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Lecture 1:

e Neutrino oscillations
osclllations In vacuum and matter

* Present neutrino oscillation experiments
solar, atmospheric, reactor, accelerator

Lecture 2:

e Global three flavour analysis

discussion of three flavour effects
summary of present status and open questions

e the LSND puzzle and recent MiniBooNE results
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The Standard Model

Flavours: 1 2 3
U C t
Quarks: T b
Leptons: Ve Mo b
e W T

The Fermions in the Standard Model come In three

generations (“Flavours™)
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The Standard Model

Flavours: 1 2 3
_ (VA
Quarks: P

Leptons:

The Fermions In the Standard Model come In three
generations (“Flavours™)

Neutrinos are the “partners” of the charged leptons
(precisely: form a doublet under the SU(2) gauge symmetry)
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Flavour neutrinos

A neutrino of flavour « Is defined by the charged
current interaction with the corresponding charged
lepton:

9 _
CC \@ E LY ptaL

=€, [, T
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Flavour neutrinos

A neutrino of flavour « Is defined by the charged
current interaction with the corresponding charged
lepton:

9

W* UarY.lar + h.c.
\/§ Z L/Y,O L

=€, [, T

Loo=—

for example
Tt — ,LL+VM

the muon neutrino v, comes together with the
charged muon p™*
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Flavour neutrinos

a
// - 2 \
\
W//’ T W

"short" distance
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Let’s give mass to the neutrinos

Majorana mass term:

1 _
Ly = —5 ﬁg VgLC 1M&5V5L + h.c.
Q,0=€,[L,T

M symmetric mass matrix
In the basis where the CC interaction is diagonal the
mass matrix is in general not a diagonal matrix
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Let’s give mass to the neutrinos

Majorana mass term:

1 _
Ly = —5 ﬁg VgLC 1M&5V5L + h.c.
Q,0=€,[L,T

M symmetric mass matrix
In the basis where the CC interaction is diagonal the
mass maitrix is in general not a diagonal matrix

any complex symmetrix matrix M can be
diagonalised by a unitary matrix as

U MU, =m, m : diagonal, m; > 0
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Lepton mixing

3
Loco = —%Wp S: S:Vz’pgaL‘l‘h-C-

a=e,u, 7 1=1

The unitary lepton mixing matrix:
(Uaz) = UPMNS — vDiraC DMaj

pMai — diag(eio‘i/ 2)
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Neutrino oscillations

Vo neutrino oscillations Vg
g \
W/ P T W

"long" distance
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Neutrino oscillations

| |
a B
Vo neutrino oscillations Vg

// \\
W/// T W
7’ \
\
"long" distance
Vo) = Ugilvi) =) vg) = Ugi|vi)

propagating states are states with definite mass
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Neutrino oscillations (in vacuum)

oscillation amplitude:

Aya—n/ﬁ

(V5]

propagation

V)

> (v|Us; e U

1,7
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Neutrino oscillations (in vacuum)

oscillation amplitude:

Avesvy = (U3 propagation
= ) (y|Us; e EP)

1,7

Et —px=Ft—\/E>—mlx~ Et — Ex + 5

V)

U;z“%>

T. Schwetz , Neutrino Oscillation Phenomenolo gy — p.9



Neutrino oscillations (in vacuum)

oscillation amplitude:

Avesvy = (U3 propagation Va)
= ) (w|Us; e Uk

1,7

Et—pix:Et—\/E2—m22szt—Ea;—|—ﬁ

m2

Al/a—wﬁ — e—iE(t—x) Z UﬁiU;ZB—Z 25
i
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Neutrino oscillations (in vacuum)

oscillation amplitude:

Avesvy = (U3 propagation Va)
= ) (w|Us; e Uk

1,7

Et—pix:Et—\/EQ—m%szt—Em—l—ﬁ

m2

Al/a—wﬁ — e—iE(t—x) Z UﬁiU;ZB_Z 25
i

oscillation probability:

2
Pya—wﬁ — |Aya—>yﬁ|
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The oscillation probabllity in vacuum

Amz L
P, ZU&]U@ “ Ugpexp | —i ZEJ

Amj; = mj — m;: oscillations are sensitive only to
mass-squared differences (not to absolute mass!)
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The oscillation probabllity in vacuum

Amz L
VQ%VB Z U&]Uﬁ] kUﬁk EXP () ZE]

Amj; = mj — m;: oscillations are sensitive only to
mass-squared differences (not to absolute mass!)

to observe oscillations one needs
e non-trivial mixing U,,;
* non-zero mass-squared differences Am;,

e a suitable value for L/ F,
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The oscillation phase

B Am?L

= 1.27
15,

¢

Am?[eV?] Llkm]

E,|GeV]
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The oscillation phase

2 21172
b — Am°L 1.27Am eV<| Lkm]
41F, E,|GeV]

* “short” distance: ¢ < 1: no oscillations can develop and
P,.—v, = 0o3 because of Zj UeaiUs; = dap-

* “long” distance: ¢ = 7 /2: oscillations are observable

e “very long” distance: ¢ > 2x: oscillations are averaged out
(indep. of L and E,):

ya—Wg Z ‘U@J’ ‘Uﬁj‘Q
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2-neutrino oscillations

Two-flavour limit;

cos) sind Am?2L
U = . P=gin?20sin? =2
—sinf cosb 4F,
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2-neutrino oscillations

Two-flavour limit;

' y
B cos) sind L . o Am~L
U= , P = sin” 26 sin
—sinf cosf 1k,
1 [ [ T TTTT [ [ T TTTT1 | [ [ T TTTT
"short" "long" "very long"
~distance distance distance T
08~ 41t | bt N
06—
8 |
04l %
02~
O0.1 | 100

L/E, (arb. units)
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Appearance vs. disappearance

e appearance experiments:
PVQ—>V5 ) Q 7& 5

“appearance” of a neutrino of a new flavour 5 # «
In a beam of v,
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Appearance vs. disappearance

e appearance experiments:
Pva—>V5 ) Q 7& 6

“appearance” of a neutrino of a new flavour 5 # «
In a beam of v,

e disappearance experiments:
Pyaﬁya

measurement of the “survival” probability of a
neutrino of given flavour
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General properties of vacuum oscillations

Amz L
P,,a_wﬁ — %; UajUﬁjUakUBk exp [—z ZEZ ]

e Unitarity: 25 Iy = |
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General properties of vacuum oscillations

Am?. L
Py ZUQJUB] e eXp[ 253 ]

e Unitarity: ZB Iy = |

* For anti-neutrinos replace U,; — U,
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General properties of vacuum oscillations

Am?. L
Py ZUQJUB] e eXp[ 253 ]

e Unitarity: 25 Iy = |

* For anti-neutrinos replace U,; — U,

°* P, = Py,—p, (CPT Invariance)
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General properties of vacuum oscillations

Am?. L
Py ZUQJUBJ e eXp[ 25 ]

e Unitarity: 25 Iy = |
* For anti-neutrinos replace U,; — U},
°* P, = Py,—p, (CPT Invariance)

* Phases in U induce CP violation: P, ., # Py, .z,
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General properties of vacuum oscillations

Am?. L
Py Z(fa;,UQ7 e eXp[ 25 ]

e Unitarity: Zﬁ Iy = |

* For anti-neutrinos replace U,; — U},

°* P, = Py,—p, (CPT Invariance)

* Phases in U induce CP violation: P, .., # P, 5,

* there is no CP violation in disappearance experiments:

Boova = Foompg = Z ‘Uak\QWaﬂQe_mm%L/w

k.j

(but P, may still depend on cos ¢, sin” 4, ...)

T. Schwetz, Neutrino Oscillation Phenomenology — p.14



Eff. Schrodinger equation

The evolution of the flavour state can be described by
an effective Schrodinger equation:

d Ue (e
Z% gﬁ = Hac gjﬁ

Am2 Am2
HY = Udia 21 L)
vac ' (O’ 2B, ' 2B, >

_ Am2, Am?
HV _ *dla 21 31 UT
we = UdIag (O’ °F, ' 2F, >
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Neutrino oscillations in matter
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The matter effect

When neutrinos pass through matter the interactions
with the particles in the background induce an
effective potential for the neutrinos

The coherent forward scattering amplitude leads to
an index of refraction for neutrinos

L. Wolfenstein, Phys. Rev. D 17, 2369 (1978); ibid. D 20, 2634 (1979)
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Effective Hamiltonian in matter

2 2
AN AN

H;. . = Udiag (O, ) U' + diag(v2GrN., 0,0)

OF, ' 2E,
_ | Am2, Am2 .
H? . — Udiag (0, 27;21, Qggl)UT—dlag(\/?GFNe,O,O)
H;c V:nrat

N.(z): electron density along the neutrino path
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Effective Hamiltonian in matter

Am3, Ams3,
2F, ' 2F,

9 9
Ams, Am3z,

T— .
3E. 2E, )U diag(v/2GxN,, 0, 0)

\ J/ \ .
~ ~

H vac Vmat

H! . = Udiag <O,

) U' + diag(v2G N, 0,0)

mat

H” = U"diag (O,

N.(z): electron density along the neutrino path

for non-constant matter the Hamiltonian depends on time:
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Effective Hamiltonian in matter

2 2
AN AN

H;. . = Udiag (O, ) U' + diag(v2GrN., 0,0)

OF, ' 2E,
_ | Am2, Am2 .
H? . — Udiag (0, 27221, 27231)UT—dlag(\/§GFNe,O,O)
H\vrac V:nrat

N.(z): electron density along the neutrino path

Remember: U = V/Pirac pMal
= Majorana phases do not show up in oscillations
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Effective matter potential - 1

Effective 4-point interaction Hamiltonian in the SM

, G
i = 75 = Vo (1 = 75)V Z gy = g3 s) f

mat
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Effective matter potential - 1

Effective 4-point interaction Hamiltonian in the SM

, G
i = 75 = Vo (1 = 75)V Z gy = g3 s) f

mat

ordinary matter: e, p,n

non-relativistic, unpolarised, neutral

<f/y'uf>_1Nf5,u07 <f757'uf>207 Ne:Np
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Effective matter potential - 2

1 o
Tnat = 50u0 > Negy!

f=e,p,n

1

S0u0 [Ne (9v" + 97") + Nagy"|
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Effective matter potential - 2

1 a
Tnat = 50u0 > Nygy!

f:e7p7n

1

S0u0 [Ne (9v" + 97") + Nagy"|

gv € D n
v, | 2sin? Oy + % —2¢in? Oy +

1
2 1 2 i
Vyr | 28In° O — 5 —28In° O + 5 —

1 1 1
— vmat X Ne T _Nna __Nna __Nn
2 2 2



Effective matter potential - 3

vmat — ﬂGFdlag (Ne — Nn/Qv _Nn/za _NH/Q)

* only v, fell CC (there are no u, 7 in normal matter)

* NC is the same for all flavours = potential proportional to
identiy has no effect on the evolution

e NC has no effect for 3-flavour active neutrinos, but is
Important in the presence of sterile neutrinos
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Neutrino oscillations In constant matter

diagonalize the Hamiltonian in matter:

. Am2, Am?3
Hrzlat — Udlag (Oa 27;%217 2231

— Umdlag ()\17 )\27 )\3) U:n

> U' + diag(v/2GrN., 0, 0)

Same expression for oscillation probability, but
replace “vacuum” parameters by “matter” parameters
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2-neutrino oscillations In constant matter

Two-flavour case:

4F

with
sin® 20
sin® 260 + (cos 20 — A)?

Am? == Am? \/Sin2 20 + (cos 20 — A)?

2BV
Am?

A =
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2-neutrino oscillations In constant matter

in” 20 2EV
220, — sin A
S Smat T 1290 1 (cos 20 — A)2 Am?

resonance for cos 20 = A: “MSW resonance”

1 | T T Tl | Tl

. 2 _ i
sin 2(9\/aC =0.3
0.8+

small matter effect
\Vacuum OSC.

strong matter effect
OSC. are suppressed |

10 100

A T. Schwetz, Neutrino Oscillation Phenomenology — p.24
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Evidences for neutrino oscillations
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Neutrino oscillation experiments

natural neutrino sources:

e solar neutrinos
Homestake, SAGE+GNO, Super-K, SNO, Borexino

e atmospheric neutrinos
Super-Kamiokande

artificial neutrino sources:
e reactor neutrinos
Chooz (1 km), KamLAND (180 km)

* long-baseline accelerator experiments
K2K (250 km), MINOS (735 km)
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3-flavour oscillation parameters

2 2
AN TR Amz
1 0 0 C13 0 e_i5813 C12 sio O
U= 0 C23 S23 0 1 0 —812 c¢12 O
0O —s93 93 —ei‘sslg 0 C13 0 0 1
atmospheric+LBL Chooz solar+KamLAND
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3-flavour oscillation parameters

2 2
AN Amz
1 0 0 C13 0 6_16813 C12 S12 0
U= 0 C23 S23 0 1 0 —S12 C12 0
0O —s93 93 —eiéslg 0 C13 0 0 1
atmospheric+LBL Chooz solar+KamLAND

3-flavour effects are suppressed because
(913 < 1und Am%l < Am%l

= dominant oscillations are well described by effective
two-flavour oscillations
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Solar neutrinos and the parameters ~ Ams;, 015
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The solar neutrino flux

. SuperK, SNO
Gallium | Chlorine ; P -
I S
1012 ¢ —_—
] Bahcall
T
10% ¢ PP\ 114
101 |
>
3 1oef
= 10.5 +10%
g "Be "Be
,: 107 "
ERRR ]
o -
Z 108 F
104 i—/’
10° |
102
1 i : 1 L L i
10591 0.3 1 3 10

Neutrino Energy (MeV)
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Solar neutrino experiments

summary of solar neutrino experiments

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

s Z 12672 1.0+0.16
8.1%1% 1 0+0.16 % -0.16
oie 10731
- 7
O.88i0.06
/
0.48+0.07 7//
6945
&
0.41+0.01 Z 6“5
GiO 23 0.30+£0.02
77 Zz
SAGE GALLEX
SNO SNO
SuperK s v, All v
Cl HZO amiokande DZO DZO

"Be MW P~ P, pep Experiments =

Theor
Y 58 W CNO Uncertainties
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Solar naiitrinn avnarimante

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

7 Z 7 Z
1o 7 126fg 1.0+0.16
8.1712 1.0+0.16 2 % -0.16
-0.16 1.0+0.18
- %
O.88i0.06
/
0.48+0.07 7//
76915
7
0.41£0.01 22 o725 8
6i0 23 0.30+£0.02
7 w77
SAGE GALLEX
SNO SNO
SuperK s vV, All v
Cl HZO amiokande Dzo DZO

"Be B P—P. pep Experiments &

Th
cory 88 ® CNO Uncertainties

SNO: Yetd—p+pte  scc _ 30140033
vy +d—p+n+tuy, OvC

7o evidence for a non-zero v, , flux from the sun
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'Solar’ parameters

10.2 g [ |||||||| [ ||||||I| | |||||||| H e
- all solar
107 -
- Cl -
107 & <
10° —~
o " - i
©, 10°F =
<2 _F i
£ 197 _
s "PF Ga =
16°¢ = :
107
107°
'TT i | |||||||| | ||||||I| | |||||||| | |||||||| | |||||;
10
0% 10° 107 10" 1° 10

2
tan“ 0,
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Probing solar properties with neutrinos

Neutrinos as messengers from the center of the sun:

boron-8 neutrino flux ® oc 72

where T' Is the temperature at the center of the sun

the measurement of the solar neutrino flux allows a
determination of 7" with an accuracy of 1%:

T =15.7(14+0.01) x 10°K

T. Schwetz, Neutrino Oscillation Phenomenolo gy — p.33



The electron density in the sun

4 [ ] T ] T T T ] T T 1

3 E =
r log(n,/N,) vs. R/R,

2 == BP2000

logln,/N,)
=
L

0 01 02 03 04 05 06 07 08 08 I
R/Rg
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The LMA-MSW mechanism

1 db,,
0., dx

—1
evolution Is adiabatic if ( ) > Lose

using Am?* = 8 x 107° eV* the oscillation length is

AT E

LOSC —
Am?

for large mixing angles (sin* 0,5 ~ 0.3):

1 do, \ 1dv\ !
ik ~ | —— ~ Size of sun > 30k
(Qm d:z;) (V d:z;) = un > H

—> adiabatic evolution
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The LMA-MSW mechanism

the electron neutrino is born at the center of the sun as
V) = cosb,,|v1) + sinb,,|vs)

then |v,) and |v,) evolve adiabatically to the Earth
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The LMA-MSW mechanism

the electron neutrino is born at the center of the sun as
V) = cosb,,|v1) + sinb,,|vs)

then |v,) and |v,) evolve adiabatically to the Earth
P = PP 4 PR P

Pg"d ~ sin” 615 ~ 0, interference term averages out

prod 2 det __ 2
P, =cos*0,, P =cos*0

prod __ . 2 det __ L::,2
PS5 =sin“0,,, P55 =sin“0

= P.. = cos®0,, cos® 0 + sin” 0,, sin® 0
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The LMA-MSW mechanism

INn the center of the sun we have

2BV 19y 8 X
A= ~ (.2
Am? ! (MeV) (

resonance occurs for

A =cos20 =04

= E.o. =~ 2MeV

1072 eV?
Am?

T. Schwetz, Neutrino Oscillation Phenomenolo gy — p.37



The LMA-MSW mechanism

1 | |||||||| ! ||||||||
~vacuum |

0.9

0.8

0.7

0.6

________________________________________________________________________________

P. = cos’0,, cos’l

, , 0.5 | A
+sin® 0, sin® 0 |

04

03— SN0 T

] ] ] 1 111 II E ] l 1 111 II ]
01 1 10
E, [MeV]

. ¢t +s*=1—2sin"20 vacuum (0,, = 0)

sin” 0 strong matter (6,, = 7/2)
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The LMA-MSW mechanism

Neutrino Flux

. 2
1 -1/2sin"26 P
R — 0.5
' Gallium { Chlorine | SuperK, SNO .
- AN
i e 042
? Bahcall
s PP\, 14
1010 r—
10 —
108 [ it &l I
? "Be 7Be
107}
10
108 r
104 /a
1023
102 r
%01 o3 1 . .

Neutrino Energy (MeV)
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SNO evidence for the MSW effect

CC/NC measurment of SNO:

T T TTTI I ] T T TTI Il I
vacuum ‘
0.8 M strong—
§ matter

0.7~ —
0.6 [ - 1/2 5in°20 -
0_83 i
0.5
0.4

0.3

| | 1 1 11 lll i | 1 1 11 lll |
01 1 10
E, [MeV]

e constrains sin® 015: ¢cc/dnc ~ PONO ~ sin? 0,5

* poc/dnc < 1/2: evidence for matter eff. and MSW reson.
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new CC/CN from SNO NCD phase

¢oo _ 0.340 + 0.038 — 0.301 % 0.033
ONC

| 1T T T Tl 1T T T Tl |
0. yacuum Lu@: strong
0.7~ —

0.6 11 - 1/2sin°20 —




new CC/CN from SNO NCD phase

boc _
N

0.340 + 0.038 — 0.301 4+ 0.033

10
—i
AN N
&
<] 5
0.1

[ IIII [

0.2

0.3
. 2
SIN 612

0.4
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Testing the transition region

BOREXINO: measurment of the Be7 neutrino line at 0.862 MeV
by ev — ev scattering (=)

ol

8

0.8

0.7

0.6

0.5

0.4

0.3

| vacuum

— Borexino

- 1/2 §in’20

L

..Tes

strong|
matter |

0.20.

1 1

E, [MeV]

10
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Reactor neutrino experiments
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Reactor experiments

... have played always an important role Iin
neutrino physics

Starting from the discovery of the neutrino in the
Reines-Cowan experiment C.L. Cowan et al., Science 124 (1956) 103

there have been many important experiments, e.g.:

(GOSQEN G. zacek et al., Phys. Rev. D34 (1986) 2621
BUQEY V. beciais et al., Nucl. Phys. B434 (1995) 503
CHOOZ M. Apollonio et al., Phys. Lett. B466 (1999) 415
Palo Verde r soehm et al., Phys. Rev. D64 (2001) 112001
KamLAND Eguchi et al., Phys. Rev. Lett. 90 (2003) 021802
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Reactor experiments

* Nuclear power reactors are an
Intense source of v,

 Inverse (3-decay offers a detection process with a
clear experimental signature:

Ve peejL n

prompt positron + delayed neutron capture.
Energy threshold: £, > m. + m,, — m, ~ 1.8 MeV
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Reactor experiments

Bemporad, Gratta, Vogel, Rev.Mod.Phys.74(2002)297 [hep-ph/0107277]

90 o a) V, interactions in detector [1/(day MeV)]
' b) v, flux at detector [10%/(sMeV cm?)]
c) o(E,) [107* em?]

(see annotations)

\]
o
T

(o))
o
TTro71

o b
wb
305—
205—

10 |-
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Reactor experiments

A reactor neutrino experiment can only be a
v, disappearance experiment,

since for £, ~ 4 MeV neither ¢ nor 7 can be produced
In the detector
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P.. at reactors

The 3-flavour v, — v, survival probability:

AmZ, = 0.0025 eV, sin°8,, = 0.05, Am;, =8e-5eV”, sin',,=0.3

1 ! IIIIIII' IIIIIII | IIIIIII | I I B

O
[e¢
|

o
o
|

survival probability
o
D
|

O
N
|

. E =3MeV

\Y

] ] IIIIIII ] ] IIIIIII ] ] IIIIIII ] ] IIIIIII ]
8.01 0.1 1 10 100
baseline [km]
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P.. at reactors

The 3-flavour v, — v, survival probability:

AmZ, = 0.0025 eV, sin°8,, = 0.05, Am;, =8e-5eV”, sin',,=0.3
1 ! LI |
|

O
[e¢
|

o
o
|
|

O
~
|

survival probability

. E =3 MeV Amzv e12 -

\Y

©
N

] ] IIIIIII ] ] IIIIIII ] ] IIIIIII ] ] IIIIIII ]
8.01 0.1 1 10 100
baseline [km]
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The KamLAND reactor neutrino experiment

Kamioka Liquid scinitillator  Anti- Neutrino Detector

detection of ., produced in
surrounding nuclear power
plants

70 GW of nuclear power
(7% of world total) is
generated at a distance
175 + 30 km from Kamioka

.
It KR! Nudesr Safety Conter ot AN Mer 19599

=
140°E 142"E 144°E 146'E
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The KamLAND reactor neutrino experiment -

neutrino energy from nuclear reactors: £, ~ 4 MeV

E 4 MeV
v ~ 2 % 10 °eV?
= L " Trmwm 2 i0ev

just the correct order of magnitude to test the
LMA-MSW solution for the solar neutrino problem
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Reactor distribution in KamLAND
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The KamLAND energy spectrum

previous result (above 2.6 MeV)

- .
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KamLAND vs solar data

90% and 99.73% CL contours
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The “atmospheric” parameters ~ Ams3;, 03
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Atmospheric neutrinos

Super-K.
Detector
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Atmospheric neutrinos

[ cosmic ray Zenith
] Isotropic flux of :
- COSMic rays :
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Super-K atmospheric neutrino data

Number of Events
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Oscillations of atmospheric neutrinos

Peaetm ~ 1 — 0(813, Am%)

5 Am%ﬂ[,

Patle_Patle_ 229
S1n 23 Sin 4EV

with
sin” 2093 ~ 1, [Amz, | ~ 0.0024 eV?
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Osclillatory signal in atmospheric neutrinos

Super-K Coll., Phys. Rev. Lett. 93 (2004) 101801 =

1.8
~ 1.6
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=
N

1.2
o8k T
0.6
0.4
0.2

O L 3 aauul L 3 aauul

Data/Prediction (null

2I e 3I - 4
1 10 10 10 10
L/E (km/GeV)
. . Am? L
P,, = 1 — sin® 20 sin?
F,

T. Schwetz, Neutrino Oscillation Phenomenology — p.58



Long-baseline experiments

first generation of LBL experiments

(v,-disappearance)
Soudan @, 7
g
B /
Ferrnila: i
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The neutrino source

. proton
acceleruton
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P 0 |
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neutrino production via pion decay = v, beam
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K2K vs MINOS

K2K MINOS
source KEK Fermilab
detector Super-K | Soudan
baseline 250 km /35 km
neutrino energy | 1.3 GeV 3 GeV
E,/L [eV?] 5.2 x 1073 | 4.1 x 107
channel v, — Uy, v, — Uy,
obs. events 112 848
expect. w/o osc. | 158.173¢ | 1065 =4 60




MINOS energy spectrum
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MINQOS survival probabillity
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Super-K + K2K + MINOS

90%, 99.73% CL regions
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