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Part IlI: Neutrino Oscillations

@ Neutrino Oscillations in Vacuum

@ Neutrino Oscillations in Matter
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Ultrarelativistic Approximation

Only neutrinos with energy = 0.1MeV are detectable!

Charged-Current Processes: Threshold
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Elastic Scattering Processes: Cross Section o Energy

v+e —v+e

o(E) ~ o9 E/me

oo ~ 10~*cm
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Background = Ey, ~ 5MeV (SK, SNO), 0.25 MeV (Borexino)

Laboratory and Astrophysical Limits —
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Neutrino Mixing

Left-handed Flavor Neutrinos produced in Weak Interactions

’Vev_> ‘Vu’_> |VT7_>
g _ N .
Hee = i W, (Terr” e + Vi1 + UryP7) + Hee
Fields v, = Z UiVt |I/a, Z k’Vku States

k
‘V17_> ‘V27_> |V37_>

Left-handed Massive Neutrinos propagate from Source to Detector

Uel Ue2 Ue3
3 x 3 Unitary Mixing Matrix: U= [ U, Usp Us
UT]. U7'2 UT3
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Neutrino Oscillations in Vacuum

vt = 0))=lva) = Uy (1) + Ugy [v2) + Uss [v3)

/\/W
Voo N/ N2/ NN\ VB
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source L detector

lv(t > 0)) = U5, e Bt |py) + U, e B2t 1) 4 Uk, e B3t |u3) £ |vy)

Ef:p2+m,2( t=1L

AmZL
PVa_>V5(L) = |(valv( Z UsieU, kUﬂJUOU eXP( 2EJ >

the oscillation probabilities depend on U and Amij =m3 — mJ?
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Simple Example of Neutrino Production

at

— ;ﬁ' + vy v, = Z Upukvi
k

two-body decay = fixed kinematics E2 = p? + m?
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7 at rest:

1% order: Esz—i—g% pk =~ E—(1-¢)
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Neutrino Oscillations in Vacuum

[Eliezer, Swift, NPB 105 (1976) 45] [Fritzsch, Minkowski, PLB 62 (1976) 72] [Bilenky, Pontecorvo, SINP 24 (1976) 316]

Lcc ~ W, (Tery’er + 7piy’ oo + U0y’ 11)
Fields Vol = Z Uk ViL — Vo) Z >l vk) States

initial flavor: a« = e or u or T

it x)) = e B ) = (g (t X)) ZU* A )

) = > Uslvg) = Inaltx) = Y (ZUZke_iEkt+ikaUﬂk> lvg)

B=e,u,T B=e,p,T k

Auaﬂuﬁ (t,x)

Avy5(0,0) = > Uy Uk = Gap Ay sy (8> 0,x > 0) # agp
k
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2
Pl/a—}Vﬁ(t7X ‘Aua—wﬁ t X Z U* —iExt+ipex U,Bk

ultra-relativistic neutrinos = t~x =L source-detector distance

E2 — p2 m? m?
Eit — pix ~ (Ex — L= k| = k |~ k|
kt — pix >~ (Ex — pk) Ec o Et o >E

2
Prosvs(LLE) = Z Uty o—imiL/2E Usi
. . AmiL
= ZUakngUajUﬁjexp —I—F
k7.j

2 _ 2 2
Ami; = mj — m;
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Effective Two-Neutrino Mixing Approximation

|Va) = cos ¥ |vk) +sin ¥ |v))
lvg) = —sind [vk) + cos ¥ |v))

U— cos?d sind
“ \—=sind cos¥
Am? = Amij =m,—m

Transition Probability: Poo—svs = Pug

Am?L
H,,a:sin2219$in2< m >

Survival Probabilities: Poo—sva = Pugsvy =1 — Py,
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Am?L

. . . ATE
2u-mixing: Py, = sin? 29 sin® <4E> = [%¢=

Am?

1

0.8 1

NP
06 sin® 20

P Va—Vg

0.2

LOSC ‘ L
» The effect of a tiny Am? can be amplified by a large distance L.
» A tiny Am? generates oscillations observable at macroscopic distances!

» Neutrino oscillations are the optimal tool to reveal tiny neutrino masses!
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mlr~

A

2v-mixing: Pl,oﬁl,ﬂ = sin? 24 sin? <1.27

Am?[eV?] L[km]>

E[GeV]
1
08 |
“o06 sin” 20
1
o o4
0.2
0 \
LOSC
10 5% (&%) short-baseline experiments Am? > 10" 1eV?
10° % (&%) long-baseline experiments Am? > 1073 eV?
10* & atmospheric neutrino experiments Am? > 10 eV?
10M omo solar neutrino experiments Am? > 10711 eV?
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Neutrinos and Antineutrinos

Right-handed antineutrinos are described by CP-conjugated fields:

aL =7 CVO(L

C = Particle = Antiparticle
P = Left-Handed = Right-Handed

U 0}
: O v ‘ L O v
o CP mi o
left-handed neutrino Hror right-handed antineutrino
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. CP
Fields: v, = Z UokVir — v aL = Z kaL
C

P - _
States: |v,) = Z > vk) — |Va) :ZUak‘Vk>
k

NEUTRINOS U < U* _ANTINEUTRINOS

Am2.L
Pyosvy (L E) = Zuakuﬁkuajuﬁjex;)< 2; )
k.j

Am?L
P55, (L, E) ZUakUﬁk Ugjexp<—l 21:1‘(1 )
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CPT Symmetry

CPT
Pl_/ﬁ —Vq

PI/a—N/ﬁ
CPT Asymmetries:  ASS' = P,y — Poysir,

Local Quantum Field Theory — CPT =0  CPT Symmetry

Am2.L
Prasws (L E) =3 Uy Usk Uns U exp< <] )

kyJj
is invariant under CPT: = a =
Pl/a%l/ﬂ — 175~>l7a

Py —v, = P, -5, (solar ve, reactor 7, accelerator v,)
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CP Symmetry

CP
PI/a —vg — Pl_/a —)Ijﬁ

CP Asymmetries: Aaﬁ = Puy—vs — Poyops

Am?.L
A (L E) —42Im akUﬂkUaJUﬁj} Sm( 2EkJ )
k>j

Jarlskog rephasing invariant:  Im[U;, U Un U] = +J

2 .
J = €12512C2353C13513 Sin 013

J#O < 7912,1923,2913750,71'/2 (513750,#
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CPT = 0=AS"

Pyo—vs — Pos—p,
= Puyovs — Poa—is
+ Poy—is — Pug—va
+ Puyosv, — Poy—a,

= ASS + ASh

— ASS

— —AGT =0

— Agz

— | AS = —AGh
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T Symmetry

T
PVQ—W/; — Pl/g —Va

T Asymmetries: AZ,B = Puo—svs — Puysu,
CPT = 0=AS"
= Puyovs — Poy—ia
= Prossvy — Puyve  Alg
+ Puysve — Poymson < AG

= ATﬁ +ASH

CP T CP
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Average over Energy Resolution of the Detector

Am?L 1 Am?L
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PVa—>VB

107" 1 10
E [GeV]
Am? =10"3eV sin29 = 0.8 L =103km op = 0.01 GeV

Am?L

(Puuon( ) = 5?20 |1 [ cos(S7EE) olE)eE| (@ 20)
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A Brief History of Neutrino Oscillations

1957: Pontecorvo proposed Neutrino Oscillations in analogy with

K° = KO oscillations (Gell-Mann and Pais, 1955) =— v S0

In 1957 only one neutrino type v = 1, was known! The possible
existence of v, was discussed by several authors. Maybe the first have
been Sakata and Inoue in 1946 and Konopinski and Mahmoud in 1953.
Maybe Pontecorvo did not know. He discussed the possibility to
distinguish v, from v, in 1959.

1962: Maki, Nakagava, Sakata proposed a model with v and v, and
Neutrino Mixing:

“weak neutrinos are not stable due to the occurrence of a virtual trans-
mutation ve = v, "

1962: Lederman, Schwartz and Steinberger discover v,

1967: Pontecorvo: intuitive v < v, oscillations with maximal mixing.
Applications to reactor and solar neutrinos (“prediction” of the solar
neutrino problem).

1969: Gribov and Pontecorvo: ve — v, mixing and oscillations. But no
clear derivation of oscillations with a factor of 2 mistake in the phase
(misprint?).
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1975-76: Start of the “Modern Era" of Neutrino Oscillations with a
general theory of neutrino mixing and a rigorous derivation of the
oscillation probability by Eliezer and Swift, Fritzsch and Minkowski, and
Bilenky and Pontecorvo. [Bilenky, Pontecorvo, Phys. Rep. (1978) 225]

1978: Wolfenstein discovers the effect on neutrino oscillations of the
matter potential (“Matter Effect”)

1985: Mikheev and Smirnov discover the resonant amplification of solar
ve — v, oscillations due to the Matter Effect (“MSW Effect”)

1998: the Super-Kamiokande experiment observed in a
model-independent way the Vacuum Oscillations of atmospheric
neutrinos (v, — v-).

2002: the SNO experiment observed in a model-independent way the
flavor transitions of solar neutrinos (ve — v, v+), mainly due to
adiabatic MSW transitions. [see: Smirnov, arXiv:1609.02386]

2015: Takaaki Kajita (Super-Kamiokande) and Arthur B. McDonald

(SNO) received the Physics Nobel Prize “for the discovery of neutrino
oscillations, which shows that neutrinos have mass”.
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Observations of Neutrino Oscnllatlons
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Accelerator Neutrino Beams

beam dump

T decay tunnel

target
proton S

beam

s pttu, T =26x1078s
mainly v, beam contaminated with v, and 7,, from
7t = et +re BR.~12x10"* (helicity suppressed)
pt = et e+, T+ 222 x107°
since 77 and pT are ultrarelativistic, they have about the same time for

decaying before being absorbed by the beam dump, and

N, Np, 7+
< ~— = 1
N, N, 0.0

i [z Tu

~
~

(K+—>u +v,) ~ 0.64
N(K™) ~ 0.1 N(x™) R(KT = et +1e) ~1.6x 1075
R(KT = ut + v, +7°) ~0.036

e ~ 1.2 x 1078
B.R.(K+ — et 4+ ve +70) ~0.051
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Off-Axis Experiments

high-intensity WB beam
detector shifted by a small angle from axis of beam
almost monochromatic neutrino energy

v = pﬂ/Ew ﬁﬂ 0 i
Uy
P
(center-of-mass frame) (laboratory frame)
m2
Ecm = pem = = (1—;;) ~ 29.79 MeV
. E =~ (Ewm + vpi,)
— (1) E/m> 1 { cm 7 ¥ Pem
7= (o) = B/ " =7 (v Eom + i)

Ecm

= 0=E 0 E=——"" -4+
p p cos cos == (1= v cosd)
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cosf ~1—6%/2

and ve~l
y(1—vcosf)  1+~202v(1+v)/2 ™ 1+4+4202°"
E ~ 1_1ﬁ i: 1_15 Ex mz
N m2 | 1+ ~262 m2 | m2 4+ E26?
» EE0<m;, — ExE. WB beam
2
> E.0>m, — Ex - 22 high-energy 7" give low-energy v,
2
dE [y M) 2 mz-E26°
dE, m2 | T (m2 + E262)?
dE m m%\ m, 29.79 MeV
~0 for E,=—" = Ec~|1-—L |1~
dE; o 9 ( m,%) 26 9
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E can be tuned on oscillation peak Epeax = Am2L/27r

small E = short Losc =

AmE
Am?

— sensitivity to small values of Am?
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Neutrino Oscillations in Matter

@ Neutrino Oscillations in Matter
o Effective Potentials in Matter
e Evolution of Neutrino Flavors in Matter
o Two-Neutrino Mixing
o Constant Matter Density
o MSW Effect (Resonant Transitions in Matter)
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Effective Potentials in Matter

coherent interactions with medium: forward elastic CC and NC scattering

Ve, I/ s Ur Ve, I/ s Ur

//\/\

e ,p,n

~ . V2
Vee = V2GeNe V,Slec ) — —V,Sllé) = | Wc = ,Sc) = _7GFNn
Ve = Ve + Wne V.=V = Wc

only Vcc = Ve — V), = Ve — V. is important for flavor transitions

antineutrinos: Vee = —Vec Ve = —Wne
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Evolution of Neutrino Flavors in Matter

Flavor neutrino v, with momentum p:  |vo(p)) = Z ik lvk(p

Evolution is determined by Hamiltonian

Hamiltonian in vacuum: H = Hp

Ho |vk(p)) = Ex [vk(p)) Ex = \/p?>+ m;

Hamiltonian in matter: H = Ho + H, Hilva(p)) =

d
Schrédinger evolution equation: ia lv(p, t)) = H|v(p, t))

Initial condition: |v(p,0)) = |[va(p))

For t > 0 the state |v (p7 t)) is a superposition of all flavors:

v(p,t)) = Z ws(p; t)vs(p))

Transition probability: Py, ., = \@5\2

Va |Va(P)>
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evolution equation of states

. d
i Ve ) =Hlv(p, 1)), lv(p.0)) = |va(p))
flavor transition amplitudes

ep(p,t) = (vs(p)lv(p; t)), ©s(p,0) = dap

evolution of flavor transition amplitudes
. d
i wo(p.t) = (vs(p)[H|v(p, 1))

i%«pﬁ(p, t) = (vg(p)|Holv(p, t)) + (vs(p)|Hilv(p, t))
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i 5 . t) = s(p) Holw(p, ) + (s(p) Hilv(p, )
(vs(p) Holw(p, 1) =

DD wsP)lvw(p)) (vi(p)[Holvi(p)) (vi(P)Ivp(p)) (wo(p)IV(p. t)
Pk Uﬁk 6kJEk U;j (pp(p,t)

_ZZUBkEk ok Pp(Ps t)

(Wa(p)Hilv(p, 1)) =D (vs(p)IHilve(p)) (vp(P)IV(p, 1))

p

8oV ©o(p, t)
= Z 880V @p(p; 1)
o
d x
i es=) (Z Usk Ex Upk + 95 VB) p
p k
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ultrarelativistic neutrinos: Ex=p+ =% E=p

Ve = Ve + Wnc V, =V, = Wnc
. d m
i o #8(P,x) = (P + Viuc) w5 (p, x) + > (Z Usk 55 Upk + 0ge Gpe Vcc) ©o(p; x)
P k

wﬁ(p7x) _ Spﬁ(pyx) eiprrifOX Ve (x7) dx’

d . . X ’ ’ d
. _ lpx—l—lf Ve (x') dx o [
I—dxd)g e 0 < p VNC""dX)SDB

. d mi
FUE M DN PR AT I
14 k

2 2
PV(x%Vﬂ - |<p5| - ’¢B’
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evolution of flavor transition amplitudes in matrix form

d
Ly _—(UM2UT A)W
Tax Ve = o +
Ve mi 0 0 Acc 00
\ua:<wu) M2= 1| o mio A:<8C00>
W 0 0 m 0 00
Acc = 2EVec = 2V/2EGeN,
effectlve matter effective
e saared M = UMR U1 T2 UM UT 42 EY = My msaiered
in vacuum in matter

potential due to coherent
forward elastic scattering
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Two-Neutrino Mixing

Ve — v,  transitions with U= cosv  sind
) ' ~ \—sind cos?

2) sin? Ym? + cos? Im3

: 2
cosIsint (m3 — m3

UM Ut = <cos2 Im? + sin? Im3 cosdsind (m3 — m%))

1 m% + mg 0 +1 —Am?cos29 Am?sin29
2\ Am?sin29 Am?cos?29

2

2 2
0 mi + mj

T

irrelevant common phase

2 _ 2 2
Am® =m5 — mj
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Am? sin 29

d <¢e> _ 1 <—Am2cos219+2Acc

Am? sin 20
Am? cos 29

)(

Ye
Y

)

initial ve — (

PI/e%VH (X)

PVe‘H/e (X)

[¥u(x )I2
[Ye(x)|* =

- Pzze%yu (X)
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Constant Matter Density

e\ 1 [(—Am?cos29 +2Acc Am?sin20 (e
Y.)  4E Am?sin 29 Am?cos29 ) \ 1,

dAcc

dx =0

diagonalization of effective Hamiltonian: (:ﬁi) = ( cos I Si"ﬂ“") (:ﬁ

—sindpy cosVy

cos Iy — sin Dy —Am? cos 20+2Acc Am? sin 20 cosy  sindy
sindy  cosy Am?sin 29 Am? cos 29 —sintdy cosdm

_ Acc —Amﬁ,l 0
o 0 Acc+Am?,

1/12 4E 0 Acc 0 A mﬁ,l 1/12/|
/l\

irrelevant common phase
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Effective Mixing Angle in Matter

tan 29

_ Acc
Am? cos 29

tan 29y =

1

Effective Squared-Mass Difference

Amiy = \/(Am2 cos 2 — Acc)® + (Am? sin 29)

Resonance (Um = 7/4)

Am? cos 20
ARc = Am?cos20 — NX = 2m coser
2v/2EGE
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oM\ 1 (—Aamd 0 P

e () =2 (0™ amg) ()
(o) = (o ) GB) = CA)= (G oom) (22)
o= () =) = (k)= ()

YM(x) = cos Iy exp< Ame>

4E
M (x) = sindy exp< AZ?EMX>

2

Premswy(x) = [u(x) 2 = | = sin o (x) + cos ! (x)|

. ) Am?,x
Pz/s—n/u(X) = sin? 20\ sin? <4EM>
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(107%eV?)
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90
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MSW Effect (Resonant Transitions in Matter)

NE/Ny
T T
Ve ™1y V1 .
v=10" |
Ve Vs 7
I I I
20 40 60 80 100

N./Na (cm™3)
NE/N,

vy

V2

V2

vy —

[Am? =7 x 1070V, v = 1073 4

20 40

60 80 100

N./Ns (cm™)

Ve = COS VU V1 + sin Py 1o

vy = — sin ¥\ 11 + cos Y 1o
tan 29
tan 20y =
M -~ Acc
Am? cos 29

Amf,, = [ (Am2 cos 219 — Acc)2

1/2
+ (Am?sin 219)2]
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Ye) 1 —Am?cos20 +2Acc Am?sin20\ (e
Y.) AE Am?sin 29 Am? cos29 ) \ 1,

- (e _ ((cosidm sindm) ()
tentative diagonalization: (wu =\ “sinvy  cosiy w%ﬂ

ii cosy  sinty w'lv' B

dx \—sindy cosiy ) \ M) —
1 [(—Am?cos20 4+ 2Acc Am?sin 20 costy  sindm ) (YN
4E Am?sin 209 Am? cos 20 —sindpm  costm wg/'

2 () -
dx \ W3

irrelevant common phase

if matter density is not constant dy/dx # 0
diym

Acc 1 (—Am? 0 0 i Y
4E +415< o amy) | dw vy
/l\

dx
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diy
d (M 1 (—Am, 0 0 =i M
I—\. ™M= |1F o |1 qu X M
dx \¢) AN dow A
1 dx
adiabatic T

non-adiabatic
maximum at resonance

initial conditions:

PM(0)\  [cosvdy —sindd\ (1) _ [cosd,
PM©0)) — \sinvd,  cos?, 0)  \sind,
solution approximating all non-adiabatic V{V' s I/évl transitions in resonance

2 Am2 (x o Am (!
@b{w(x) ~ |[cos 19(,3,1 exp i/ R Amiy () dx’ ,AlRl + sin 19(|\),| exp —i/ R Amig (<) dx’ AQRl
0 4E 0 4E

x A 2 ’
X exp i/ M dx’
XR 4E

2 2 !
xR Amiyy, (x xR Amiyy, (x
¢;A(X) |:C°519R/I exp <,/0 R ¢ dx’) .A1R2 + sin ﬁf\)/l exp (—i/o R M( ) dx’) 'AZRZ]

14

R

4E 4E

x Am2 ’
X exp 71'/ M(X ) dx’
JxR 4E
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Averaged v, Survival Probability

Ye(x) = cosé‘wyI (x) + sin 19¢S/I(X)

neglect interference (averaged over energy spectrum)

Poon(x) = |[(We(x))[> = cos® ¥ cos® 9%, | AR, |2 + cos® 9 sin? 99, | AR |2
+ sin? 9 cos® 99, | AR, |2 + sin? ¥ sin? 99, | AR
conservation of probability (unitarity)
|¢41R2|2 = |-/42R1|2 =P |v41R1|2 = |A2Rz‘2 =1-F

P = crossing probability

— 1

1
Py (x) = 5 + (2 - c) cos 299 cos 21

[Parke, PRL 57 (1986) 1275]
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Crossing Probability

exp (—%PyF) — exp <_%75m219>

PC = [Kuo, Pantaleone, PRD 39 (1989) 1930]
1 —exp (7 sm 19)
) o Amﬁ,l/2E Am? sin? 29
adiabaticity parameter: v = =
2|dm/dx[|r 2 cos 20 ‘dl';ﬂ
X IR

Ao x F =1 (Landau-Zener approximation) (park, PRL 57 (1986) 1275]
2

A x 1/X F= (1 — tan? 19) / (1 + tan? 79) [Kuo, Pantaleone, PRD 39 (1989) 1930]

[Pizzochero, PRD 36 (1987) 2293]
A x exp (—X) F=1-ta n2 Y [Toshev, PLB 196 (1987) 170]

[Petcov, PLB 200 (1988) 373

Review: [Kuo, Pantaleone, RMP 61 (1989) 937]
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Solar Neutrinos

The sun observed through neutrinos by Super-Kamiokande
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Standard Solar Model (SSM): pp chain

(pp) |p+p—H+et +v, p+e +p—2H+v, | (pep)
99.6% 0.4%
?H + p — *He + v
85% 2x107°%
3He + 3He — ‘He + 2p 3He +p — 'He + et + v,
=07
ool L% (hep)
3He + *He — "Be + v
99.87% 0.13%
("Be) | 'Be+ e~ — Li+ v, Be+p—*B+y
"Li+p— 2'He 8B — "Be* + et + v, | (°B)

ppll

pplll
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SuperK, SNO

\Gallium I Chlorine | E——e
1012 — —
Bahcall
10" |
PP 1%
1010
>
3 10° |
= +10%
lo! -
g "Be Be
o— 107
I
S e}
(%)
Z, 105 |
104 /’
103
102 -
1 1
1051 0.3 1 3 10

Neutrino Energy (MeV)
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Solar Neutrino Observations

1957: Bruno Pontecorvo suggests to observe solar neutrinos using a
detector tank containing Clorine through the process

Ve +30CI — 35Ar + e
1964: John N. Bahcall calculates the cross sections and finds that it is
enough to observe solar neutrinos.
1964: Raymond Davis proposes the Homestake experiment that is
constructed in 1965-1967. It is based in the radiochemical counting of
the 3"Ar produced by solar neutrinos in a tank with 615 tons of
tetrachloroethylene (C,Cly).
1970: Davis (2002 Physics Nobel Prize) and collaborators observe for
the first time solar neutrinos counting 3’ Ar atoms that are produced
with a rate of about one every 2 days in the Homestake detector which
contains about 2 x 103° atoms!
Solar neutrinos have been observed in the experiments Homestake
(1970-1994), Kamiokande (1987-1995) SAGE (1990-2010),
GALLEX/GNO (1991-2000), Super-Kamiokande (1996-2019), SNO
(1999-2008), Borexino (2007-2019).
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The solar neutrino problem

1968: Bruno Pontecorvo suggests that part of solar v,'s can disappear
into v, (or v,) due to oscillations.

1970: Discovery of the solar neutrino problem in the Homestake
experiment that counts about 0.5 37 Ar atoms per day with a SSM
prediction of about 1.5 37 Ar atoms per day.

All the other solar neutrino experiments observed a suppression of the
solar v, signal.

From 1970 to 2002 experts debated on the possible solutions of the solar
neutrino problem.

The two solutions that were considered more likely are:
» There is a mistake in the SSM prediction of the solar v, flux.

» Part of the solar v.'s disappear into v, (or v;) due to oscillations as
suggested by Pontecorvo.
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log(n./N,)

Solar Neutrino MSW Transitions

SUN: Ne(x) ~ NS exp (;;) NE = 245 Np /cm? X0 = 1524
of ogo /Ny ve BBy ] ﬁsyl:n_we = % + (; — PC> cos 2099, cos 2
2 BP2000 b
N p— exp (—37F) — exp (—E L)
o 1—exp (- nsmz )
if B Am?sin? 29
-2}  2Ecos2y [dlnAc]
°F F=1-tan’9
oo 0r s oA ;;;s 08 07 08 T os 1 Acc = 2V2EGEN,

numerical |[dInAcc/dx|g  for x < 0.904R;,
for x > 0.904R¢

practical prescription:

[Lisi et al., PRD 63 (2001) 093002] |d In Acc/dX|R — Rf
©
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Electron Neutrino Regeneration in the Earth

sun-earth __ psun
Pz/e—n/e - Pl/e—Hje +

P (glem’)

3
/N, (cm ™)
= S S - N S B S .

(1-2P0".,) (Peerth, —sin? )

Ve—rlVe Vp—rlVe

cos 29
[Mikheev, Smirnov, Sov. Phys. Usp. 30 (1987) 759], [Baltz, Weneser, PRD 35 (1987) 528]

5

Data
Our approximation

Data

Our approximation

0

1000 2000 3000 4000 5000 6000
r (Km)

perth is usually calculated numer-

ically approximating the Earth den-
sity profile with a step function.

Effective massive neutrinos propa-
gate as plane waves in regions of
constant density.

Wave functions of flavor neutrinos
are joined at the boundaries of steps.
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Solar Neutrino Oscillations

LMA (Large Mixing Angle):

LOW (LOW Am?):

SMA (Small Mixing Angle):

QVO (Quasi-Vacuum Oscillations):

VAC (VACuum oscillations):

SMA LMy

(0144

VAC

e
—_—

0.001 0.01

[de Gouvea, Friedland, Murayama, PLB 490 (2000) 125]

0.1
tan®@

1

Am? ~5x107%eV?,  tan®? ~ 0.8
Am? ~7x107%ev?,  tan’9 ~ 0.6
Am? ~5x107%ev?,  tan?d ~ 1073
Am? ~107%eV?, tan?9 ~ 1
Am* <5x107%eV?,  tan®?¥ ~ 1
10~ T T T T
104 | wmA T
(é
107 e s 1
10-¢ | -
“"E 107 | 90 % C.L. LOWQ E
NE 10 m=== 95 % C.L. =3
3 == 99 %CL e 3
100 = 99.73 % C.L. _i ~
1070 | Cl + Ga + SK + Sp(D) + Sp(N) -
8B free + BP2000
10-1 | Just So? ]
—
10-1 L L

L
10+ 10-3 10-2

L
10+t 100 10

tan2(A)

[Bahcall, Krastev, Smirnov, JHEP 05 (2001) 015]
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Survival Probabilities 1 T T
So8p M
_ 1 g Y06k E
9 0.8 { average SMA 3 3: 0.4EF ERRTY
8 3 oaH da ] o 02F =
S o06H Y . 0 2
° L, f it ~08 3
o 204 X
gr E 706 IS
=2 0.2 F 2 0.4 0
£ a o
32 0 ] o 0.3 &
2  osfF LMA 08 z
a3 £ ] t 06 -
3 1 06K E X 0.4 3
£ i, 04 E I 0.3 3 . . {:
€ e e
o 0EF E $0s8 I Just So® f
3 0 F———— 1,08 1 4
i E I f E| 204 i g
M 0.8 Low 4 a 0.2 4 x
= Tosh E WS = = =
= ot E| 0. E
£ Foat - 2 ? 086 VAC =
o & E ] 2 0.4 41 =
02t E & 02 E
ob v v v by 0 L L
0 5 10 15 0 5 10 15
Energy (MeV) Energy (MeV)
SMA: Am? =5.0x10"%eV? sin?20 =35 x 1073  |MA: Am?=42x10°eV® tan? ¥ = 0.26
LMA: Am? = 1.6 X 10~ °eV? sin? 29 = 0.57 SMA: Am? =52x10"%ev2 tan?9 =5.5 x 104
LOW: Am? = 7.9 x 108 eV? sin?29 = 0.95 LOW: Am? =7.6 x 107 8eV2 tan ¥ = 0.72
Just S0 Am? = 5.5 x 1072 eVv2 tan? 9 = 1.0
VAC: Am? =14 x10710ev2 tan?9 = 0.38
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The SNO Experiment

1 kton of DO, Cherenkov detector, 2100 m underground

NEUTRINOS FROM
THE SUN

Electron-neutrinos
are produced in the
solar core.

—
SNO

SUDBURY NEUTRINO OBSERVATORY (SNO)
ONTARIO, CANADA

PROTECTING ROCK

Both electron neutrinos
alone and all three types of
neutrinos together give sig-
nals in the heavy water tank.

2100m

- CHERENKOV
© RADIATION V“

s p—

HEAVY
WATER
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Observed SNO rates relative to the SSM predictions:

SNO R3NO

cC_  _ NC
~ssi = 0-35 4002 ~Ssip = 1.0240.13
cC NC

The CC measurements confirms the solar neutrino problem: v,
disappear.

The NC measurement shows that the total flux of ve, v, V7 in
agreement with the SSM prediction.

The only possible explanation of the two measurements is that solar v,'s
transform into v, and/or v;. (A. McDonald: 2015 Physics Nobel Prize)

The simplest and most plausible mechanism are neutrino oscillations.

The oscillations of solar neutrinos have been confirmed in 2002 by the
KamLAND very-long-baseline reactor neutrino experiment.
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KamLAND

Kamioka Liquid scintillator Anti-Neutrino Detector
long-baseline reactor v, experiment

Kamioka mine (200 km west of Tokyo), 1000 m underground, 2700 m.w.e.
53 nuclear power reactors in Japan and Korea

6.7% of flux from one reactor at 88 km
average distance from reactors: 180 km 79% of flux from 26 reactors at 138-214 km
14.3% of flux from other reactors at >295 km

1 kt liquid scintillator detector: 7. + p — e + n, energy threshold: Ejf” = 1.8 MeV

data taking: 4 March — 6 October 2002, 145.1 days (162 ton yr)

expected number of reactor neutrino events (no osc.): NeKXf,"e“th’:é\'D =86.8+£5.6
expected number of background events: NbK:C"QgL,AOUN,,% =0.95+0.99
observed number of neutrino events: NK2mEAND — 54
Nossered~ — Mischgrond _ o 611 4 0,085 + 0.041 99.95% C.L. evidence
NQ;Z‘CL@‘D o ' ’ of U, disappearance
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confirmation of LMA  (December 2002)

Nobs/Nexp

14F
1.2+

bl
T
0.8+

a ILL
0.6 * Savannah River

O Bugey

X Rovno
04+ & Goesgen

A Krasnoyarsk

O Palo Verde
021 'm Chooz [ Rate excluded

¢ KamLAND o Rate+Shape allowed
00E L L L L L - . LMA

10 10 10 10 10 L W80 Palo Verde excluded

Distance to Reactor (m) 10 “e- Clh(JO'Z exlclud|ed i
Shade: 95% C.L. LMA 0 02 04,06 08 1
sin“20
2 _ —5 \/2
Curve: Am® =55 x10"eV 95% C.L.
' in22¢9 = 0.83
sin =Y. [KamLAND, PRL 90 (2003) 021802, hep-ex/0212021]
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20 ¢
NX 15F
< 10E
SE
E KamLAND+Solar KamLAND et o |
z'i é(a) WoswcL. 95% C.L. Efg Q g Am21 =7. 53+8 ig X 10_5 eV2
£ 99% CL.  ===:99% C.L. 0o i i
& 18 F Won%cL. —9973%CL.
O F 0.029
% 1.6 % best-fit @ best-fit tan 79]_2 = 0 437+0 026
S 14l rbsweL ,
T2k CL sin“ 913 = 0.023 +0.015
— 3 99.73% C.L.
NEN 1 ;7 QO best-fit
< 08F [KamLAND, PRL 100 (2008) 221803]
0.6 |
04 3 0, free [ @ o
0.2 e Gt Bt i,
0.10203040506070809 1 5 10 1520
tan’ 0, AY?
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[ o Data-BG-GeoV,
[ — Expectation based on osci. parameters
1F + determined by KamLAND
. B
g 0.8~
S B
8 -
& 0.6 +
3 B
2 -
;;) 04 +
0.2
0'.|.. A I

PP PRI EVEFEEr A PRI EFETRTUTE B
20 30 40 50 60 70 80 90 100
LyE, (km/MeV)

[KamLAND, PRL 100 (2008) 221803]

C. Giunti — Neutrino Physics — Il — Torino PhD Course — Torino — December 2019 — 60/70



LMA Solar Neutrino Oscillations

best fit of reactor + solar neutrino data:  Am* ~7 x 10 °eV? tan’¥ ~ 0.4

ﬁzs/uer;ye = % + (% - Pc) cos29Y cos2d

exp (—ZqF) —exp (— Tyt Am?sin?2
pP. = p( 27 ) ﬂp( F275ln219) v = m Smd|:,9q F:1—tan219
1—exp (=5757) 2E cos29 |52
Acc ~ 2V2EGe NS exp (—£> ‘d InA ~ 1 = 10.54 ~3x10 PeV
X0 dx X0 o)
E \ 1
tan’9 ~ 0.4 = sin’20 ~ 0.82, cos2d ~ 0.43 v 2x 100 [ ——
MeV
—sun,LMA 1 1 0
y>1 — P K1 = |P, L, =~ 5 + 5 cos2y cos21)
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Am?cos2) — Agc

cos20%y = >
\/(Am2 cos2) — A% ) + (Am?sin 29)

critical parameter [Bancall, Pefia-Garay, JHEP 0311 (2003) 004]

(= Ale 2V2EGEN? 1o E N2
Am2cos2)  Am2cos?2) T\ MeV ) \ N

= . d
1= 9% ~9 = P, ~1-—1gjp2yy Vacuumaverage
(< M Ve—rVe 23 survival probability
- matter dominated
sin“v . .
survival probability

12

(>1= 0 ~71/2=P,"

Ve—rVe

1 T T T 1 T T T
08 F R = 0.9 =
. (<1 (>1 vacuum matter
06 F - 0.8 N E
averaged dominated
. e 0.7 e
_ 06
Q a8
° [
0.3
0.2
0.1 (<1 (>1 -
! o ! ! !
107! 10° 10! 107! 10° 10t
ENJ/N¢  [MeV] ENJ/NS  [MeV]
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(- AL :2\@EGFN2N12 E Ng
Am?cos2) Am?cos2) T \MeV /) \ NS

(E)pp =~ 0.27TMeV, (rg)pp =~ 0.1 Ry = (E NO/NS)pp, =~ 0.094 MeV
Erge ~ 0.86 MeV, (rg)7ge ~ 0.06 Ry, == (E NO/NS)7g, ~ 0.46 MeV
(E)eg ~ 6.7MeV, (ro)sg =~ 0.04 R, == (E NO/NS)eg =~ 4.4 MeV

1 T T T T

0wE

0sE 37139 *B
| ‘

07k ‘

0.6 E

Fosk

0.4 F

0.3 F

0.2

0.1F

0 EI : 1 1
107! 10° 10*
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Solar Neutrino Spectrum

3

— 1 1
Pi?L = Z |Uek\2\U2k|2 = (7 + = cos 219, cos 21912> cos* 13 + sin*013

2 2
k=1
, 10",
NO ‘B Hep o . .
Averaged 200§ Adiabatic
Vacuum Ji & MSW
<
. . # Borexino L .
Oscillations msé Transitions
. |
912 ~ 912 o

0.3

ﬁZSL ~ (1 — %sin21912) 0.2

X (1 — sin21913)

tan 2’[9(1)2 =
1

4 0?227’(’/2

10

Am3, costhz

SK+SNO 410%
—soL .
J1o P =~ sin®Y1o
41
o Tio’ X (1 — sin21913)
2
ok - P | 310
10 1 10
v Energy in MeV
[SK, PRD 94 (2016) 052010, arXiv:1606.07538]
> Small (solar) Am3; = Low-E transition
tan—219120 > Large (KamLAND) Am3; = High-E transition

> Non-Standard Interactions (NSI)?

> Very light sterile neutrinos?
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[Maltoni, Smirnov, EPJA 52 (2016) 87, arXiv:1507.05287]

C. Giunti — Neutrino Physics — Il — Torino PhD Course — Torino — December 2019 — 65/70



In Neutrino Oscillations Dirac = Majorana

[Bilenky, Hosek, Petcov, PLB 94 (1980) 495; Doi, Kotani, Nishiura, Okuda, Takasugi, PLB 102 (1981) 323]

[Langacker, Petcov, Steigman, Toshev, NPB 282 (1987) 589]

Ao

. . . - 1 2t
Evolution of Amplitudes: I = 3F zﬁ: (Ul\/l U+ 2EV) o5 g

. (D)
difference: Dlr_ac. U(M) (D)
Majorana:  UY™ = U/ D(X)
10 = 0
0ea .. 0
DA =|. . . . = Di=D"
0 0 - e'm
m? 0 0
2 0 m - 0 2 2 2 2
M2 — _ . — DM?2=M3:D — DM?D'=Mm
0 0 - m

UMM (UMY = @) ppm? pf(UP) = Y p2(UP)f
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Common Question: Do Charged Leptons Oscillate?

» Mass is the only property which distinguishes e, u, 7.

» The flavor of a charged lepton is defined by its mass!

» By definition, the flavor of a charged lepton cannot change.

THE FLAVOR OF CHARGED LEPTONS DOES NOT OSCILLATE

[CG, Kim, FPL 14 (2001) 213] [CG, hep-ph/0409230] [Akhmedov, JHEP 09 (2007) 116]
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[Sassaroli, Srivastava, Widom, hep-ph/9509261, EPJC 2 (1998) 769] [Srivastava, Widom, hep-ph/9707268]

inTt — ut+ v,, the final state of the antimuon and neutrino is entangled
U
if the probability to detect the neutrino oscillates as a function of distance,
also the probability to detect the muon must oscillate

the probability to detect the neutrino (as v, or v, or ve) does not oscillate
as a function of distance, because

> Py =1

B=e,n,T
[Dolgov, Morozov, Okun, Shchepkin, NPB 502 (1997) 3] [CG, Kim, FPL 14 (2001) 213]

A oscillations from 7= +p — A+ KO
[Widom, Srivastava, hep-ph/9605399] [Srivastava, Widom, Sassaroli, PLB 344 (1995) 436]

[Lowe et al., PLB 384 (1996) 288] [Burkhardt, Lowe, Stephenson, Goldman, PRD 59 (1999) 054018]
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Correct definition of Charged Lepton Oscillations

[Pakvasa, Nuovo Cim. Lett. 31 (1981) 497]

P D

141 e, u, T 1]

Analogy

» Neutrino Oscillations: massive neutrinos propagate unchanged between
production and detection, with a difference of mass (flavor) of the
charged leptons involved in the production and detection processes.

» Charged-Lepton Oscillations: massive charged leptons propagate
unchanged between production and detection, with a difference of mass
of the neutrinos involved in the production and detection processes.

NO FLAVOR CONVERSION!

The propagating charged leptons must be ultrarelativistic, in order to be
produced and detected coherently (if 7 is not ultrarelativistic, only e and
contribute to the phase).
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Practical Problems
» The initial and final neutrinos must be massive neutrinos of known type:

precise neutrino mass measurements.

» The energy of the propagating charged leptons must be extremely high,
in order to have a measurable oscillation length

AmE AmE E
~ ~2x1071 [ —
(mﬁ — m2) mﬁ x (GeV) om

detailed discussion: [Akhmedov, JHEP 09 (2007) 116, arXiv:0706.1216]
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