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\Plan of Lectures |

|. Standard Neutrino Properties and Mass Terms (Beyond Standard)

|1. Effects of v Mass: Neutrino Oscillations (Vacuum)
| 11. Matter Effects in Neutrino Oscillations

V. The Emerging Picture and Some Lessons



Physics of Massive Neutrinos Concha Gonzalez-Garcia

‘Summary |+ 1 I




Physics of Massive Neutrinos Concha Gonzalez-Garcia

‘Summary |+ 1 I

— Accidental global symmetry: B X Lo X L, X L < m, =0

e In the SM:

— neutrinos are left-handed (= helicity -1): m, = 0 = chirality = helicity

— No distinction between Majorana or Dirac Neutrinos



Physics of Massive Neutrinos Concha Gonzalez-Garcia

‘Summary |+ 1 I

— Accidental global symmetry: B X Lo X L, X L < m, =0

e In the SM:

— neutrinos are left-handed (= helicity -1): m, = 0 = chirality = helicity
— No distinction between Majorana or Dirac Neutrinos

e If m, # 0 — Need to extend SM

— different ways of adding m,, to the SM

— breaking total lepton number (L = L. + L, + L,) — Majorana v: v = %

— conserving total lepton number — Dirac v: v # v©



Physics of Massive Neutrinos Concha Gonzalez-Garcia

‘Summary |+ 1 I

— Accidental global symmetry: B X Lo X L, X L < m, =0

e In the SM:

— neutrinos are left-handed (= helicity -1): m, = 0 = chirality = helicity
— No distinction between Majorana or Dirac Neutrinos

e If m, # 0 — Need to extend SM

— different ways of adding m,, to the SM
— breaking total lepton number (L = L. + L, + L,) — Majorana v: v = %

— conserving total lepton number — Dirac v: v # v©

o If m, # 0 — Lepton Mixing= breaking of L., x L, x L,



Physics of Massive Neutrinos Concha Gonzalez-Garcia

‘Summary |+ 1 I

— Accidental global symmetry: B X Lo X L, X L < m, =0

e In the SM:

— neutrinos are left-handed (= helicity -1): m, = 0 = chirality = helicity
— No distinction between Majorana or Dirac Neutrinos

e If m, # 0 — Need to extend SM

— different ways of adding m,, to the SM

— breaking total lepton number (L = L. + L, + L,) — Majorana v: v = %

— conserving total lepton number — Dirac v: v # v©
o If m, # 0 — Lepton Mixing= breaking of L., x L, x L,

e From direct searches of v-mass: m, < O(eV)



Physics of Massive Neutrinos Concha Gonzalez-Garcia

‘Summary |+ 1 I

— Accidental global symmetry: B X Lo X L, X L < m, =0

e In the SM:

— neutrinos are left-handed (= helicity -1): m, = 0 = chirality = helicity
— No distinction between Majorana or Dirac Neutrinos

e If m, # 0 — Need to extend SM

— different ways of adding m,, to the SM

— breaking total lepton number (L = L. + L, + L,) — Majorana v: v = %

— conserving total lepton number — Dirac v: v # v©
o If m, # 0 — Lepton Mixing= breaking of L., x L, x L,
e From direct searches of v-mass: m, < O(eV)

e Neutrino masses and mixing = Flavour oscillations



Physics of Massive Neutrinos Concha Gonzalez-Garcia

‘Summary |+ 1 I

— Accidental global symmetry: B X Lo X L, X L < m, =0

e In the SM:

— neutrinos are left-handed (= helicity -1): m, = 0 = chirality = helicity
— No distinction between Majorana or Dirac Neutrinos

e If m, # 0 — Need to extend SM

— different ways of adding m,, to the SM

— breaking total lepton number (L = L. + L, + L,) — Majorana v: v = %

— conserving total lepton number — Dirac v: v # v©
o If m, # 0 — Lepton Mixing= breaking of L., x L, x L,
e From direct searches of v-mass: m, < O(eV)

e Neutrino masses and mixing = Flavour oscillations

e Atmospheric, K2K and MINOS (+ negative SBL searches)
= v, — U with Am? ~2x 1073 eV?and tan’ 0 ~ 1
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Matter Effects in Neutrino Oscillations

Solar Neutrinos: Fluxes and Data

Matter Potentials

Neutrino Oscillations in Matter: MSW Effect
Oscillation Solutions to Solar Neutrino Data

Learning How the Sun Shines
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4p — *He + 2eT + 2v, + ~
dmy, — map. — 2me ~ 26 MeV Thermal energy mostly in -y

e Two major chains of nuclear reactions
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4p — *He + 2eT + 2v, + ~
dmy, — map. — 2me ~ 26 MeV Thermal energy mostly in -y

e Two major chains of nuclear reactions

pp chain:
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e The Sun shines converting protons into ¢, e™ and v/’'s
4p — *He + 2eT + 2v, + ~
dmy, — map. — 2me ~ 26 MeV Thermal energy mostly in -y

e Two major chains of nuclear reactions

pp chain: CNO cycle:

e+
[p+p—+D+ef+u,| [@)p+e +p—D+uj ¥ Y <E ,>=0.707MeV
(99.75%)| | | (0.25%) /

D+ p— 7He + ~
|
| | | p p

‘He + *He — a + 2p He + ‘He — "Be ++ | () *He + p = 'He + " + 1] He*
(p-p1: 86%) | {0.00002%) P P
1 ,| )
| (3) "Be + e~ — "Li + v | "Be+ p— "B+ 7 /7'
| | ~,
Li+p— 20 [ (4) B — "Be* + ot + v | <E ,>=0.997MeV m
(pp IT: 14%) | \ \
Be* — 2a /
(p-p IIT 0.015%)

v <E >=0.999MeV

e Present Solar Model = pp-chain dominates by 99%
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e Most Relevant Fluxes :

- At SK, SNO and Chlorine, ®B neutrinos: 20% accuracy 1n total flux
At 1/10° spectrum independent of solar physics

- At Ga, pp neutrinos : Best determined by SSM (1%)

- At Chlorine, also “Be neutrinos
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Experiment Detection Flavour  Ei;, (MeV) gggg Gallium _fChlorine pSuperk, |
.S Homestake  27Cl(v, e )37 Ar Ve E, > 0.81 0.30 £0.03  wf—5 "0
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ES vieem™ — vge™ v, Vy/r Te >5 0.41 £0.05
% P ]
> b
o f sno ne 1 All experiments measuring mostly v, observed a
) ] .
= : 1 deficit
L|_I ’ : SAGE i . .
o F cALLEX : 2 ! ] Deficit is energy dependent
- GNO HoMeEsTAKE  SNOCC - Deficit disappears in NC
0 : ]
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SK and SNO measure ®sg in different reactions
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\Solar Neutrinos. Flavour Conversion Evidence |

SK and SNO measure ®sg in different reactions

ES vye” — e B0 =(2.3540.08) x 10% cm 25!
CC ved — ppe~  ®55YY = (1.68 £0.1) x 10% cm 257!
NC v,d — v,d @SNO NC = (4.94 4+ 0.42) x 106 cm—2s~1

* In the SSM with SM interaction all results should be equal

LS = N0 = 3.20 out
< 8
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Solar Neutrinos; Flavour Conversion Probabilities

e Fitting the observed rates:

Data

SSM Bin
Cl 0.30+0.03 | 0.76 fg (Pee)g + 0.24 (Pee);
Ga 0.52+0.03 | 0.1 fg (Pee)gr + 0.36 (Pee)r
+ 0.54 (Pee) 1,
SK 0.41+£0.01 | fB[(Pee)r + & (1— (Pee)nr)]
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NC0.87+0.05 | fg
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Solar Neutrinos; Flavour Conversion Probabilities

e Fitting the observed rates:

Gallium | Chlorine IM
Data R 10% o Bahcall
SSM th "’"ﬂﬂ%
Cl 0.30 £0.03 | 0.76 fB (Pee)rr + 0.24 (Pec)r 5 .|
Ga 0.52£0.03 | 0.1 fp (Pec)ir + 036 (Pec)r 2 ™ lme|l m
+ 0.54 <Pee>L ..g ek
SK 0.41£0.01 | fB[(Pee)r + & (1 — (Pee)m)] = ™f ,
SNO CC0.29+0.02 | fg (Pee)sr o
NC 0.87 4+ 0.05 fB 1091 0.3 1 3 10
) . ; Neutrino Energy (MeV)
[ ) . E ‘ ‘ b - ‘ T T -
The v, survival probability % oo E <FL. > E
Q- - =
v o8 -
©.7 = ‘ =
0.6 - E
<R >
0.4 — =
0.3 - ——
0.2 - E
-1 ? << "Dée >\m E
O C R | Lo -
10 1 10

Er (MeV)
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GLE
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~ 107 em? at E, ~ MeV
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\ Neutrinosin M atter : Effective Potentials |

e In SM the characteristic v-p interaction cross section
2 172
GLE
s

o~ ~ 107 em? at E, ~ MeV

e Soif a beam of ®,, ~ 1025 was aimed at the Earth only 1 would be deflected

so 1t seems that for neutrinos matter does not matter

e But that cross section is for inelastic scattering
Does not contain forward elastic coherent scattering

e In coherent interactions = » and medium remain unchanged
Interference of scattered and unscattered v waves

e Coherence = decoupling of v evolution equation from eqs of medium.

e The effect of the medium is described by an effective potential depending on
density and composition of matter
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e Lets consider 7. in a medium with e, p, and n. The effective low-energy Hamiltonian:

Hy = £ @)I0(@) + 379 (@) I @)
ccme S (2) = Te(a)va(l —s)e(n) IS (@) = e(2)7a(l — 5)ve ()
neie J (@) = () el — ys)ve () — 2(2) [ra(l — 75) — s34 ale(z)
n)

+5(2) ya (1 = ¢'Pys) — 452 7alp(2) —mxm(l—g; ¥5) — 4%y valn(z)
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e Lets consider 7. in a medium with e, p, and n. The effective low-energy Hamiltonian:

Hy = £ @)I0(@) + 379 (@) I @)
ccme S (2) = Te(a)va(l —s)e(n) IS (@) = e(2)7a(l — 5)ve ()
neie J (@) = () el — ys)ve () — 2(2) [ra(l — 75) — s34 ale(z)
(p) ()

+0(2)[ya (1 — g4 ¥5) — 4sipvalp(z) — T(2) [Ya(l — g3 75) — 453 Yaln(2)

e Example: The effect of CC with the e medium. The effective CC Hamiltonian:

B = G2 [ p (B T)(e(s po)lr® (1 - 2)verira(l — 26)lels, )
i::ange — ?/EV67&(1 o 75)”6 fdgpef(EeaT) <<€(Sape)‘€’7a(1 o 75)€’€(Sape)>>

f(E.,T) statistical energy distribution of ¢ in homogeneous and isotropic medium.
fdgpef(EevT) =1

<> = averaging over electron spinors and summing over all e.

coherence = s, p, same for initial and final e
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e Expanding the electron fields e in plane waves

1

(e(s, pe) [Eva(1=y5)ele(s, pe)) = 77 (e(s, pe) T (pe) @l (pe) va(1=s)as (Pe )us (pe) (s, pe))
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e Expanding the electron fields e in plane waves

1

(e(s, pe) [Eva(1=y5)ele(s, pe)) = 77 (e(s, pe) T (pe) @l (pe) va(1=s)as (Pe )us (pe) (s, pe))

e Since a! (p.)as(p.) = N <) (pe) (number operator) and assuming that there are the
same number of electrons with spin 1/2 and -1/2

% <<e($,p€)’al(pe)as(pe)’6(57p€)>> = Ne(pe)% Z

S

where N, (p.) number density of electrons with momentum p.
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e Expanding the electron fields e in plane waves

1

(e(s, pe) [Eva(1=y5)ele(s, pe)) = 77 (e(s, pe) T (pe) @l (pe) va(1=s)as (Pe )us (pe) (s, pe))

e Since a!(p.)as(p.) = N, {s) (pe) (number operator) and assuming that there are the
same number of electrons with spin 1/2 and -1/2

% <<e($,p€)’al(pe)as(pe)’6(57p€)>> = Ne(pe)% Z

S

where N, (p.) number density of electrons with momentum p.

<<6(S,pe)|€%(1 - ’Y5)€|€(Sape)>> = %Z%) (Pe)Ya(l = y8)u(s (Pe)

= Nl S () (1 — ) ()| = 2P Sy [us(pe)u_s(pe)%(l - 75)}
(

= NS s ()0 190 (1 = )| = DT | P (1 < )| = N B

s L

e Isotropy = [ d®pepef(E.,T) =0
e Also f d>pe f (Fe, T)N.(pe) = N, electron number density
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e The effective charged current Hamiltonian due to electrons in matter is then:
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e The effective charged current Hamiltonian due to electrons in matter is then:

GrN,
V2

e Thus the effective potential than v, “feels” due to €’s

Ve()v0(1 — v5)ve ()

HY =

Vo = (] / BeH |,)

Gﬁv o [ a1 = (@)l

N,
G\F/§ ‘1/ /dgxuu,/ V2G N,

VC — \/iGFNe
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e The effective charged current Hamiltonian due to electrons in matter is then:

GrpN

HY = 75

Ve()v0(1 — v5)ve ()

e Thus the effective potential than v, “feels” due to €’s

Vo = (] / BeH |,)

Gﬁv o [ a1 = (@)l

N,
:G\F/ﬁe‘l/ /dga:uu,/ V2G N,

VC — \/iGFNe

e for 7, the sign of V' is reversed
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e Other potentials for . (7. ) due to different particles in medium

medium Vo VN
e"ande” | EV2Gp(Ne — N: )qETF(Ne — N2)(1 — 4sin? Ow)
pand p 0 ;TF(N — Np)(1 — 4sin® Ow)
n and n 0 F \/_(N — Np)
Neutral (N. = N,)|  +v2GrN., FIEN,

For v, and v, Vo = 0 for any of these media
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e Other potentials for . (7. ) due to different particles in medium

medium Ve VN
e"ande  HEV2Gp(N. — N: )qETF(Ne — Ng)(1 — 4sin? 6w )
pand p 0 ;TF(N —N—)(1—4sin2 Ow)
n and n 0 FoE - E(N, — Np)
Neutral (N. = N,)|  +v2GrN., FIEN,
For v, and v, Vo = 0 for any of these media
e Estimating typical values:
Vo =vV2GpN, ~7.6Y, oo €V
Y, = e = relative number density

N, + N,
© = matter density

— At the solar core p ~ 100 g/lcm® = V ~ 10~ 2 eV

— At supernova p ~ 10 g/cm® = V ~ eV
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e v oscillations can also be understood from the eq. of motion of weak eigenstates

e A state mixture of 2 neutrino species |v.) and |~ ) or equivalently of |) and |v»)

O(z) = Oc(z)|1ve) + Px (2)|vx) = Po(2)[11) + Pa(2)|12)
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\Vacuum Oscillations Revisited |

e v oscillations can also be understood from the eq. of motion of weak eigenstates

e A state mixture of 2 neutrino species |v.) and |y ) or equivalently of |;) and |v5)
O(z) = Cc()|ve) + Px(2)|vx) = Po(x)[r1) + Po()|v2)
e Evolution of ® 1s given by the Dirac Equations [3 = o , @z = Y07y (assuming 1 dim)]
E® =] —ia,2 + Bmi]®
E®y = | —iog + fmo| @
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\Vacuum Oscillations Revisited |

e v oscillations can also be understood from the eq. of motion of weak eigenstates

e A state mixture of 2 neutrino species |v.) and |~ ) or equivalently of |) and |v»)
O(z) = e (2)|ve) + Px (2)|vx) = Pu(2)|11) 4 Po(2)[12)

e Evolution of ® 1s given by the Dirac Equations [3 = o , @z = Y07y (assuming 1 dim)]

E(I)lz —’IZOQE% +6m1]<1>1
E®y = | —iay + Bma| P,
e We decompose ®;(x) = v; ()¢, ¢, is the Dirac spinor part satisfying:

(%:{EQ — m?}l/2 + 577%') i =E¢p;, (1)

e 0; have the form of free spinor solutions with energy F
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\Vacuum Oscillations Revisited |

e v oscillations can also be understood from the eq. of motion of weak eigenstates

e A state mixture of 2 neutrino species |v.) and |~ ) or equivalently of |) and |v»)
O(z) = e (2)|ve) + Px (2)|vx) = Pu(2)|11) 4 Po(2)[12)

e Evolution of ® 1s given by the Dirac Equations [3 = o , @z = Y07y (assuming 1 dim)]

E(I)lz —’I:Oéw% +6m1]<1>1
E®y = | —iay + Bma| P,
e We decompose ®;(x) = v; ()¢, ¢, is the Dirac spinor part satisfying:

(%:{EQ - m?}1/2 + 5?7%') ¢oi=FEo; (1)
e 0; have the form of free spinor solutions with energy F

e Using (1) in Dirac Eq. we can factorize ¢; and «, and get:

8V1<£U> . 2 2 1/2
—i— —{E —ml} vi(x)

8V2<£U> 2 2 1/2
—i— {E —mg} va(x)
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2
m;

e In the relativistic limit \/E? — m? ~ E _:

2
_my
ox Vs 0 E—m; Vs
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ms
In the relativistic limit |/ B2 —
e In the relativistic limi o F
m3
w)-( )
o\ v 0 i Vo
e In weak (= flavour) basis v, = U,;(0)v;
.5 [ Vo m2 2 Aﬁg cos 20 Aﬁg sin 20 Vo
—iZ ()= |B-mm] - (AT G
Vs iE iE Vs
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2
m;

e In the relativistic limit \/E? — m? ~ E _:

2

m
—ZQ 1 B — 2_E1 0 1
ox 0 E—m?2 Vs

V2

e In weak (= flavour) basis v, = U,;(0)v;

Am? Am?
—i@(ya):[E—m%+m§]I—<_ in cos 20 4E281n29>(ya)
oz 2B Am-gin20 A1 cos 26 V3

4F 4F

e An overall phase: v, — €"""v, and v3 — €15 is unobservable

: : 0 :
= pieces proportional to / = (O ) do not affect evolution:
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e In the relativistic limit \/ E?2 — i
2F
m2
()= (70" e ) ()
o\ v 0 i Vo
e In weak (= flavour) basis v, = U,;(0)v;
. & (Va) [E m%+m§]l ( AALT]ZTL A4E ) ( a)
_Z% —  2E o m m
Vg 2 A4E A4E Vg

e An overall phase: v, — €"""v, and v3 — €15 is unobservable

: : 0 :
= pieces proportional to / = (O ) do not affect evolution:

A Am
.5 [ Vo 475 cos 20 in Ve,
= _Z% - Am 2(9 Am? U
=g S 1E B
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e Evolution Eq. for flavour eigenstates:

(Da):( A&i cos 26 A4E )( a)
Vg A&i sin 26 Aﬁ% cos 20 V3
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e Evolution Eq. for flavour eigenstates:

()=

Can be rewritten as

Vo + w’r, =0

Vg + w?vg =0

Am® 2 _cos 260

Am® 2Mm_sin 260

Am
1E o
Aﬁg 60829) (l/ﬁ)

ith Am
1 W= ————
W AE

Concha Gonzalez-Garcia
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e Evolution Eq. for flavour eigenstates:

()=

Can be rewritten as

e The solutions are:

Am® 2 cos 26

Am® 2Mm_sin 260

Vo + w’r, =0

Vg + w?vg =0

Am

o) ()
Aﬁg cos 20 V3

Am?

with W= ——

41K

Ale —1WT n Age +iwx
B1€ — 7 Wx 4 Bge 42 wx

with the condition |v, (z)|* + |vg(z)|? =1

Concha Gonzalez-Garcia
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e Evolution Eq. for flavour eigenstates:

(Da):( A&i cos 26 A4E )( a)
Vg A&i sin 26 Aﬁ% cos 20 V3

Can be rewritten as

Vo + w’r, =0 h B Am?
wi w = Vo

Vg + w?rg =0
e The solutions are:
va(z) = A € 77 4 A4,€ TR
vg(x) = B; € Twr B>, € Trws
with the condition |v, (z)|* + |vg(z)|? =1

Ay =sin?0 A, = cos? 0

e For initial conditions: v,,(0) = 1 and v3(0) = 0 =
B1 = —Bs =sinf cosf
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e Evolution Eq. for flavour eigenstates:

(Da):( A&i cos 26 A4E )( a)
Vg A&i sin 26 Aﬁ% cos 20 V3

Can be rewritten as

Vo + w’r, =0 h B Am?
wi w = o

Vg + w?rg =0

e The solutions are:
va(z) = A € 77 4 A4,€ TR
vg(x) = B; € T 4 B, € e

with the condition |v, (z)|* + |vg(z)|? =1

Ay =sin?0 A, = cos? 0

e For initial conditions: v,,(0) = 1 and v3(0) = 0 =
B1 = —B2 =sinf cos¥

e And the flavour transition probability

Am?L
P(vo — vg) = |vg(L)|?> = Bf + B3 + 2B By cos(2wL) = sin*(20) sin® ( ZLnE )
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‘Neutrinosin Matter: Evolution Equation |

Evolution Eq. for |v) = vy |v1) + va|vs) = velve) + vx|vx) (X = p, T, sterile)

41 _m% 0 41
(a) In vacuum 1in the mass basis: —1 —88 ( ) —FE— | %% 2 ( )
X mo
V9 0 —= V2
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‘Neutrinosin Matter: Evolution Equation |

Evolution Eq. for |v) = vy |v1) + va|vs) = velve) + vx|vx) (X = p, T, sterile)
: : .9 (V1 % 0 V1
(a) In vacuum in the mass basis: —i45_ =F — 2
% 0 52 %

(b) In vacuum in the weak basis

;o (P p_ mitms
ox U 2F
X

2 2
Aéfg sin 20 Aﬂjﬁ cos 20 VX

(Aﬁ;QCOSQH Aﬁégsin%) (Ve )
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‘Neutrinosin Matter: Evolution Equation |

Evolution Eq. for |v) = vy |v1) + va|vs) = velve) + vx|vx) (X = p, T, sterile)

v LSRN
(a) In vacuum 1n the mass basis: —z'(% ( 1 ) — F — ( 2F ) ) (Vl )
V2 O % V9

(b) In vacuum in the weak basis

Am? Am
;0 Ve \ _p_mitm; [ 7 4E cos 20 1B Ve
Or \ 4, - 218 Am” sin 26 Am® cos 20

X 1E “4E

(c) In matter (e, p, n) in weak basis

Am
.5 Ve \ m2+m2 V. — Vx 4E COS 20 in Ve
~ oz U =B =V - 2B Am” sin 20 Am” U
X 1E A1E X

)
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‘Neutrinosin Matter: Evolution Equation |

Evolution Eq. for |v) = vy |v1) + va|vs) = velve) + vx|vx) (X = p, T, sterile)

v i ”
(a) In vacuum 1n the mass basis: —z'(% ( 1) — F — <2E ) ) ( 1)
V2 0 mo Vo

2F

(b) In vacuum in the weak basis

Am Am
3 Ve E B M B — 4E C0829 4E Ve
25 Am® 190 AmE 590

—1 ox U
X 1E “4E

(c) In matter (e, p, n) in weak basis

Am
o (Ve \_p_ vy, mimd Ve — Vx 4E60829 iE U,
ox Ve - X 2F Am? sin 26 Am? Ux
1E 41FE
(c)# (b) because different flavours,
have different interactions
For example X = u, 7:
Vee = Ve — Vx = V2GFr N,
Ve, Vyu,Vr onlyye

(opposite sign for 7’)
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= Effective masses and mixing are different than in vacuum

= If matter density varies along v trajectory the effective masses and mixing vary too

The effective masses: (A = 2E(V. — Vx))

m% —{—m2

p1,2(x) = 2 + BE(Ve + V)

1
ZI:§ \/(Am2 cos 20 — A)? 4+ (Am2 sin 20)?

IJ2 A

At resonant potential: Ar = Am? cos 20
Minimum Ap? = 3 — p4
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= Effective masses and mixing are different than in vacuum

= If matter density varies along v trajectory the effective masses and mixing vary too

The effective masses: (A =2FE(V. — Vx)) The mixing angle in matter
2 2 2 g
m?2 + m?2 ___Am~sin260
_ E(V.+V tan 20,,, =
p1,2() + E(Ve + Vx) ™ Am®cos20 — A
i% V/(Am2 cos 20 — A)2 + (Am? sin 26)? :

T T T T T T T T } T T T T ‘ T T T T
> - sin® 20=0.001]

IJ2 A

m1 .
— -
Y
At resonant potential: Ap = Am? cos 20 * At A = 0 (vacuum) = 0,, = 0

*AtA:AR:>9m:§

*AtA>> Ap =0, — 5

Minimum Ap? = 3 — p4
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The oscillation length in vacuum

AmE
LOSC —
0 Am?
The oscillation length in matter
Lg3c AT E

LOSC — =
v (Am2cos 20 — A)2 + (Am2sin20)2  Ap?
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The oscillation length in vacuum

AmE
LOSC —
0 Am?
The oscillation length in matter
osc Lg3c AT E

V(AmZcos20 — A)2 + (AmZsin20)2  Ap?

L°°¢ presents a resonant behaviour
At the resonant point

LOSC
Losc — 0

R ¢in26

The width of the resonance in potential:
Am? sin 26

OVR = 7

The width of the resonance in distance:
oV
or R — i

||
T
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e In terms of the mass eigenstates in matter: ( Ve ) = Ullm ()] (V}n () )
Ux Vo (33)

e For constant potential 6,,, and 1; are constant along v evolution
= the evolution is determined by masses and mixing in matter as

a2 - T A,LLQL
P,s. = sin“(26,,) sin <—2E )
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. . Ve Vin (ZU)
e In terms of the mass eigenstates in matter: =Ullm(z)] | ,,
Ux Vo (33)

Physics of Massive Neutrinos

e For constant potential 6,,, and 1; are constant along v evolution
= the evolution is determined by masses and mixing in matter as

_ Ap’L
P, .. = sin (29 ) sin (T)

e For varying potential: ( f)e ) UlOm ()] ( gézo 1 Ul ()] (Z;Zg;)

vx
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e In terms of the mass eigenstates in matter: ( Ve ) = Ullm ()] (V}n () )
Ux Vo (33)

e For constant potential 6,,, and 1; are constant along v evolution
= the evolution is determined by masses and mixing in matter as

_ Ap’L
P, .. = sin (29 ) sin (T)

e For varying potential: (V8> U [0 (2)] (V2 (x)> U6 ()] ( o ($)>

= the evolution equation in flavour basis (removing diagonal part)

o Ve 1 A A?’Q Am2 sin 260 Ve
i = —
Ux 2F AZ‘Z sin 260 qu’ cos 20 15
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Physics of Massive Neutrinos
: : Ve v (x
e In terms of the mass eigenstates in matter: ( ) = U0 ()] ( }7%( ) )
5% vy (x)

e For constant potential 6,,, and 1; are constant along v evolution
= the evolution is determined by masses and mixing in matter as

_ Ap’L
P, .. = sin (29 ) sin (W)

) =0l (i )+ oo ()

e For varying potential: ( ,
Vx

= the evolution equation in flavour basis (removing diagonal part)

o Ve 1 A A?Q Am2 sin 260 Ve
7 = —
Ux 2F Am? i1 26 Am cos 20 VX

2 2
= the evolution equation in instantaneous mass basis

o 1 A — Am” AmZ gin 20 A N
= —Uv]L 8 22 22 U Hm o UTU (9m
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Physics of Massive Neutrinos
: : Ve v (x
e In terms of the mass eigenstates in matter: ( ) = U0 ()] ( }7%( ) )
5% vy (x)

e For constant potential 6,,, and 1; are constant along v evolution
= the evolution is determined by masses and mixing in matter as

_ Ap’L
P, .. = sin (29 ) sin (W)

) =0l (i )+ oo ()

e For varying potential: ( ,
Vx

= the evolution equation in flavour basis (removing diagonal part)

o Ve 1 A A?Q Am2 sin 260 Ve
i = —
Ux 2F AZLZ sin 260 Am cos 20 15

2
= the evolution equation in instantaneous mass basis
% 1 A— Am? Am” i 20 %
= ——U'(¢ > 2> U (O,
: <V5n> 25 (Om) ( am’inog  Am Om) |,
N 24k 1 —Ap?(z) —4iE 6, () vy
1 = = .
' AE \4iE0,,(x) Ap?(z) v

25

V3 T3
N~

|

<

S.

CD
N
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e The evolution equation in instantaneous mass basis

() =g (ot T ()
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e The evolution equation in instantaneous mass basis
Z(V{”) 1 ( —Ap?(z) —4@'E9m(x)) (1/{”)
m | . ] 2 m
vl AE \4iE0,,(x) Ap®(x) 2

= It is not diagonal =- Instantaneous mass eigenstates # eigenstates of evolution

= Transitions v{"* — v5* can occur = Non adiabaticity
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e The evolution equation in instantaneous mass basis

() =g (ot T ()

= It is not diagonal =- Instantaneous mass eigenstates # eigenstates of evolution

= Transitions v{"* — v5* can occur = Non adiabaticity

Am? sin? 20
< 2F cos 260

e For Ap?(z) > 4 F 6,,(x) [%Ccli_‘a?

} = Slowly varying matter potent
R

= v;"* behave approximately as evolution eigenstates
= v;"* do not mix in the evolution This 1s the adiabatic transition approximation
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e The evolution equation in instantaneous mass basis

() =g (ot T ()

= It is not diagonal =- Instantaneous mass eigenstates # eigenstates of evolution

= Transitions v{"* — v5* can occur = Non adiabaticity

Am? sin? 20
< 2F cos 260

e For Ap?(z) > 4 F 6,,(x) [%Ccli_‘a?

} = Slowly varying matter potent
R

= v;"* behave approximately as evolution eigenstates
= v;"* do not mix in the evolution This 1s the adiabatic transition approximation

The adiabaticity condition

i d_V < Am? sin” 20
V dx IR 2F cos 260

= 2w orrp > L§°

= Many oscillations take place in the resonant region
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\Neutrinosin The Sun : MSW Effect |

e Solar neutrinos are v, produced in the core (R < 0.3R) of the Sun

The solar matter density

log(N./N,)

7\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0O 0.1 0.2 03 04 05 0.6 0.7 0.8 0.9 1

R/Rsum

—4 Y

Voc = V2GpNe ~ 10714 = eV
At core: Voco,o ~ 10714-10712 eV
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\Neutrinosin The Sun : MSW Effect |

e Solar neutrinos are v, produced in the core (R < 0.3R) of the Sun

The solar matter density The energy spectrum of solar v/.,s
. SuperkK, SNO
~ 4 T T T T T T T T T (Gallium IChlorlne I =
< = B 12 :
i P = = ° ' Bahcall
2. el
o B ] > ]
o 1= — 3 100}
= E ] =L £10%
O 7 ] 7 e 7 e
z z - Bel| B
-1 - — i'a'
C ] 3 108
C i (0]
-2 :* Ti Z. 108 ¢
_3 ; . 104 F i
- | | | | | | | | | 1o® /
-4 0O 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1 10
R/RSUN 1051 03 1 3 10
VCC — \/iGFNe ~ 10~ 14 ]]\\IIZ eV Neutrino Energy (MeV)

At core: Voo, ~ 10714-10712 eV E, ~ 0.1-10 MeV
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\Neutrinosin The Sun : MSW Effect |

e Solar neutrinos are v, produced in the core (R < 0.3R) of the Sun

The solar matter density The energy spectrum of solar v/.,s
VS 4 [TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT] IGallium ICh]orine ! SuperK, SN9
Z Lf ] 1o -
\ ; 7: Bahcall
2. E gl
S : ] . 101 |
o 1 E — 3 100}
- : = b +10%
O O ] 7 7
: z g o il |
-1 - — i'a'
- ] 5 t0ef
-2 ? f; é 108 |
_3 ; . 104 F i
: \ \ \ \ \ \ \ \ \ 1o* /
- 0 0102030405 06 07 08 09 1 102
R/RSUN 10 10.1 I 0.'3 1 3 10
_ —14 Ne Neutrino E MeV
VCC — \/§GFN€ ~ 10 N eV eutrino Energy (MeV)
: —14_1n—12
At core: Voo ~ 10771077 eV E, ~ 0.1-10 MeV

e Forv, «— v in vacuum v, = cos@ 1 + sinf vy

p(r)>

e For 1072 eV2 < Am? <107%eV? = 2E,Voco > Am? cos 20
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\Neutrinosin The Sun : MSW Effect |

e Solar neutrinos are v, produced in the core (R < 0.3R) of the Sun

The solar matter density The energy spectrum of solar v/.,s
VS 4 [TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT] IGallium ICh]orine ! SuperK, SN9
Z Lf ] 1o -
\ ; 7: Bahcall
2. E gl
S : ] . 101 |
o 1 E — 3 100}
- : = b +10%
O O ] 7 7
: z g o il |
-1 - — i'a'
- ] 5 t0ef
-2 ? f; é 108 |
_3 ; . 104 F i
: \ \ \ \ \ \ \ \ \ 1o* /
- 0 0102030405 06 07 08 09 1 102
R/RSUN 10 10.1 I 0.'3 1 3 10
_ —14 Ne Neutrino E MeV
VCC — \/§GFN€ ~ 10 N eV eutrino Energy (MeV)
: —14_1n—12
At core: Voo ~ 10771077 eV E, ~ 0.1-10 MeV

e Forv, «— v in vacuum v, = cos@ 1 + sinf vy

p(T)>
e For 1072 eV2 < Am? <107%eV? = 2E,Voco > Am? cos 20

= v can cross resonance condition in its way out of the Sun
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In Sun core v, = cos0,,gv1 + sinb,, gvs 1s mostly v,
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For 0 < Z: In vacuum v, = cosfr; + sinf v, 1s mostly 14
4 y

In Sun core v, = cos0,,gv1 + sinb,, gvs 1s mostly v,

(Am?/eV?)sin® 26 —9
It (E/MeV)cos 26 >3 x 10
= Adiabatic transition

* v 1s mostly 5 before and after resonance
x 0,, | dramatically at resonance
= v, component | = P.. |
This 1s the MSW effect
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For 0 < Z: In vacuum v, = cosfr; + sinf v, 1s mostly 14
4 y

In Sun core v, = cos0,,gv1 + sinb,, gvs 1s mostly v,

(Am?/eV?)sin® 26 — (Am?/eV?)sin? 26 -9
If (E/MeV)cos 26 >3 x 10 ’ If (E/MeV)cos 26 S 3 x 10

= Adiabatic transition = Non-Adiabatic transition
* v 1s mostly 5 before and after resonance  * v is mostly 15 till the resonance

x 0,, | dramatically at resonance * At resonance the state can jump into v
= v, component | = P.. | (with probability Pr )
This 1s the MSW effect = v, component | = P.. |

2
My V

A AR A
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\Neutrinosin The Sun : MSW Effect |
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\Neutrinosin The Sun : MSW Effect |

1 1
v does not cross resonance;: P.. =1 — 5 sin” 20 > 5

N

tan®*9=0.1

- e
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...............
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\Neutrinosin The Sun : MSW Effect |

1 1
v does not cross resonance;: P.. =1 — 5 sin” 20 > 5

N

tan®*9=0.1

e
-

/ | \HHH‘ | \HHH‘ | | | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ [N

0
/ 1010 1011 1012 1013 1014 1015 1016 1017 1018

4E /Am?® (eVT")

I Crosses resonance
MSW effect
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\Neutrinosin The Sun : MSW Effect |

1 1
v does not cross resonance;: P.. =1 — 5 sin” 20 > 5

N

tan®*9=0.1

e
-

......
~
Se

..............
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/ 10" 10" 10 10" 10" 10'® 10" 10'®

4E /Am?® (eVT")
IV CrOSSES resonance 1

MSW effect Adiabatic MSW transition P.. = sin” 6 < 5

b
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\Neutrinosin The Sun : MSW Effect |

1 1
v does not cross resonance;: P.. =1 — 5 sin” 20 > 5

N

tan®*9=0.1

e
-

......
~
Se

~

2> |

diabacity breaking
Effect of Py »

/ 109 10"’ 10" 10" 10" 107 10'8

4E /Am?® (eVT")
IV CrOSSES resonance 1

MSW effect Adiabatic MSW transition P.. = sin” 6 < 5
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‘Neutrinosfrom TheSun: TheFull Story I

A<Ve — Ve) — ASun(Ve — Vl) X Avac(Vl — Vl) X AEaTth(Vl — Ve)

+ASun(Ve — VZ) X Avac(VQ — VZ) X AEaTth(VQ — Ve)

0.2 - Day .. tan*9=0.35 -

i Kﬂ _ tan®=2.5x107%]

O | | \HHH‘ | \HHH‘ L 11 “ \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \\HHT
10210 10" 10

10'% 10" 10" 10" 10

4E /Am? (eV")

20
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\Solar Neutrinos. Oscillation Solutions |

Allowed regions by Fit to Total Rates: Cl, Ga, SK and SNO CC

10-3§ [ \HHH‘ \\HHH‘ \\HHH‘ \HH%
o .. BPOO A i

5 | LMA
107w S
108 SMA é
> 070 AU
N LOW N\l
~_10°L N
S
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107 VAC = ===
101 Global Rates —
10-12: | \HHH‘ \\HHH‘ \\HHH‘ \\HHHi \\HH;

10% 10° 10% 10t 1
tan®®

10.

Different regimes can explain the Total Rates
All give similar (P..) 1, (Pee)1,(Pec) 1
Need more observables to discriminate
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Energy Dependence of F,. for Different Solutions

Concha Gonzalez-Garcia
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e Real Time experiments can also give information on Energy and Direction of v/’s
and can search for Energy and Time variations of the effect
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e Real Time experiments can also give information on Energy and Direction of v/’s

and can search for Energy and Time variations of the effect

v’s come from the SUN
e From SK

(Confirmed
by SNO)

Super-Kamiokande
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N
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e Real Time experiments can also give information on Energy and Direction of v/’s
and can search for Energy and Time variations of the effect

v’s come from the SUN No Energy Distorsion
e From SK .

< Deficit indep E, 2 5 MeV

(Confirmed P , 0T
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e Real Time experiments can also give information on Energy and Direction of v/’s
and can search for Energy and Time variations of the effect
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e Real Time experiments can also give information on Energy and Direction of v/’s
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and can search for Energy and Time variations of the effect
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\Solar Neutrinos. Oscillation Solutions |

SK and SNO E and t dependence
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| Terrestrial Test of LMA: KamLAND I

e Search on 7. at L~ 180 km reactors, F- ~ few MeV: Ve +p—n-+et
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‘Learning How the Sun Shines I

e The Sun shines converting protons into ¢, e and 1’5

4p — *He + 2et + 2v, + ~

4m, — map. — 2me ~ 26 MeV Thermal energy mostly in

e Two major chains of nuclear reactions

pp chain:
(p+p—=D+et+r.] |@)p+e +p—= D+
(99.75%) | (0.25%)

T

D+ p—THe 4+«
|

! | !

*He 4+ *He = a + 2p 3HH+“HP.'—> Be+v | (5)*He + p = "He + et + v, |
{p-p 1: 86%) | (0.00002%)
| l
[ (3) ™Be + ¢ — "Li+ v ] "Be+ p— B + v
! !
Li +p — 2o | (4)°B = *Be* + et + 1, |

(p-p I1 : 14%) |

fBe* — 20
(p-p I 0.015%)
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‘Learning How the Sun Shines I

e The Sun shines converting protons into «, e and v/’s

4p — *He + 2et + 2v, + ~

4m, — map. — 2me ~ 26 MeV Thermal energy mostly in

e Two major chains of nuclear reactions

pp chain:
(p+p—=D+et+r.] |@)p+e +p—= D+
(99.75%) | (0.25%)

T

D+ p—THe 4+«
|

! ! !

*He + *He —+ a + 2p *He + *He —+ ‘Be +~ | (5)*He + p — "He + ¢ + v, |
{p-p 1: 86%) | (0.00002%)
| |
[ (3) ™Be + ¢ — "Li+ v ] "Be+ p— B + v
| |
Li +p — 2o | (4)°B = *Be* + et + 1, |

(p-p I1 : 14%) |

fBe* — 20
(p-p I 0.015%)

e The ratio pp/CNO very sensitive to T¢pre

CNO cycle:
o
- V <E ,>=0.707MeV
/
p p

\<E>;O .997MeV

v <E ,>=0.999MeV
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e Improved Solar Model& nuclear reaction data = Sun shines primarily by p-p
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e First proposal by Bethe (1939) was that CNO dominated
“It 1s shown that the most important source of energy in ordinary stars is the reactions of

carbon and nitrogen with protons.”

e Improved Solar Model& nuclear reaction data = Sun shines primarily by p-p
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e First proposal by Bethe (1939) was that CNO dominated

“It 1s shown that the most important source of energy in ordinary stars is the reactions of

carbon and nitrogen with protons.”

e Improved Solar Model& nuclear reaction data = Sun shines primarily by p-p
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e Can this be tested experimentally? Difficult

PP
------- - Lono
7/_/ \\l \‘\ L — 1-5%
</Be>| | |<—pep ®
£10% | || +1.5% I
s ----:-— \\l p_p _—
I | % p—
T |
|
! +9
I
1 \%(r I ! Lol |
0.2 0.5 1 2 5 10 20

— Radiochemical experiments sensitive to CNO fluxes

But do not measure I¥ = only integrated flux above F;j,

— Oscillations modify the £ dependence of detected fluxes

—> Possible suppression of CNO fluxes = no experimental limit
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\How the Sun Shines? Older Answer |

e Before SK and SNO large CNO solutions allowed
Bahcall, Fukugita, Krastev PLB (1996)

Am? (eV?)
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\HowtheSun Shines? Present Answer |

e Fit solar (and KamLAND) data for:

— 2v oscillations Am?2, tan? 6

— 8 free solar v fluxes under conditions:
* Luminosity constraint

Zazcb = 1= z; (m) a;fi

= D, = ®,; (BP2000)
t — &,;(BP2000)’ v (8.5272x1010cm—25—1)

* Nuclear Physics inequalities:

(I)7Be —|—(I>8B < CI)pp+CI)pep (13150 < CI)13N

P BP2000 D P BP2000
o0 (B2 < 210 < qand g 2000

* 15 17 .
O and *'F fluxes: 13, (BP2000) ~ B1sy P13, (BP2000)

_ Dpep _ Ppep(BP2000)
* pep flux: 5o = 5 BPa000) +10%

* hep flux: within present limits 1 < fj., < 8

< C1)171:‘ < 1

¢13N
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L 0
Study the quality of fit as a function of: AL Z (a—)@i Ji

Resulting Limit:

LeNo
Lo

< 7.3% (7.8%)
at 3o

Old large CNO solutions were SMA-like
= Improvement from SK and SNO data

upper bound

1 1 1 1 1 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12

I‘CNO /LO




Physics of Massive Neutrinos Concha Gonzalez-Garcia

\HowtheSun Shines? Present Answer |

L 0
Study the quality of fit as a function of: ENO = Z (a—)ai 17

Resulting Limit:

L
ENO < 7.3% (7.8%)
© at 3o

Old large CNO solutions were SMA-like
= Improvement from SK and SNO data

upper bound

1 1 1 1 1 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12

I‘CNO /LO

Future:
— Borexino: = “2° < 5.6% [4.9%]

— To test BPOO prediction 1.5%: lowE experiment with excellent E resolution
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‘Summarylll I

e v traveling through matter = Modification of oscillation pattern

e Effect of medium can be included as an effective potential in v

evolution equation
e Matter effect 1s crucial to interpretation of solar data

e Solar and KamLAND
= Ve — V), vy With Am? ~ 8 x 107° eV? and tan® 6 ~ 0.4

= The Sun burns by the pp-chain by more than 90%

e Can we fit all toegether? What can we learn from all this?
Tomorrow



