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Flavour neutrinos

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

g _
Loc=——=W"* E Dot Vplal + h.c.

a=e,u,T
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Lepton mixing

Flavour neutrinos

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

g -
Loc=——=W"* E Dot Vplal + h.c.

a=e,u,T

for example

" — uty,

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

a
- > o

\
W/// T W

"short" distance
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Lepton mixing

Let's give mass to the neutrinos

Majorana mass term:

Ly = —= Z vl C P MuprpL + hec.
a?lg:e7/"‘77-

M: symmetric mass matrix

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

any complex symmetric matrix M can be diagonalised by a unitary matrix

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

-5
'CCC = WP Z ZV'L O”’yp al + h.c.
a=e,u,T =1
1S _
Ly = —521/,{(:717/,1"77— Z lorlarmt, + hec.
i=1 a=e,u,T

The unitary lepton mixing matrix:
(Uai) = Upyng = V/Pirac pMai

Dl\/IEIj — diag(el(y,/Z)
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Neutrino oscillations

a B
Vo neutrino oscillations Vg
7 \
// \
w . T W
-’ \
\
"long" distance
Va) = Uyilvi) e~ (Eit=p) lvg) = Ujilvi)
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Neutrino oscillations in vacuum

oscillation amplitude:

Avp—vs = (vs] propagation |Ver)

= DUyl T Uiy = 37 Uiy P

T. Schwetz (MPIK) Neutrino physics Il Sept 2012 10 / 48



Neutrino oscillations in vacuum

oscillation amplitude:

Avp—vs = (vs] propagation |Ver)

= DUyl T Uiy = 37 Uiy P

oscillation probability:

'Dua—w5 - ‘Ayaeu/g|
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Neutrino oscillations in vacuum

oscillation amplitude:

Avp—vs = (vs] propagation |Ver)

- Z Ugi(yjl e " EEPX) oy Us; = Z Ui Uy e~ (Eit=pix)
ij ’_

oscillation probability:

Poas = [ v |

To derive the oscillation probability rigorously one needs either a
wave—packet treatment or field theory Akhmedov, Kopp, JHEP 1004:008 (2010) [1001.4815]
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The oscillation probability in vacuum

Aya—u/ﬁ = Z U[j,’U;,'e_i(Eit_piX)
i

Am?L

_ WL * . J

Poo—vs(L) = Ek UnjUs;Uni Upk exp | —i 2E,
J

Amj; = mj — m?: oscillations are sensitive only to mass-squared

differences (not to absolute mass!)

to observe oscillations one needs
» non-trivial mixing U,;
> non-zero mass-squared differences Amij

> a suitable value for L/E,
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Neutrino oscillations Oscillations in vacuum

2-neutrino oscillations

Two-flavour limit:

. 2
cosf sind . ., Am-L
U= . , P = sin?20 sin> ——
—sinf cosf 4E,
“short” “long" “very long"
rdistance distance distance
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e |
* 8
04 o
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02—
| TRV
%Al 0 100

1 1
L/E, (arb. units)
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2-neutrino oscillations

Two-flavour limit:

. 2
U—< cosf  sinf ) 7 P — <in?20 sin® Am-L

—sinf cosf 4E,
short “long" "very long"
rdistance distance distance
o8 an/ o’
L P E—
06
“ol 8 AmPL Am?[eV?] L]km]
0al- & m 197 m“le m
5 N —_— = 1. _ =
s 4F, E,[GeV]
02
ol RV
%1 0 100

1 1
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Appearance vs. disappearance

> appearance experiments:
Pl/aﬂl/ﬁ 9 « # /8
“appearance” of a neutrino of a new flavour 3 # « in a beam of v,
» disappearance experiments:

Pl/a —Va

measurement of the “survival” probability of a neutrino of given
flavour
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Neutrino oscillations Oscillations in vacuum

Neutrinos oscillate!

MINOS (v, — v,,)

KamLAND (7 — 7e)
B

@ U
5
14F « Daa-BG-Geov, = CHOOZ data 'ﬁ
I — Expectation based on osci. parameters = 1
12 determined by KamLAND 2
2 r o
= At =] "
8 £ + c ) —+— Data/Monte Carlo ratio
2 osF 2 0.5 Best oscillation fit B
= [ =] Best decay fit
= 0.6 ¥ g ------- Best decoherence fit
3 o4k L L L !
o4 1 % 5 70 15 20 30 50
02, 55 evidence for spectral distortion Reconstructed neutrino energy (GeV)
| L L L L L L L
0 0 10 20 30 40 50 60 70

LyE, (km/MeV)

Am? L
Psurvival ~1-— Sil‘]2 20 Sin2 7m7

/
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General properties of vacuum oscillations

Provs =D UajUs; Uik Usic exp

[_I_AmijL
Jjk

2E,

Unitarity: -5 Py, = 1
For anti-neutrinos replace U,; — U;
Pyo—vs = P5y—p, (CPT invariance)

Phases in U induce CP violation: P, .., # P57,

vV v v v Y

there is no CP violation in disappearance experiments:

—i 2
Pua—n/a = Pﬂa—>ﬁa = Z |Uak’2|Uaj|2e At/
kij
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Neutrino oscillations Oscillations in vacuum

Eff. Schrodinger equation

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

where

Am2, Am?
HY.. = Udiag (o, M1 m31> Ut

2E, ' 2E,
7 * 1 Ami; Amg, T
Hvac = U dlag (0, 2EV ,TEV U

T. Schwetz (MPIK) Neutrino physics Il Sept 2012 16 / 48



Neutrino oscillations Oscillations in matter

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

” . Am2, Am? .
H'.. = Udiag (o, 2551’2531) U + diag(vV2GEN.,, 0,0)
5 . Ami, Am? ,
H?.. = U*diag (0, 2551’ 2531) UT — diag(v2GEN,, 0,0)

Hvac Vinat

Ne(x): electron density along the neutrino path
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Neutrino oscillations Oscillations in matter

Effective Hamiltonian in matter

. Am2, Am? .
HY.. = Udiag (o, 2551’2531) U + diag(vV2GEN.,, 0,0)
5 . Am3, Am? ,
H?.. = U*diag (0, 2551’ 2531) UT — diag(v2GEN,, 0,0)
Hvac Vmat

Ne(x): electron density along the neutrino path

matter effect introduces “enviromental” CP violation
(even for real U and in disappearance experiments)
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Neutrino oscillations Oscillations in matter

Effective Hamiltonian in matter

y . Am3, Am? ]
HY.. = Udiag (o, 2551’2531) U + diag(v2GEN., 0,0)
5 . Am3, Am3 ,
H?.. = U*diag (0, 2551’ 2;) UT — diag(v2GEN,, 0,0)

Hvac Vinat

Ne(x): electron density along the neutrino path

matter effect introduces “enviromental” CP violation
(even for real U and in disappearance experiments)

for non-constant matter the Hamiltonian depends on time:

.d
laa = Hmat(t)a
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Effective matter potential - 1

Effective 4-point interaction Hamiltonian in the SM

Gr f
Hye = ﬁku — V5)Va va o — g2 s)f
F

ordinary matter: e~, p, n

non-relativistic:
unpolarised:

neutral: Ne = N,
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Neutrino oscillations Oscillations in matter

Effective matter potential - 2

Vinat = V2Grdiag (Ne — N, /2, —N,/2, —N,/2)

CC NC

> only v, feel CC (there are no y, 7 in normal matter)

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

» NC has no effect for 3-flavour active neutrinos, but is important in the
presence of sterile neutrinos
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Neutrino oscillations Oscillations in matter

Neutrino oscillations in constant matter

diagonalize the Hamiltonian in matter:

Am3y Amg
2E, ' 2E,

= Updiag (A1, A2, A3) UL

HY., = Udiag(O,

) U + diag(v2GE N, 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:

L

A 2
Poat = Sin° 20,4t sin’ %
with
sin? 26

.2
sin® 20mat =
| © 7 sin220 + (cos26 — A)?

Am? . = Am?4/sin? 20 + (cos 20 — A)2
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2-neutrino oscillations in constant matter
sin% 26 A 2EV
sin® 20 + (cos 20 — A)2 T Am?

resonance for cos20 = A: “MSW resonance” wikheey, Smirnov, Sov. J. Nucl. Phys. 42, 913 (1985)

sin? 20 a0t =

l LI \‘ T TTT T T T T1TT \‘ T T TTTTT
- in"20, =03
sin"28, .= 0.
0.8 |
Ismall matter effect 7
« 0.6 vacuum osc. |
CDE
Q i
“c
o 04 _|
strong matter effect
osc. are suppressed|
0.2 |
Il Il \\HHX Il \\\H}\x x 11 1111l
8.01 0.1 1 10 100
A
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Varying matter density: example solar neutrinos

The electron density in the sun:

log(n,/N,} vs. R/R,
2 = BP2000

0 o1 02 03 04 05 068 07 08 08 1
R/R,
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The LMA-MSW mechanism

1 dop,

-1
evolution is adiabatic if —— > Lose
0, dx

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

ArE E
osc = N, = k T
L Am? 30km (MeV)

for large mixing angles (sin? 15 ~ 0.3):

-1 -1
(aldj’") ~ (\1/(;\/> ~ size of sun > 30km

= adiabatic evolution
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The LMA-MSW mechanism

the electron neutrino is born at the center of the sun as
|Ve) = coSOpm|v1) + sinOp|1o)

then |v1) and |v,) evolve adiabatically to the Earth

'Dee _ Pprod Pdet Pprod Pdet

d . .
P ~ sin? 013 ~ 0, interference term averages out

prod _ 2 d t 2
Pa T cos“ Oy, Pis = cos”f
PP = sin? 0, , Pdet = sin? 4

= Pee = c0s? 0, cos? 0 + sin® O, sin® 0
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The LMA-MSW mechanism

in the center of the sun we have

2EV E, 8 x 107 % eV?2
A="""_~02
Am? 0 (Me\/) ( Am? )

resonance occurs for
A =cos20 =0.4

= Eres >~ 2 MeV
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The LMA-MSW mechanism

1 T T o

" vacuum
09

08—

0.7+

res

0.6 11 - 1/25in%20

2 2
P.e = cos®0,,cos” 6 05
+5sin%6,,sin’ 0 L 7
04} =} —

0.3 SinZG
0. ol Conld I
%.1 1 10
E, [MeV]

c*+s*=1-1sin’20 vacuum (0m=10)
sin® 6 strong matter (6, = 7/2)

Pee:
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LMA-MSW and the solar neutrino spectrum

.2
+-1/2sn20 — 0.6
— — 05
|Gallium jChlorine N\ _ pSuperk, SNQ 8
touf= 042
Bahcall
101 F/_Ph .
10107
bl
3 109F
B e P L
9 "Be
£ 107}
o
3 e}
[
Z 10
104 f 1
os /
102 f
0% 03

Neutrino Energy (MeV)
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Evidence for LMA-MSW

Measurements of the solar neutrino rate at SNO and Borexino

5 0.
5 T e
3 Og’vacuum B
.9 IS —

g 0. L r\éb i
4 08 g o =
2 Q. 1 I L w i
O —— [ strong |
S 9. | 1 | orr matter
a .2
& 0.4 0.61-1/2sin"20 —
@ F e pp - all solar —_— r ]
3 0.3 e "Be - Borexino 0.5

C L] pep - Borexino r 7
. 0.2 e °B - SNO LETA + Borexino 04— P -
H E e °B - sNO + SK r .2 & J
& 0.1 MSW-LMA Prediction 03 sin’f

= . | . | 07 ol ol ]

107t 1 10 ‘%41 1 10

E, [MeV] E, [Mev]

Borexino, 1110.3230

sin @ < 0.5 is strong evidence for MSW conversion
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Global data and 3-flavour oscillations
Qutline

Global data and 3-flavour oscillations
The 613 revolution
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Global data and 3-flavour oscillations

Global data on neutrino oscillations

from various neutrino sources and
vastly different energy and distance scales:

sun reactors atmosphere accelerators
)‘__.._ —\ _I' V‘Zenlm

P

Homestake, SAGE,GALLEX KamLAND, CHOOZ SuperKamiokande K2K, MINOS, T2K
SuperK, SNO, Borexino

> global data fits nicely with the 3 neutrinos from the SM

> a few “anomalies” at 2-3 ¢: LSND, MiniBooNE, reactor anomaly,
no LMA MSW up-turn of solar neutrino spectrum
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Global data and 3-flavour oscillations

3-flavour oscillation parameters

Ve Uel Ue2 Ue3 n

m = U,u,l Uu2 U;L3 V2

Vr UT]. U‘f‘2 UT3 V3
1 0 0 C13 0 e_i5513 C12 si» 0
U= 0 o3 523 0 1 0 —S12 C12 0
0 —s3 o3 —e¥s;3 0 13 0 0 1
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Global data and 3-flavour oscillations

3-flavour oscillation parameters

Ve Uel Ue2 Ue3 V1
m = U,u,l Uu2 U;L3 V2
Vr UT]. U‘f‘2 UT3 V3
Am3, Am3,
1 0 0 C13 0 e_i5513 C12 si» 0
U= 0 o3 523 0 1 0 —S12  C12 0
0 —s3 o3 —elfs;3 0 c13 0 0 1
atm+LBL(dis) react+LBL(app) solar+KamLAND

3-flavour effects are suppressed: Am3; < Am3; and 613 < 1 (Uez = s13e777)

=- dominant oscillations are well described by effective two-flavour oscillations
= CP-violation is suppressed by 613
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Global data and 3-flavour oscillations

The dominating oscillation modes

T T T T

150 solar neutrino exps. 1

ol z

» solar neutrinos Homestake, SAGE+GNO, ueg N B
Super-K, SNO, Borexino Zor ]
Ve = Vs LMA-MSW, Am? ~ 7 x107%V? g ]

» Kamland reactor experiment (180 km) ot ]

7. disappearance with E, /L ~ 7 x 10 5eV?

sin® 01, = 0.379.13
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The dominating oscillation modes

[ L B B B
150 solar neutrino exps. 1
N; E mbined
» solar neutrinos Homestake, SAGE+GNO, 2> of E
Super-K, SNO, Borexino Zor
Ve = Vpr LMA-MSW, Am? ~ 7x107%V? g o ]
» Kamland reactor experiment (180 km) PRy
7. disappearance with E, /L ~ 7 x 10~%eV? sin‘e,,
3
» atmospheric neutrinos Super-Kamiokande 5’
long-baseline accelerator experiments EE 2® - (‘ ’ E
K2K (250 km), MINOS (735 km) “gﬁ C ]
. . ~ -3 2 2 = —
v, — v, disapp. with E, /L ~ 2 x 1077V T R e
sinz(-)23
Am? 1
.2 0.13 .2 0.037 21
sin 912 = 0.3t0_12 sin 923 = 0.42t0'031 Am%l %
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Two possibilities for the neutrino mass spectrum

NORMAL INVERTED
v; I v, I Ve
v, T
Vi
~
|
)
E vt
==
V2 T
v, I V3 I
Am3 0 Am3 0
m3; > m3; <

» We know that the mass state containing most of v, is the lighter of the two
“solar mass” states: Am3, = m3 — m? >0, 05 < 45°
matter resonance in the sun: Am2; cos201, = 2E,V = Am2 cos26;5 > 0
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Global data and 3-flavour oscillations

Two possibilities for the neutrino mass spectrum

NORMAL INVERTED
v; I v, T Ve
v, T
Vi
~
|
)
E vt
==
V2 T
v, I V3 I
Am3 0 Am3 0
m3; > m3; <

» We know that the mass state containing most of v, is the lighter of the two
“solar mass” states: Am3, = m3 — m? >0, 05 < 45°
matter resonance in the sun: Am2; cos201, = 2E,V = Am2 cos26;5 > 0

» We do not know the sign of Am3; (normal or inverted ordering)

No matter effect has been observed for oscillations with Am?2,, only
2 Am3 L

u " A . - ) .
vacuum"” v, — v, (v;) oscillations: P, ~ 1 — sin” 20,3 sin” =72

Has to look for matter effect in v, < v, due to Am%l, 013

T. Schwetz (MPIK) Neutrino physics Il Sept 2012 35 /48



Global data and 3-flavour oscillations =~ The 013 revolution

Effects of 6;3

NORMAL

INVERTED
Ve
v, T v, T ©
3 2 m
v, T
1
M
o |
£ vt
[

V2 T

v, I V3 I

Am3; >0 Am3; <0

transitions of v, involving Am%l:

» U, — U disappearance reactor experiments

> long-baseline accelerator experiments looking for
v, — Ve appearance
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Global data and 3-flavour oscillations =~ The 013 revolution

Reactor experiments

Am3, L _ o, Am3 L
2723817 _ cos* B13sin% 26015 sin? — 21—

Pp.—p, = 1— sin? 2013 sin 4E, 4E,

AmZ =00025ev?, sin8,,=0.05, Am_ =8e5eV’, sind,,=0.3
1

—rr R L
08|~
z |
B 06
<)
g |
S 04
=
s L
02 2
L E=3Mev am;, 8,
8ot 01 1 10 100
baseline [km]
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Reactor experiments

Am3, L _ o, Am3 L
2723817 _ cos* B13sin% 26015 sin? — 21—

Pp.—p, = 1— sin? 2013 sin 4E, 4E,

AmZ =00025ev?, sin8,,=0.05, Am_ =8e5eV’, sind,,=0.3
1

—rr R L
08|~
z |
B 06
<)
g |
S 04
=
s L
02 2
L E=3Mev am;, 8,
8ot 01 1 10 100
baseline [km]

> experiments at ~1 km provide “clean” measurment of sin? 26,3
> up to last year: sin®26;3 < 0.1 dominated by the CHOOZ reactor exp.
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June 2011: T2K data on v, — v, appearance

search for v, — v, oscillations
with L = 295 km and
E, ~ 0.7 GeV
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Global data and 3-flavour oscillations The 013 revolution

June 2011: T2K data on v, — v, appearance

< —4— Data

[ Osc. v, CC|

S v,#,CC

o v,CC

@ NC

<

2

c

9]

>

9]

k]

9]

o

I

S !

z ol e ]
0 1000 2000 3000

Reconstructed v energy (MeV)

K. Abe et al., 1106.2822

6 events obs, 1.5+ 0.3 exp for 613 =0
2.5¢0 indication for #13 > 0

search for v, — v, oscillations
. _ Kobayashi @ ICHEP 2012
‘g'tiLO; égf/ km and 11 obs, 3.2 + 0.4 exp for 613 = 0
- € 3.20 indication for #13 > 0
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Global data and 3-flavour oscillations =~ The 013 revolution

The LBL appearance oscillation probability

013 correlated with other parameters, especially §, sgn(Amgl), 03

.2
. ) sin“(1—A)A
P#e ~ Sln2 2913 Sln2 023 (]F—,A)z)
in(1 —A)Asin AA
+  sin2013 & sin 2053 sin( )A sin cos(A + dcp)
1-A A
)
2 5 sin® AA
+ @& cos” O3 e
with _AmjL L Amd _2EV
A= = 20 A=
aE, 0 T Am, R A,

anti-v: dcp — —0cp, A— —A,  Peut écp — —dcp
other hierarchy: A - —A, A— —A & — —&
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T2K and MINOS data on v, — v, appearance

LBL appearance versus reactors

1 T I T T T T T T I\ T T T I T T T T
N 68%, 1 dof | [ 68%, 1 dof |
L NH | | IH 4
05 1F ]
. C 1 ]
s OF r .
¥ =041 1T / ]
- - - A -
sk =09 11 ]
_] L 11 1 I 1 1 11 1LC 1 1 1 \I 1 I\ 1 I 1 1 1 1 ]
0 0.2 0.2 0.1 0.2 0.3
.2
sin 2613
T. Schwetz (MPIK) Neutrino physics Il Sept 2012
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New generation of 613 reactor experiments

! o
@ Reactor
O Detector

Double Chooz RENO ee Daya Bay
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Global data and 3-flavour oscillations =~ The 013 revolution

New generation of 613 reactor experiments

[o]

@ Reactor
O Detector

¥
~ d
RENO
Double Chooz [ Daya Bay
ow -
H
500 HE
IR
400 i L 3 L5 7|
a00 L v ir @
E| z B 30
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1w E 1 »
. q z 1051 10
T 14 3
g 1= + l o 1001 E
2 g b +’r+ 'lLl 0981 '
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New generation of 613 reactor experiments

@ Reactor
O Detector

Double Chooz RENO % Daya Bay

DC: 11126353 101d 4121ev  sin? 26013 = 0.086 + 0.041 +0.030 (1.90)
DB: 12031660 55d  10416ev  sin®20;3 = 0.092 + 0.016 =+ 0.005 (5.20)
RE: 1204006 229d  17102ev  sin®26;3 = 0.113 + 0.013 = 0.019 (4.90)

naive comb.: sin?260;3 = 0.098 & 0.013 (x2 = 0.6/2 dof)
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Global data and 3-flavour oscillations

013 global fit

LBL appearance versus reactors

The 013 revolution

I IR AN S T LA B
L 68%, 1 dof | [ 68%, 1 dof _|
- NH { L TH 4
051 r 7]
e 1t ]
= oF s L -
o r sin'@,, =041 7 B
[ 5 - 1F A ]
sk sin"6,,=0.59 r I
J 1\, P IR L T N BRI
0 0.1 0.2 0.3 0.1 0.2 0.3
.2 .2
sin"20, sin"20,

613 = (8.7 +0.04)°

AXP (013 =

180

120

60

-60

-120

-180

Gonzalez-Garcia, Maltoni, Salvado, TS, in prep.
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Outline

Outlook
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The ultimate goals

> measure the value of dgp = establish CP violation

> determine the neutrino mass hierarchy, i.e. sgn(Am3;)
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Qutlook CPV, mass hierarchy

The ultimate goals

> measure the value of dgp = establish CP violation
measure Pl,&ﬂ,ﬁ S P,;QH,;B
cross section and fluxes are different for v and v,
matter effect is CP violating

> determine the neutrino mass hierarchy, i.e. sgn(Am3;)
observe matter effect
atmospheric neutrinos, long-baseline experiments (L 2 1000 km)

Those effects are suppressed by 613.
The recently discovered “large” 613 value makes searches for them reaIistic!J

> test the three-flavour picture and search for deviations
light sterile neutrinos, non-unitarity, non-standard neutrino interactions,. ..
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Qutlook CPV, mass hierarchy

Determination of the mass hierarchy

the vacuum v, — v, probability is invariant under
2 2

— the key to resolve the hierarchy degeneracy is the matter effect
resonance condition for v, — v oscillations:

2EV
—~——5 =cos2013~ 1
m3;
can be fulfilled for
neutrinos if Am3; > 0 (normal hierarchy)
anti-neutrinos if Am3; < 0 (inverted hierarchy)
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Qutlook CPV, mass hierarchy

The size of the matter effect

2EV
Ami,

A’

2 —1
~ 0.09 ( £ > < |Amy| 2)
GeV 25x 10 3¢V

for experiments at the 1st osc. max, |Am3;|L/2E ~ m, and

L
A=002 (100 km)

need L 2 1000 km and E, 2 3 GeV in order to reach the regime of strong
matter effect A > 0.2.

terms linear in A do not break the degeneracy —
have to be sensitive to higher order terms in A s, hep-ph/0703279
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Qutlook CPV, mass hierarchy

P VeV
Contours of constant Peu
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Qutlook CPV, mass hierarchy
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Contours of constant Peu
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Subsequent generation of LBL experiments

> superbeam upgardes
> beta beams

» neutrino factory

under intense study e.g.

EU ROI/ http://www.euronu.org
N F—IDS http://www.ids-nf.org
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