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History of Neutrino Oscillations
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Pauli’s Neutrino Hypothesis
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Detecting Neutrinos from Nuclear Explosions?
Bethe and Peierls (1934)
V.+p—>n+e" Crosssection o <10™ cm

“It is therefore absolutely impossible to observe the
processes of this kind with the neutrinos created in
nuclear transformations.”
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The combination of four protons and two
electrons can occur essentially only in two ways.
The first mechanism starts with the combination
of two protons to form a deuteron with positron
emission, viz.

H+4+H=D+¢. (1)

The deuteron is then transformed into He* by
further capture of protons; these captures occur
very rapidly compared with process (1). The
second mechanism uses carbon and nitrogen as
catalysts, according to the chain reaction

C12+H=N13+’Y, Nl3=cl3+e+
CB4+H=NU"+4,
Nl4+H=016+,y’ 016=N15+e+ (2)

NS4 H =C24 Het.

No neutrinos in Bethe’s
Hans A. Bethe classic paper on nuclear

(1906—-2005) reactions in stars (1939)
Nobel Prize 1967

Reines to Fermi (1951): neutrino detector near ‘A-bombs’?
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Discovery of Reactor Neutrinos 1954-1956

Clyde Cowan’ - ‘ ¥ Fred Reines O &
(1989 — 1974) % (1918 - 1998) | '
(# , Nobel Prize 1995 | Neutrino Detec
c three Gammas
e 0:0-0
‘A-bombs’ 5 us delay of y
@ qjj G ﬂ from n capture
Hanford % a on Cadmium
0:0-0
Reactor time coincidence
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Discovery of Solar Neutrinos (1968)
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Super-Kamiokande Neutrino Detector (since 1996)
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Cherenkov Detectors
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Neutrino Sources in Nature

Nuclear Fusion
in the Sun

v

Supernova Explosion
SN 1987A

Cosmic Accelerators ?

Cosmic rays PeV neutrino events
@ the Earth @ IceCube
Atmosphere

Big Bang
(Indirect
Natural radioactivity Evidence)

in the Earth Crust
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Discovery of Neutrino Oscillations

Zenith angle

Downward
(L=10~100 km)

Upward
(L=up to 13000 km)

Angular Distribution of Events

Data/Prediction (null osc.)
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Discovery of Neutrino Oscillations
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Solar Neutrino Experiments
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Reactor Neutrino Experiments
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Accelerator Neutrino Experiments
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Accelerator Neutrino Experiments
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Story of the Smallest Mixing Angle

Global Analysis of Neutrino Oscillation Experiments
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June 2011 breakthrough: Appearance results from T2K and MINOS
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Neutrino Oscillations

Probability v, = Vv

7}
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Neutrino Mass Ordering: JUNO
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Part B: Neutrino Oscillation in Vacuum

Neutrino Production Neutrino (flavor) oscillations:

well-established quantum phenomena
of massive neutrinos at a macroscopic
distance (from 1 to 1000 km or more)

Flavor Eigenstate
va

~
~

A/@(,\t;:‘\\
/ op\\ Flavor Eigenstate
Charged 'Ope eV
_ 995 " ~- B
Lepton ¥, o, -~

Charged
Lepton g Neutrino Detection



History of Neutrino Oscillations
1930 neutrino hypothesis by Pauli

1934 an effective theory for weak interactions by Fermi

1956 electron antineutrinos v.discovered by Cowan and Reines &

1968 solar neutrinos v, detected by Davis & solar neutrino problem

1998 deficit of atmospheric neutrinos v,/v, in Super-Kamiokande (Kajita)

2000 The 3r family of neutrinos v, /v, discovered in DONUT \.
2001 solar v, and v, /v.neutrinos found in SNO (McDonald)
2002 KamLAND selects the LMA-MSW solution to solar neutrino problem
2004 K2K & MINOS confirms the disappearance of atmospheric neutrinos

2012 reactor antineutrino disappearance discovered by Daya Bay



Two-flavor Neutrino Oscillations

Neutrino flavor eigenstates are defined
with respect to corresponding charged

leptons, and they may not coincide with
mass eigenstates
i

V., =+cosOv; +sinfv, Vi =+cosOv,—sinbv,
v, = —sinfv; + cosOBv, vV, = +sin@v, +cosfv,

The oscillation probability in the plane-wave approximation: simple & useful

|Ve(0)> — |Ve> = COS 9|V1> + Sin9|V2> AE =E, —FE, = /pz +m§ _ /pz _|_m%

j . 1 2 2 2

v, (t)) = cos @ e tE1t|y,) + sin O e~ tE2t |y,) ~ ma) _ mi) — Am
¢ p+ 2p2 P+ 2p2) — 2E
= e Y1t(cos O |v¢) + sinB e Ey,))  |AmP=mEi-m? E=p>»m,m,

The transitional amplitude

A= (v |ve(®) = e ErtsinOcos O (e 2B — 1)  |v,) = —sinB|v;) + cos O |vy)



Two-flavor Neutrino Oscillations

The oscillation probability for the appearance channel
P(ve — Vu) = |(vu|ve(t))|2 = |sin9 cos 6 (e‘iAEt — 1)|2

2
= 25sin% 6 cos? @ (1 — COoS AZ; t)

5 5 Am?L L ~ t for neutrinos in
= sSIn” 20 sin® — - the relativistic limit
The survival probability for the disappearance channel

o, 1.27Am?L

Probability Vo — v, P(v, »v,) =1 —sin® 20 sin
.......................... {27AM2L

T P(ve - v,) = sin? 20 sin?

sin2(26)
1 ..... Am? eV?

4nE E \[eV? E GeV (MeV)
m( ]( J L km(m)



Exercise: Baseline for Daya Bay

Naturalunits: h =c =1

Phase factors

Energies and momentum

Energy difference

Time and distance

Oscillation argument

Natural units

exp (—z’Emt)

E1,2 = \/PZ + m%,*z

~Am?
-~ 2F

AFE

t=1L

1 Am?L
A==

Realistic units

exp —iht
h

— 2
B\ y = \[p*c? +mi ot

Am2e3  Am2ct

AFE = =

2p

2 h h 4E

2F

3 Am2L

(1) Derive the factor 1.27 in the formula of oscillation probabilities

(2) Daya Bay experiment is designed to observe the disappearance
of reactor neutrinos, so it is better to put the far detector at the
oscillation maximum for Am? = 2.5 x 1072 eV?. Take E = 4 MeV &
estimate the optimal baseline length for Daya Bay.



Three-flavor Neutrino Oscillations

Neutrino Production Charged-current Weak Interaction
V1
Lo = T(e H T)L)/”V<V2> W, + h. c.
v3/,
v, (0)) = |v,) = z Vailvi) Flavor Mixing Matrix
v . or the PMNS Matrix
a
N~~~ Va(®) = vae SiE]y)  |vg) = Z V3 1v,)
Cug,.. ~~~_
- ing o N
ta 'ope v
Qag; ~~-_ P
°n

2
tg
- Neutrino Detection




Three-flavor Neutrino Oscillations

Derivation of the general formula of oscillation probabilities

? Fritzsch & Minkowski, 76
EV V e—lEt

P(ve > vg) = |(vp|ve®)|” =

3

ViVl +22Re ViV Vet i l)t]

=1 l<] _
3
Am?AL 2 — .2 2

A 22 Re |Va ViV V| cos 7 ji =m;

i=1 z<] E =p > m;,m,;

. .1 . Am]-ziL
— 2 z Im [VaiVﬁiVajVﬁj] sin—-
l<]
3 ; 2

Z 2iVgil +22Re VﬁlVaJV/J’J] > ZVész = 8ap
i=1 i<j i=1

— 42 Re VBLVOUVB]]sm

i<j

ji
— ZEIm VﬁlVa]VB]]sm oF

i<j



Three-flavor Neutrino Oscillations

The general formula of oscillation probabilities

3 Am%L
P(va > vg) = 6ap — 42 Re [VaiVﬁjV;jVEi] sin2 — 1.

Jarlskog Invariant

m [V Vg Vi Vi |

/, AE
i<j
> L1 . AmgL
+2 Z Im [V, Vg; Vi V| sim 7
i<j
& 1., AmAL
= ap — 42 Re ViV, Va;Vii | sin =
i<
+8Jz ~ Am5,L  Am3,L  Am3,L
Saﬂy Sin AF Sin AE Sin A
)4

CP Violation

Exercise: try to demonstrate that the imaginary part can be expressed
in terms of the Jarlskog invariant and derive the CP-violating term



CP Violation and Jarlskog Invariant

AmAL

+ Zz Im VmVﬁJV Vﬁ*i] sin 2]]5 Jarlskog Invariant
I<j ¥
Am$ L Amb L AmBL\ [V, Vi V
=+ 27 z £ sin — sin + sin el " "ez ' “e3
“ﬂy( 2 2F 2F Vi Vil Vs

Ami,L  Am3L  Am35;L
=—2(728aﬂy sin + sin T + sin T

= Im|[V,1V,2Ver Vi |
Ami,L  Am4,L = Am3;L

=+8Jz£aﬁysm AE sin AE sin 1E

Exercise: J is unique

Unitarity triangle and Jarlskog invariant

/e
7 a= |V91V;1 e
b = |V, Vi e
\b\ c= |Ve3V;3 e’

VerVi1 + VeaVia + VsV, = 0 Exercise: prove |J| = 2 x area of triangle



Oscillations of Antineutrinos

V1
Lec =T(e H T)LV“V<V2> W, +h.c. Va Z ailVi)
3 V=V
The oscillation probabilities for antineutrinos
AmZL
* . Ji
P(Va _”/B) Oap — 42 Re ValVﬂJV VBi] sin? 15
i<j 7 = — 7
8‘72  Am2,L = Am2,L = Am3,L
€qpy SIN—-—sin— -—sin——

CP violation for neutrino oscillations in vacuum

_ _ _Am3L  Am3,L  Am3,L
Acp = P(va - vﬁ) — P(va - vﬁ) = 16(72 Eqpy SIN iE sin iE sin iE

No CP asymmetries in the disappearance channels (via CPT theorem)



Discrete Symmetries

3
: . z AmZL

i<j

 Am3,L  Am3,L  Am3,L
+8Jz<9aﬁysm 1E sin AE sin 1E
)4

CP transformation: 3 2
P(7, = 75) = 6up — 4y Re |V, Vp V7 V2 | sin? omdi”
(va —>vﬁ) = Ogqp — /. e[ aiVBjVaj ,Bi] SIn AE
i<j
J=—J

 Ami,L  Am5,L  Am3,L
_8ngaﬁy51n iE sin iE sin 1E
)4

T transformation: ;
vl s Am]?iL
P(vg = V) = 85 — 4Z Re |VaiVg, VsV sin? —
<
’

3 2 _Am3 L Am3,L  Am3,L
J Eqpy SN e sin AE sin iE

CPT theorem: p(y, - v;) = P(7; > ¥,) Invalid if matter effects exist



Neutrino-antineutrino Oscillations

= Neutrino-antineutrino oscillations can take
place only if neutrinos are Majorana particles,
as the lepton number is violated in this case.

Quantization of neutrino fields: vi(x) = v(x)

Neutrino Production

v
<. = )
Ne. ) = lv(p,+))| Ccreation operator
e‘ltr,,, S v e for both v and v
4y OP'O,oe .. .
RN B
ga IO,, ~

A(va - vﬁ) z Vﬁz ' e LEit
A(Va - V,B) = 2 VaiVﬁiF_le-H.Eit
. l
l

Highly suppressed by a factor of m;/E Neutrino Detection



Neutrino-antineutrino Oscillations

Oscillation probabilities Pontecorvo, 57, 67; Bahcall & Primakoff, 78;
- 5 Schechter & Valle, 81; ...

~ A _ZAmjziL
P(ve = ) {77 | l{m)ag! —4Zmiije[VaiVBiVajVBj]sm "
i<j
> . .AmjziL
+ ZZmiijm [VaiVﬁiVajVBj] sin E
1<j
3
Am?%L
P(7a — vp) =7z |I(M)apl? 4Zmiije[VaiVBivng§j]sin2 =
i<j
> . _Amjzl-L
— ZZmimjlm [VaiVﬁiVajVﬁj] sin T
1<j

1012 (mi)z MeV i (m) Eiv Vo Dependence on all three
eV E ap S SRR CP-violating phases

The oscillation probabilities are extremely small, but enhanced for v, from 3H
decavs.



Parametrization of PMNS Matrix

Dirac neutrinos

1 0 0 C13 0 5138_i5 C12 S12 0
V= 0 Co3 So3 |- 0 . 1 0 . <—512 C12 O)
O _523 C23 —51381'6 O C13 O 0 1
Majorana neutrinos
1 0 0 C13 0 s13€7% Ciz S12 O e 0 0
V = 0 Cy3 So3 |- 0 ' 1 0 . <_512 C12 O) 0 eiO' 0
O _523 C23 _5133l6 O C13 O 0 1 O 0 1

Exercise: prove that a general 2 x 2 unitary matrix contains four real
parameters, and can be written as follows

V= (ei“ 0 )( cos 0 sinH).(eW 0)
0 ef) \—sinB cos6 0 1
then all the phases can be removed by redefining the charged-lepton

and neutrino fields in the Dirac case. So, no CP violation if there are 2
generations of fermions. Consider also the Majorana case.



Parametrization of PMNS Matrix

Standard Parametrization

C13€12 C13512 S13€ el 0 0
- id io ]
V =1 —512C23 — €12523513€ +C12C23 — S12523513€ C13S23 0 e 0

i5 o)
+S12823 — C12C23513€ —C12523 — 512€23513€ C13C23

Extraction of mixing angles and CP-violating phases from the PMNS matrix

sin? 013 = |V 3]|? d= Im[VeZVwVe*:sVJz]
VP2 = Im[(C13S12) - (€13823) - (513€%) - (+C12023)]
.2 . e2 .
sin” 01, = 1— |V,5|2 = $12C12523C23513C13 SIN 8
2 | N
174 o three mixing angles
sin® 0,5 = 1 |—T;.|93|2 sing = Im[VBZVH3V€3V#2] are restricted to the

2 [
$12C12523C23513C%;  first quadrat

Exercise: prove that a general 3 x 3 unitary matrix contains nine real
parameters, and there will be one non-factorizable phase.



Disappearance Channels

Most oscillation experiments are measuring the disappearance of neutrinos

3 7% | ein2 Amfzil‘ * yr¥
P(vy > vg) = 8ap — 42 Re [Vaivﬁ jvajvﬁi] sin — = Re[VaiVajVajVai
i<?{' - |Vai|2|Vaj|2
el AmiL N
+ 2 Z Im [VaiVﬁjVajVﬁi] sin T Imlvaivajvajvai]
i<j =0

Amj

4E o No CP asymmetry, so valid
for both v and v oscillations

2; Comments:
l

3
P(ve = V) = 1= 4 ) [V Ve sin’
i<j

Am2.L
—1— 4|V, |2|V.,,|? sinZ —2L . . .
Var [*[Vaz|" sin 4E ® In a specific experiment with
Am2. L L and £ fixed, so sensitive to
31

—4|V 1 12|V,3]|? sin? a particular range of Am;

AE
,Am3,L @ 2-flavor oscillations if 6,5 is
AE small and |Am3,| < |Am35,| =
|Ams3, |
One can determine the mixing angles and neutrino mass-squared differences

~4|Vg2|?|Vy3l? sin



Appearance Channels 38

o _,Am3,L | For accelerator neutrinos (T2K)
P(vﬂ - ve) = sin“60,3sin“260;3 sin
4k E~0.6GeV L =~295km
+ CPV + Matter Effects I l
Comments: g = °00m/MeV
® Sensitive to 0,3, depending on other l
mixing parameters
Am? ~ 2.5 x 1073 eV?

3-favor results without matter effects

Ams L, Am3L

P(vﬂ - ve) = (sin?6,3sin?20,3 — 8 sin E ) sin iE

e

2 |cin2 2 2 o2 L - - zAmglL
+ c{3 |sin 2812(023 —523513) +Zsm 460,, sin 20,5 cos 6| sin 1E

sub-leading terms
Main features of LBL accelerator neutrino experiments: sensitive to 4§,
octant of 0,3, and also sign of Am%, when including matter effects

leading terms




Part C: Neutrino Oscillations in Matter
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Neutrino oscillations in matter

L. Wolfenstein
Carnegie-Mellon University, Pitisburgh, Pennsylvania 15213
(Received 6 October 1977; revised manuscript received 5 December 1977)

The effect of coherent forward scattering m k
neutrinos traveling through matter. In particular, for the case of massless neutrinos for which vacuum

oscillations cannot occur, oscillations can ‘occur in matter if the neutral current has an off-diagonal piece

connecting different neutrino ‘types. Applications discussed are solar neutrinos and a proposed experiment
involving transmission of neutrinos through 1000 km of rock.

n, index v, : explipx(n, +n, —1)]
v, velocity v, : explipx(n, —1)]

v, : explipx(n,, —1)]

Refraction of neutrinos
in media, where both
CC and NC interactions

Refraction of light in media contribute to refractive
indices (not far from 1)

interfaceﬂ

AN\§

Lincoln Wolfénstein
(1923-2015)

When neutrinos are traveling in matter, the effect of coherent forward scattering with

background particles leads to a modification of their energies. Such a modification can
be described by an potential energy. The difference between the potentials of distinct

neutrino flavors is relevant for neutrino oscillations.



Matter Potentials for Neutrinos

Ordinary matter contains only electrons, neutrons and protons:

Ves Vs Vr Ves Vus V1 Incoherent scattering

/ 1014 c¢m
matter (E/GGV)
We take the number
density of particles
in normal matter to

e~.p,n | beabout 1024 cm-3,

First of all, we look at the Hamiltonian of free neutrinos in vacuum ) )
in mass basis

()= 2 ()= ()
1 vy
in flavor basis B [E ((1) (1)) T 2E (nél T:t)%)] (:112;) =Y (:VZD

~ (Cog —SQ) |Ve> 1 m% 0 (Cg —SQ) |Ve> 1 m% 0 N
"t (59 Co <|V#>> 2E\ 0 m2)\Se o /\|v,) p | 5 2E \ 0 m?




Matter Potentials for Neutrinos

Effective Hamiltonian density for weak interactions

Ve e

Hee(x) —ﬁ[ve(x)y“(l‘y;,)e(x) [e(x)yu(l VS)Ve(x)]
W Fierz transformation

Hee(x) = \/— = [T (OY*(1 — ¥s)ve (%) {6y, (1 — ys)e(x)]

e_ Ve

Averaged Hamiltonian density over the electron background

_ G
}[cc(x) = _FVe (OyH*(1 — Vs)Ve (x) f d3pef(pe) Distribution function of electrons

V2

1
Averaged over electron helicities X > 2 (e(pe, he)|e_(x)yu(1 — y5)e(x)|e(pe, he))

he=%

_ _ G e
Japreo=ny g - N | @pef o) 7 v

he
(e, he)) = 5 ag™"|0)

VS)Ve (X)



Matter Potentials for Neutrinos

Ve, Vyu,Vr Ve, Uy, Vr

_ G
Heelx) = \/_%j d3pef(pe V

pe']_/)
E,

) (1= y5)ve(x)

NC interactions contribute
0 equally to all flavors, which
\/—V — Ve ()Y (1 — ¥5)ve ()N .V is irrelevant for oscillations

= \/fGFNev;LL(x)veL(x) # v, = V2 GpN, Matter Potential

(minus sign for v)

\/—Vve(x) j d°pef (pe) (y —

e .p,n e ,p.n

Then, we obtain the Hamiltonian for neutrinos travelling in matter |4 — 222G N, E
1 (m? 0 1[ (mi 0
Hp U( ! >U++(V 0)——0( 1 >U++(A 0)]
0 5 0 mz 0 O

" 2E m2 0 0/ 2E
Exercise: evaluate the electron number density in Earth matter of a
mass density p = 4 g/cm3. Note that the normal matter is electrically
neutral, so the number fraction of electrons is Y, = 0.5.




Effective Mixing Parameters

The Hamiltonian in a more compact form:

_Amz 0 mz + mz + A
Hopy=—|U 21 , Ut + (A 0 )+ =2
4E 0 +Ams3,

Hn=

1 (A—Am3c9  Am3;syg
4F

9 2 in flavor basis
Am3,529  AmMj1Cz9 — A)

Converted into the mass basis Mixing matrix & mass states in matter

1 Afits, 0 = (|Ve)) Cg Sp (W M — & (V1)
H, = —0 Ut =( ~ ~) Vi) — g
M T AE < 0 +Am21> vu))  \7S5 €/ \[¥) V2)
2 2 2 2 tan 20 = Am31520
Am21 = \/(Amuczg — A) + (Ammsze) — Am%1c20 _ A

Relationship between the mixing angle (mass difference) in vacuum and that in matter



-

Some Discussions a4

Mixing angle in matter
Am3 ;53¢

tan20 = 5

~ o

MSW resonance 0 = 45

o 4 \ \
Resonance condition: Stanislay Mikh Al S kl.\ In Wolf
2 _ anislav Mikheyev Alexei Smirnov Lincoln Wolfenstein
Am3,Ca9 = 2\/EGFNeE (1940-2011) (1951-) (1923-2015)

Exercise: assume that the energy of solar 8B neutrinos is £= 10 MeV,
and take N, = 100 N,/cm? for p = 150 g/cm? in the solar center. The
density decreases from the center to the surface. Check if the MSW
resonance can be reached, given 4m3, = 7.5 x 107> eV2,

Solution:
A =2V2GyN.E ~2V2-(1.17 X 1075 GeV~2) - 10 MeV - (6 X 102> cm~3)

N _4 2 Am?L
~1.5%x 10 eV P(Ve N v[,t) — Sin2 20 Sin2 15
V,=+v2GgN, =~ 7.5 X 107% eV%/ MeV AF2L

-~ _ . 2 ~ . 2
A useful relation: 197 MeV-1fm =1 P(Ve - vﬂ) = sin” 26 sin AE




Varying Matter Density

The matter density p(7) is varying in astrophysical environments, like the Sun and SNe

tan20(r) = A 26 . = 1 0 —Afityy 0 it
Am%ﬂ»‘ze o ZﬁGFNe(r)E m 4.E 0 _|_Am21
Recall how to calculate neutrino oscillation probabilities in matter of a constant density
ii(lve(r») _ 1 U( A7’n21 0 )ﬁ'l‘ <|Ve(1‘))> (lve>> _ ﬁ (lfl))
dr\|v,(r))) 4E 0 +AMmZ, v, (1)) V) 02
;4 [ﬁ<m(r>>> _1 ﬁ<—m’ﬁ%1 0 )(Wr»)
dr | \|Vy(1)) 4E 0 +Am3, ) \[V2(1))
. d |V1(T))> [1 ( Aii3, 0 ) oS é] <|71(7’)>> SOS o 1\d@
—( 1 = |— —ivt (- 1 = ( )_
ld?‘(h’z("’)) 4E 0 +ATS, ' V2 (1)) UU=1{_1 o dr

; & (I’ﬂ(ﬂ)) i( —Afi, —4iEd’é/dr> (Iﬂ(ﬂ)) If p(r) or 8(r) changes

~ B ~ slowly, no transition
r\|V2(r))) 4E\4iEd8/dr +Am35, [V2(1)) bethen mass states




Adiabatic Evolution

Evolution of mass states in matter

ar

|V1(T)>) 1 (
[V (1)) 4FE

Am21
4iEdO/dr

—4iEdO/dr
+Am21

I

V1 (ﬂ)) do

V2(1))

Exercise: calculate ar
r

Adiabaticity parameter: the ratio between the diagonal and off-diagonal elements

2 1072 p—r—rrrrrr—— JLRAEE B
y=_AMa1 _ (ams, )  Giunti & Kim, 2007
4E|d6/dr| 2Esin20 |dA/dr| [ E
107 F
Mass ordering: sign of Am? :
& ~ 2
2 > o m;
m 0 - 4L
H = U(9)< 1 2) ut(e) 2 0F
0 2
invariant under & 10-5 b J
T ;
6=>--0 m? © m3
100 4
|ve> = +|ve> |vu> = _|Vu>
0clo_ el - . 1 .
[ '4] D 4’2 e 10! 102 10? 10*
Am%l > O Ale < O ]Vp/jVA [Cnl—.?)]




3-flavor Oscillations in Matter

The effective Hamiltonian in matter

(| /mi 0 0 A0 0
Hm =5x|V| 0 ms 0 V++<o 0 0)
0 0 ms

Diagonalize the effective Hamiltonian in matter

, m2 0 0
VIH,V==— 0 @m: 0
2F Y
0 0 m3

Parametrize I/ in the standard way by three mixing
angles 8;; and one CP-violating phase 4 in matter

Oscillation probabilities in matter of a constant density
3
B( = 5.5 — 4 Re 70,7 75| sin2 2L
Ve = V) = Sap - = e | ViV V] sin AE
i<j

N - Am5 L AmS,L 0 Am34L
+8(728a3y51n AE sin AE sin AE
Y

The oscillation probabilities for antineutrinos can be obtained by V = V" and A = —A




Solar Neutrino Experiments

1012 ¢ . —— : —_—
; Gallium Chlorine Water :
1o g Bahcall—-Serenelli 2005 E
5 pp-| +1% z
1010 L Neutrino Spectrum (+1ag) =
o9 L "Be-{+10.5%
; 8No -t~ __ -4
,.T.‘-.\ 108 _,,-—-""‘F ..-""'-’# N
Y 107 ;-"'Q:) .
& |- :
U - _ - -
~ 1068 E l?Eﬁ_..—— y
- - “Be-
= 105 3 +10.5% / 2
10 4 /-’- -
103 F E
102 E
101 I 1 I L 1 /I-”.’I-’I
0.1
Neutrino Energy in MeV




Solar Neutrino Problem after SNO

Total Rates: Standard Model vs. Experiment
Bahcall-Serenelli 2005 [BS05(0P)]

? 7Z 2
/ / 126+92 / o /
81z gl.mg-}g 5 g 10_3_}3%
7 / | /1'0f3213 /
‘ % % %D.BBiU_US
48:|:0~0'? 16945
041+0.01 67+5
= 20+0.23 0.30+0.02
SAGE GALLEX
+
SuperK GNO i;flo )
C] Hzo Kamiockande Ga DEO
7 — P, e -
Theory Be M P—P. pep Experiments m

88 W CNO Uncertainties E




Results from SNO

50
. ~+0.06 +0.09 , 6 ' |
Solar V,, converted to v, or v, | %¢¢= 1'76—3-05(5tat')—8-?3 R =
dps = 2.3970 22 (stat.) T 15 (syst.) x 10% em=2 s~1
'_.'m 3 - SNO (I)SNO One = 5.09T043(stat.) 055 (syst.) x 106 cm=2 51
o~ [ 8
'E (= cC d(ve) = 1.76f8:8§(5tat.)f8:83 (syst.) x 10¢ em=2 s~1
) - O(Vur) = 3.417045(stat.) 1030 (syst.) x 106 cm=2 s~1
o 6 —
-— B ,
= pcc = ¢Ve)
s 9 _ dps = O(Ve) +0.1559(,r)
y=s ! ' '
41- (I)SNO OPNC = Qﬁ(l/e)‘l‘@(’/l“—)
— ... NC
3
20
1=
O m I | I

-

nucl-ex/0601020




The LMA-MSW Solution 51

0'9: o For high-energy 2B neutrinos
0sl . _ |mmm sNO |1 at production r=0
- Vacuum oscillation }  Borexino™Be, pep ,(0)) ¢ s\ [1ve(0))
i -+ - All solar v experiments - = ( ~ _ )
0.7rp,, ~1— %sinzzelz — —— — \|72(0)) So € /\|v,(0))
. 6?_ 3 | adiabatic evolution
| SRS + _________ (I%(R») _ (1 0) (I%(O»)
o5 05¢ . T- [V2(R)) 0 1/\[v(0))

on the solar surface r= R

1/ 1ve(R)) _(Ce Se) [V1(R))
A\ve®))  \=Se  €o/\|V5(R))

0.4} Pee( "Be) =0.56

0.3} P..(°B) =0.31
| survival probability
0.2f ]
_ _ P, = c5¢5 + s5s5 = sin?0
10~ 10 _
E,(MeV) 0 — /2 as A » Am?
For the MSW resonance to happen For low-energy 7Be neutrinos

P, ~1- %sinzzelz

Normal neutrino
mass ordering Oscillations in vacuum




Global-fit Analysis & Prospects

Gk 0(9 Normal Ordering (best fit) Inverted Ordering (Ax* = 1.5)
\d bfp 1o 30 range bfp 1o 30 range
£ | sin? 61, 0.3088™0 boos 0.2893 — 0.3295 0.3088 70 ooee 0.2893 — 0.3295
o}
o | O12/° 33.761932 32.54 — 35.03 33.76 7043 32.54 — 35.03
—
O
f% sin? @23 0.47010017 0.432 — 0.587 0.55570 016 0.437 — 0.590
é 023/° 43.27139, 41.11 — 50.02 48.151075 41.40 — 50.21
ay]
| sin® 01 0.0224970-00057 0.02070 — 0.02420 | 0.02261750052%  0.02091 — 0.02433
£ | 013/° 8.627011 8.27 — 8.95 8.657011 8.31 — 8.97
=
=2 | dep/° 207123 114 — 405 283124 202 — 347
o
N 2
A
= 1075”—2;2 7.537+0-0%4 7.236 — 7.823 7.5371000¢ 7.236 — 7.822
U e
/—\mge +0.026 +0.024
. 1 . . . _ T & T 4.
s ovE | T2O21I00 42454 — 42592 | —2.50050 05 2.569 — —2.430

Neutrino Mass Ordering

® Reactor: JUNO
® LBL Acc.: T2K, NOvA, DUNE
® Atm: PINGU, ORCA, Hyper-K

Absolute Masses: KATRIN, OvB (136Xe, 7Ge), cosmology, ...

Leptonic CP Violation

® LBL Acc.: T2HK,DUNE
® Super-B: ESSvSB, MOMENT
® NF & Beta-Beams



