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® Inftroduction to neutrino physics

@ Neutrinos in the Standard Model

® Neutrino masses beyond the Standard Model

® Neutrino oscillations in vacuum and matter

@ Three-flavour neutrino oscillations

@ Neutrino oscillations beyond 3 flavours: sterile neutrinos
® The absolute scale of neutrino mass

@ Neutrino physics beyond the Standard Model
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Anything else?

Every second we are traversed by: The Particle Universe

102 |

® 400x10'2 neutrinos from the Sun "

@ 50x10? neutrinos from natural radioactivity

@ 10x10° neutrinos from nuclear power plants
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Moreover:

- protons electrons

® our body emits 400 neutrinos/s (“°K decay)

- neutrons

dark matter
@  the Universe contains ~ 330 neutrinos/cm?3




Why neutfrinos are so important?

they can probe environments that other techniques cannot: SN
explosions, core of the Sun,...

their role is crucial for the evolution of the universe (Big Bang
Nucleosynthesis, structure formation)

they could help explaining the matter-antimatter asymmetry of
the Universe (leptogenesis mechanism)

they could be a component of the dark matter of the universe.




Historical introduction

to neutfrino physics



The proposal of the neutrino

»1930: Pauli introduced the neutrino to explain continuous electron
spectrum in nuclear beta decay.

Radium-E (Bi-210! “IDear radioactive ladies and gentlemen,

spectrum I have come upon a desperate way out regarding ... [some fairly obscure data], as

well as to the continuous [3-spectrum, in order to save ... The energy law. To wit,

the possibility that there could exist in the nucleus|electrically neutral particles| which

I shall call which have spin 1/2 and satisfy the exclusion principle and
which are further distinct from light-quanta in that they do not move with light
velocity. ... The continuous [3-spectrum would then become understandable from the

105 KE (MeV) assumption that in R-rdecay a neutron is emitted along with the electron, in such a

way Lt tre s of the cnergies of the neutron and the electron is constant.”
Carbon-14 Nitrogen-14

§:8~ 47

7 protons
7 neutrons

»1933: Fermi postulated the first theory of nuclear beta decay, the theory
of weak interactions

(R o e

= new name for particle:




Where was the neutrino?

»1934: Bethe and Peierls calculated the cross
section o for the processes:

Ve s O
D+p%n—|—e+

m,c?

D 2
R T ) v
Fermi theory predicted (for v + p): v WT L ( )

for E, ~2 MeV: 6 ~ 10743 cm?
(to be compared with o, ~ 10-2> cm?) !l

— mean free path of neutrinos in water: Awater # 1.7xX10" m ~ 15 ly

— mean free path of neutrinos in lead: hiead ® 1.5x10* m ~ 1.5 ly



Neutrino: impossible to detect?

“I have done something very bad today by proposing a

particle that cannot be detected. It is something
that no theorist should ever do.”

Event number in a neutrino experiment: Pauli, 1930

Volume of

detector V (m*) N - ¢ o N’rarg A"‘

Neutrino

flux & (1/m%) V —

Neutrino :
cross-section Density of nucleons

o (m?) n (1/m?)

» with a 1000 kg detector and a flux of 10'°v/s: few v events/day

— solar neutrino flux ~ 7x10° v/cm?2/s

B : 1020
reactor NeUTinG e Difficult but not impossible!



Discovery of the neutrino

»1956: First observation of reactor ve by Reines and Cowan.

2 tanks with
200 liters H:0

+
40 kg CdCl;

3 scintillator
layers with PMTs

Electron
Antineutrinos 3 photons

from . . -
Savannah en coincidence 1995 Nobel Prize

River reactor in PhYSiCS to
Reines

“We are happy to inform you that we have definitely detected
neutrinos from fission fragments by observing inverse beta decay

of protons. Observed cross section agrees well with expected six
times ten to minus forty-four square centimeters”




More than one neutrino flavour?

»1959: Pontecorvo suggested the existence of a different neutrino,
associated to muon decay and proposed an experiment to check if.

Vace TN — DT (6_ OI‘,LL_ ?)

»1962: Discovery of /. by Lederman, Schwartz and Steinberger

rt > (e not e
proton
beam target proton accelerator

AT Yo i W Y W V= By _ RS
= Vi n—p

. detector - |
pn-mesgn steel shield spark chamber | *
eam

n .

The accelerator, the neutrine

beam and the detector

Part of the circular sccelerator in
Brookhaven, in which the protons
were accelerated. The pi-mesons (1),
which were produced in the proton
colisions with the targe:, decay into  concrete
muons (j1) eand scutinos (V). The 13
m thick steel shicld stops all the
particles axcept the v penctratin
neutrinos. A very small fraction of the
neutrinos react in the detector and
give rise to muons, which are then
observed in the spark chamber.

Leon M. Lederman Melvin Schwartz Jack Steinberger

1988 Nobel Prize in Physics




More than two neutrino flavours?

»1978: Discovery of t at SLAC — imbalance of energy in t decay
suggests existence of a third neutrino.

»1989: LEP measurements of the invisible decay width of Z boson

ALEPH
DELPHI
L3
OPAL

I\inv = FZ KT Fhad ¥ 31_wlep

N, =Tinw/T'sm(Z — v;1;)

— N, = 2.984 + 0.008

»2000: Discovery of v. by the DONUT Collaboration.

800 GeV p — Ds meson (=cs) — v: beam — 1 detected



Neutrino oscillations

»1957: Pontecorvo suggests oscillations between neutrinos &
antineutrinos (only ve).

B. Pontecorvo, J. Exp. Theor. Phys. 33 (1957)549.
B. Pontecorvo, J. Exp. Theor. Phys. 34 (1958) 247.

lf‘_
2 )v‘-lbﬁo muv«"u(:jv(»——

»1962: Maki, Nakagawa and Sakata proposed flavor
neutrino oscillations.

Y=Y, c0s 0+, sin 0,

Yy= —V,sin 0+, cos 0.

Z. Maki, M. Nakagawa, S. Sakata,

e ork Prog. Theor. Phys. 28 (1962) 870.

neutrinos neutrinos

»1969: Gribov & Pontecorvo calculated the neutrino oscillation
probability (in vacuum) for the first time

V. Gribov, B. Pontecorvo, Phys. Lett. B28 (1969) 493.



First indication of v oscillations

»1968: First observation of solar neutrinos by R. Davis

in Homestake. i —
: ,“ 3 ; \\

= 1/3 of the Standard Solar Model prediction !! BiLEEE W

AR /
[ weeer —==>
Chlorine Gallium v+ewit?,r+ - COI'I. rme y e
following experiments
/1 ‘ k

2002 Nobel Prize in Physics

Explanation?

— theory (SM, SSM) was wrong

Gallex/GNO | (Super-) — experiments were wrong (all of them?)
Homestake SAGE Kamiokande

~30%  ~50% ~40% — something was happening to neutrinos




The atmospheric v anomaly

Cosmic ray
(p, He, ...)

»1985: First indications of a deficit in the observed
number of atmospheric v, at the IMB experiment.

»1994: Kamiokande finds the vy deficit depends on
travelled by the neutrino.

»1998: Discovery of atmospheric neutrino
oscillations in Super-Kamiokande.

= first evidence for non-zero

oscillation channel v, —v:



M. Koshiba

Other important dates

»1987: Supernova neutrino detection from supernova
1987A in Kamiokande & IMB.

»2001: Sudbury Neutrino Observatory (SNO) confirms a change of flavor
in solar ve flux.

»2002: KamLAND experiment confirms solar neutrino oscillations using
neutrinos from nuclear reactors

»2011-2012: neutfrino oscillations observed in solar, atmospheric, reactor and
accelerator neutrino experiments.
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Neutrinos in the Standard Model

» neutrinos come in 3 flavours,
corresponding fo the charged lepton
associated

Elementary
Particles

ujcij|t

up charm top

d s b

s down | strange] bottom

»they belong to SU(2) lepton doublets

Y/
C8 /i S\ T s
| !l. ]!
Three Families of Matter »In the SM, there are no SU(2) neutrino
single’rs (alike er, KR, ’CR)

Force Carriers

)
-
—
T
-
O
wn
c
o
—
Q.
4]
—

»neutrinos interact only through weak force
»In the SM, neutrinos do not have mass

From v oscillations, we know m,#0



Neutrino interactions in the SM

T S S
Charged Current (CC):

Wt =1t +u,

@ =e MU, T

e, G0

Neutral Current (NC):

in the SM, only LH

neutrinos and RH
antineutrinos

participate in weak
intferactions

0 48]
/" = Vs + Uy,

i - (Z Vo Ml L — 85 Ve 2" h.c.)

 4cos O

» interactions conserve total Lepton Number L:
L(17) = L(v) = - L(1*) = - L(v) = 1

» family lepton numbers L., L, L. are also conserved (1998: nu oscill !!)



Neutrino mass in the Standard Model

» In the SM, fermion masses appears in the lagrangian in the term:

mab) — Dirac mass term

decomposing into its chiral states: Y=v=vp+ Ngr

—Lp =mpvv =mp(vL + Nr)(vL + Nr) = mp(VLNRr + NRrVL)

— mass couples L and R chiral states of a particle: flips chirality
— OK for most of particles but SM neutrino has only a L-chiral state

— neutrinos are massless unless one adds a R-chiral state, Nr



Neutrino masses: Majorana neutrinos

»Other option: try to make a mass term from v_ alone
Majorana, ~1930

— a R-chiral field from a L-chiral field by charge conjugation:
” ¥ i A
YR =1f = CYr

O — 4o
> the fotal neutrino field is: ¥ = Y1 + g = Y, + ¥F 2 degrees of freedom

— taking the charge conjugate v© = (Y + %)Y = ¢ + 1 =

) = v =pp ey

neutrino = antineutrino

»Majorana mass term: N — %m(ﬁm + VL)

However: mass term not invariant under weak isospin

Solution: coupling with Higgs triplet (not present in the SM) !l



Dirac mass fterm Majorana mass term

—Lp =mp(VLNrg +N—RVL) L §W(EVL 1 WVZ)

under U(1) transformation:

. eSS B

invariant not invariant
— conserves all charges (Q, L, B) — breaks all charges in 2 units
1) charged particles must be Dirac only neutral particles can be Majorana

— neutrino, with Q(v) =0, can be Majorana

2) if neutrinos are Majorana, total lepton number is not conserved
3) if neutrinos are Dirac, L conservation has to be imposed by hand

However: none of the terms can be constructed in SM
— no Ng in SM . vSyy forbidden by weak isospin

Neutrinos are massless within the SM



But from oscillations we know neutrinos
do have mass!!

‘fermion masses
' diese be

ueV meV eV



Neutrino masses beyond the
Standard Model



Dirac mass fterm

Minimal extension SM: add Nr  — “sterile” neutrino

» 4 components Dirac neutrino: UL UL, INRw i\ - 4 degrees bf freedom

-> decomposing into its chiral states: Y =P =vr+ Ng

—Lp =mpivv =mp(Vr + Ngr)(vp + Nr) = mp(VLNg + Ngrvr)

» From v oscill: ~ m, > /Am2, = 0.05eV

0
£Yukawa £ YV(EG é)L ( ¢_ ) NR + h.c.
-> after SSB: <¢>:i<v) mP? =Y i LY., ~ 1013
: \/§ 0 1% 7/\/§ 1%

much smaller than other Yukawas: Y, ~ 1072



Minimal extension of SM for neutrino mass

C
»Add a right handed neutrino singlet under SU(2)xU(1): V=V Wy

5 c
SU(2) forbidden bisas Ll
»Most general mass term: N

1

b e Ug b L3
»C—ED“I‘LM—Q(VL NR)(mD MR)(NR>—I—h.C.

R N
— diagonalizafion: not mass eigenstates

%(v N)<J\g1 J\i)(]if) (mp ~ vY,)

for Mp > mp: pp ~ D

— seeSaw mechanism




Seesaw mechanism for neutrino mass

» Provides a “natural” explanation for smallness of neutrino mass:

2
i)

M, ~
1 MR7

MQQMR

for mp~100 GeV and m,~0.01 eV
— Mg <101 GeV !

» Can explain baryon asymmetry of the Universe through leptogenesis:

if heavy neutrino decay violates ¢cP: T'(N — [+ H) #AT'(N — 1+ H)

— thanks to (B-L) conservation, the lepton asymmetry generated L may
be transformed in B asymmetry through “sphaleron processes”:

B+B



Seesaw mass models

neufrino masses are generated through their mixing with heavy particles

Right-handed singlet: Scalar triplet: Fermion triplet:
(type-| seesaw) (type-ll seesaw) (type-lll seesaw)

H - H H- . H

\ 7 /A//

/ ”

i G
|
'
I
I

A

Paa v
x x

1 —
m,, = YT YN vV m, — YA '2 m,, — YZ YE (3

TN

N My M3 Mz

: : Foot, Lew, He, Joshi; Ma; Ma, Roy; 1.H., Lin,
Minkowski; Gellman, Ramon, Slansky; Magg, Wetterich; Lazarides, Shafi; Notari, Papucci, Strumia; Bajc, Nemevsek,

Yanagida;Glashow; Mohapatra, Senjanovic  Mohapatra, Senjanovic; Schechter, Valle Senjanovic; Dorsner, Fileviez-Perez;....




Low energy seesaw models

Inverse seesaw mOdel Mohapatra and Valle, PRD 34 (1986) 1642
Extended lepton content: (v,1°,5) L=(+1,-1,+1)
0 Mp O
M,=| My -0 M | = m,—R80g00M") M ML
0.t

- W breaks L and generates neutrino mass (massless for p=0)

- m, can be very light even if M is far below GUT scale:

with p~ keV and M~10° GeV — m,~eV



Radiative models of neutrino masses

extension of scalar sector of the SM -> generate L violation

neutrino masses can be generated through loops
loop suppression accounts for the smallness of m,

Zee model Zee-Babu model
+ singlet scalar h* + singlet scalar h*
+ extra Higgs doublet H + singlet scalar k**

Yy

Zee, PLB 93 (1980) 389 Zee, NPB 264 (1986) 99; Babu, PLB 203 (1988) 132




The flavour problem

» seesaw models explain the smallness of neutrino masses

However, they can not explain:

» Why quark and lepton mixing and masses are so different?

Uckm = | 0.225 0.973 0.041
0.008 0.040 0.999

0.46 — 0.54 0.47—-0.59 0.63 —0.75
0.24 —0.36 0.99 —0.69 0.65—0.76

0.974 0.225 0.003 ( 0.80 —0.83 0.36 —0.45 0.15—0.18

Oz = 13°, 013 = 0.2°, 03 = 2.4° Oz = 34°, 013 = 9°, 023 = 49°

» Why do fermion masses show these hierarchical relations?

vV

<1 0 < ”7 < 1
‘2




The flavour problem

One can add new symmeftries of leptons to Standard Model

SU.(3) x SUL(2) x Uy (1) x

D |u

—

As ~ PSLy(5 60 1, 3 3 4, |

_ 24 1, 17,172, 2,2 3 A= (AB)*=R*=1, B’=R
24 1, 1,2 3,3 BM : A* = B? = (AB)3 1

A(27) ~23 X Zs 1,19, 3,

13,3678

T7~Z7 X Zs 17.17.3,"

Altarelli & Feruglio, arXiv: 1002.0211



Neutrino oscillations




Neutrino mixing

» Mixing is described by the Maki-Nakagawa-Sakata (MNS) matrix:
Vol = :E:: l]dnl/le

U= Ul
» leptonic weak charged current: e
CCT =5 Z OLYpVaL = 2 Z ZOszyykL
a=e,l,T a=e,u, T k=1
*NXN unitary matrix: NxN mixing parameters
— N(N-1)/2 mixing angles + N(N+1)/2 phases
»Lagrangian invariant under global phase transformations of fields:

a — ePeq, v, — ey

.]p CCt %QZa—Le—z(@ — 1) —2(6’
o,k

0c) (P —P1)
N-1 YoUake’ Nt kLD

— 2N-1 phases can be eliminated: (N-1)(N-2)/2 physical phases



Neutrino mixing

»For Majorana neutrinos, the lagrangian is NOT invariant under global
phase transformations of the Majorana fields:

5 isans 'k Ve vi Cluyr — 2@l Clyys

— only N phases can be eliminated by rephasing charged lepton fields:

.CC L g,
e QZ&LB ZN YoUakViL
oLk

— N(N-1)/2 physical phases: (N-1)(N-2)/2 Dirac phases effect in v oscil.

(N-1) Majorana phases relevant for Ovj3j



Neutrino mixing

» 2-neutrino mixing depends on 1 angle only (+1 Majorana phase)

cosf/ siné
—sinf cosét

»3-neutrino mixing is described by 3 angles and 1 Dirac (+2 Majorana)
CP violating phases.

atmospheric + LBL reactor disapp + LBL
measurements appearance searches



Neutrino oscillations

»flavour states are admixtures of flavor eigenstates: Vol = E U,iVe1
k

»Neutrino evolution equation: _idi|y> = Hip

{
. . | . i)
in the 2-neutrino mass eigenstates basis v : H = o E,

—_— vy e |y

since neutrinos are relativistic: t = L and bj=p+ 2_j cLT ﬁ
p

(equal momentum approach)

3] Am? ( —cos20 sin 26 )

»Hamiltonian in the flavour basis:

2 T
Hfavour = UHmassU' = AE sin260  cos 20

with  Am? =m3 — m]



Neutfrino oscillations picture

"long" distance

Production Propagation

Vo) Z ’VJ Vj S

different propagation
phases change v;
composition

coherent superposition
of massive states

Detection

(vsl = (v;|Us;
)
projection over flavour
eigenstates



Neutrino oscillations

Neutrino oscillation amplitude:

tection
Av, vy = (v8(t)|1a(0)) = ffvs\w (?f)><

Neutrino oscillation probability: P, _,, =

Pog =6ap —4 Y Re(UkUq;UsUp,;) sin®

1>

+2 ) Im(U%,Uq;UpiUs;) sin

1>

produc’rlon

v;(#)115(0))(5(0)|Va)

propagaﬂon

(

1F

Am%j L

2L

)

(AmgjL) |



General properties of neutrino oscillations

»Conservation of probability: ZP(Va ) = L
B
»For antineutrinos: U —U*

»Neutrino oscillations violate flavour lepton number conservation
(expected from mixing) but conserve total lepton number

»Complex phases in the mixing matrix induce CP violation:
P(ve — vg) # P(va — 75)

»Neutrino oscillations do not depend on the absolute neutrino mass scale
and Majorana phases.

»Neutrino oscillations are sensitive only to mass squared differences:

D1 S0 Ay
Amy,;, = my —m;



Two possible mass orderings:

I 00 |

Am%l > () Am%l < 0

- Am?y : solar + KamLAND (we know it is positive)



2-neutrino oscillations

»2-neutrino mixing matrix: cost)  sinf
—sinf cos6
»2-neutrino oscillation probability (x#p):
5 5 _.Am%lL B
P(Va &7 Vﬁ) — UalUﬁl - Ua2U52€ WE
Am?L
— sin?(20) sin” ( )
»The oscillation phase: 1F
g Am3, L s 1.27Am%1[ev2]l)[kjm]
1FE E|GeV]

— Short distances, @ << 1: oscillations do not develop, P,z = O

— long distance, @ ~ 1: oscillations are observable

— very long distances, @ >> l: oscillations are averaged out:

1
Pap 2 5 sin®(26)



2-neutrino oscillation probability

2
P, = sin*(20) sin” (Am L)

1F

, "long" "very long"
distance distance distance

08
4 / Am®

‘ il
L/

Ll oscillation length:

A B
Am?2

L/E (erb. umts)

first oscillation maximum: e —




Appearance vs disappearance experiments

2
» appearance experiments: P, = sin”(26) sin” (AZE’L)
o7
— appearance of a neutrino of a new flavour 8 in a beam of v,
Am?L
» disappearance experiments: P, ., =1— sin2(29) sin? ( ZE )

— measurement of the survival probability of a neutrino of given flavour

—

For ¥ beam with energy £

v, Disappearance
—— Al=nE/(1.27Am*) —>

>
=
re
o
e
o
—
o

Isin2 29 Ve Appearance

Distance from v source (L)




Matter effects on
neutrino oscillations

»When neutrinos pass trough matter, the interactions with the particles in
the medium induce an for the neutrinos.

[ the coherent forward scattering amplitude leads to an
index of refraction for neutrinos. L. Wolfenstein, 1978]

— modifies the mixing between flavor states and propagation states as

well as the eigenvalues of the Hamiltonian, leading to a different oscillation
probability with respect to vacuum oscillations.



Effective matter potential

» Effective four-fermion interaction Hamiltonian (CC+NC)

v 0 A
H 2 = ﬁ”oﬁu (1 —95)va Z fW X gA,f%);f
in ordinary matter: f=e",p,n Jmatt

To obtain the matter-induced potential we integrate over f-variables:

non-relativistic (fy £ _Nféu 0
for a unpolarised medium: <ffy5ry“f> =)
neutral Ne &= Ny
jyge’ 1 o, P
Jmatt = 5 [Ne(gy™ +9y") + Nngy'"|

2



Effective matter potential

€

2sin” Ow + % —2sin? Ow + % —%
28in® O — 1 —2sin? O + % %

1 —
1 1 |
Jiate = (Ve — iNnv _§Nna _§Nn)
1 1 1
» Vmatt — \/§GF diag(Ne s §Nn, —iNn, _§Nn>

ronly ve are sensitive to CC (no u,t in ordinary matter)
»NC has the same effect for all flavours — it has no effect on evolution
(however it can be important in presence of sterile neutrinos)

»for antineutrinos the potential has opposite sign



2-neutrino oscillations in matter

: ’ . : . vac E Y
» 2-neutrino Hamiltonian in vacuum (mass basis): il e ( 01 E, >

»In the flavour basis, where effective matter potential is diagonal:

2 2 ;
fpmatt _ pvac 4 v Aﬁ% cos 20 + Voo %{% sin 26
— = .
; ’ A4”El sin 26 Afé cos 20

Voo = V2GpN.
Diagonalizing the Hamiltonian, we identify the mixing angle and mass splitting

in matter:

pymatt _ AM? [ —cos20y; sin20,
LA sin 260y  cos 20,

In general: Ne=Ne(x), so 6m and AM? will be function of x as well

— however, in some cases analytical solutions can be obtained



2-v oscillations in constant matter

»If Neis constant (good approximation for oscillations in the Earth crust):
— Om and AME? are constant as well

— we can use vacuum expression for oscillation probability,
replacing "vacuum” parameters by "matter” parameters:

: : AM?L
P, = sin®(20,) sin® ( 7 >
)
ATy sin“ 26
sin” 20, =
7 Sinde + (cos 200 e e 20V

Am?

AM= =N \/sin2 20 + (cos 260 — A)?

There is a resonance effect for A = cos20 — MSW effect

Wolfenstein, 1978
Mikheyev & Smirnov, 1986



2-v oscillations in constant matter

mixing angle in matter:

small matter effect

vacuum 0sc. neutrinos . 9
3 e sin“ 26
S sin“ 20y = ——
: sin® 20 + (cos 20 — A)?
strong matter effect
osc. are suppressed
2EV
antineutrinos A=
Am?

»A << cos20, small matter effect — vacuum oscillations: Om = 0
»A >> cos20, matter effects dominate — oscillations are suppressed: 6m = O

»A = cos20, resonance takes place— maximal mixing 6w = /4

— resonance condition is satisfied for neutrinos for Am2> 0O

for antineutrinos for Am?< 0



2-v oscillations in varying matter

»If Ne varies with time (neutrino beam propagating through the Earth or

the Sun)
— we need to diagonalize the Hamiltonian at every instant to obtain the

instantaneous values of 6w and AM?
— evolution of the instantaneous v eigenstates in matter UV, :

d d d d
zaua == z%[U(HM)Vim] == iaU(eM)Vzm 5 U(QM)iﬁy’;m
i%ya o= Hf o U(HM)Hdiag(AM2)U(eM)TVOt - U(QM)Hdiag(AM2)V;n

ra (T N — 6 S
_> dEN T 101 AM?/4AE vy

the presence of off-diagonal terms induce the mixing of 1" states




Adiabatic evolution

Ao PN R (4 — 0 )
dt N Vg™ 0 AM?/AE vy

» For small off-diagonal terms: 01| < AM?/2F

— the transitions between the instantaneous eigenstates | and V3
are suppressed: adiabatic approximation.

» adiabaticity condition:

20 Sin(20) 2.

—1 _ M 2F

T —=== 1
W/ Am?/2E '\(AM2/2E)3|VCC<<

AdiaCaT R, from the instantaneous expression of Om

Am? MeV

the typical value in the Sun: Tk i
g 10—°eV?2 E,

— adiabaticity applies up to 10 GeV



Beyond adiabaticity

» violations of adiabaticity can be described by the probability of jump
between vi™ and v2™

» for an exponential profile as in the Sun: Voo o« N o< exp(—r/ro)

Fcos? O 2
the “crossing probability” is given by: P = 2 ! 5= oA

6&—1 EI/

» neutrino evolution scheme:

1 1
P(ve = 1) = 5 + (5 — PC> cos(260) cos(20,)

» neutrino propagation in the Sun is adiabatic: P¢c = 0



Solar neutrinos: the MSW effect

» neutrino oscillations in matter were first discussed by Wolfenstein,
Mikheyev and Smirnov (MSW effect)

» electron neutrino is born at the center of the Sun as:

Vo) = cosOpr|v]") + sin Oy |v3")

— vi™ and v2™ evolve adiabatically until the solar surface and propagate
in vacuum from the Sun to the Earth:

P(v, — v,) PP Pt - PIERe

prod L det 2
P = cometpm T 1], t—repme)

prod 2w . 9 det i3
P s = sinailiy e e b =i et

P.. = cos® 0 cos® 0 + sin® 0, sin® @




Solar neutrinos: the MSW effect

P.. = cos® 0y cos® O + sin” @, sin” @

»In the center of the Sun:
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vacuum

matter

and resonance occurs for A = cos(20) = 0.4

o Eres x 2 MeV

»For E < 2 MeV — vacuum osc: Ow =6

1
2 o 5 sin” 20

»For E > 2 MeV — strong matter effect: 6m=1/2 |P.. = sin? @

— Pee (E) will be crucial to understand solar neutrino data



Earth regeneration effect

»neutrinos observed during the night are
also affected my Earth matter effects

»if neutrino cross only the Earth mantle, Pz‘jleet
Is well approximated by evolution of a
constant potential:

P2d€et = SiIl2 0 T freg
/

prob. during day  (oqeneration term

4EVee . ; L
frone e sin”(20g) sin” 2086
: Py — P
P@Eéarth %. PD — COS ZHMfreg T day-nlghf ADN — 2( N D)
asymmetry: Py + Pp

for the actual solar neutrino parameters freq ~ +1%



