin“(AA
a? sin? 2615 cos? 093 (A )

A = Amgs2 L/4E, A = £(242 Gen E)/Ama,2,
o =AMy%/ Amg;?



Matter EffCC"' (Mikheyev, Smirnov, Wolfestein)

* Level Crossing
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