* Hence the two-flavour oscillation probability is:

2
P(Ve — vy) = sin” 20 sin” (%) with mn%l = m% - m%

* The corresponding two-flavour survival probability is:

Am3, L
V. — v,  «in278 cin2 21
P(ve — Vv,) =1 —sin“20sin ( AE )

eg.  Am? =0.003eV?, sin’20=08, E,=1GeV

P(Ve — V)

: *wavelength
@ & @ 0 @2 &
@ ©» Dy @ O
@
®» O35 6% @@@* @ @n@?
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sin‘20

Lietector >> Losc fast oscillation P(v.2v,) =1 — —

2
Lyetector << Lo hardly oscillate before measurement: P(v.2v_) =1 — sin?20 (_ 41; L) 2

In case of no mixing observed, we can make statements like P(v,->v.)> 0.9 @ 90% CL

sin20 .l =m

2

P(v.o>v ) =1 — 1

excluded region

1]
more statistics 107 |

E 10} .y
_  Am.? : P(v,->v,) =1 —sin?20 (—&_‘—)3
P(v,>v_ ) =1-5in?26 5|n3{T§L IRl B4
5> Ay w2 B A
4E _ E :

104 7 largerL
1072 107" 1
sin20
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Just one example of exclusion plot for reactor neutrinos ...... note LSND claimed to have
found oscillation signal in 2003, in a region whichi is excluded by other experiments
(blue/gray area), for example MicroBooNE in this plot.

10°F
B T600, 6.6¢+20 POT (600m)
i MicroBooNE, 1.32¢+21 POT (470m)
i LAr1-ND, 6.6¢+20 POT (100m)
10
E v mode, CC Events
B Reconstructed Energy
— I 80% v, Efficiency
o i Stat., X-Sec., Flux, Cosmics, Dirt
> v, Only Fit
o +
. F : 90% CL
E} - ////%/// —30CL
107" mmLsnDsoncL
C  [JLSND99%CL
C % LSNDBestFit
L+ Global Best Fit (arXiv:1303.3011)
| %= Global Fit 90% CL (arXiv:1303.3011)
+ Global Best Fit (arXiv:1308.5288)
B Global Fit 90% CL {arXiv:1308.5288)
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* To date, results on neutrino oscillations nnly determine
* Two distinct and very dlfferent mass scales

+ Atmospheric neutrino oscillations : |M |almus ~25x 107 EV:
« Solar neutrino oscillations: |Am2| solar ~ 8 X 103 .;-,‘ﬂ.;"2
*Two possible assignments of mass hierarchy:
Normal Inverted
4 2
3 Mwlar t g%
Ao
Amutmm

L

y —eee N
lIr‘j""""ls.n::lllnr t ml m3

*In both cases: Mz ~ 8% 10 3eV? (solar)
|Am3 l| ~ |Am3 2| ~2.5x1073eV* (atmospheric)
*Hence we can approximate Am3 | & Am32
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v, v, 1 0 0 Ci3 size P\ [ €y Sp
("p) =U (”2) U= 0 €y Sy3 1 —S12 G2
Vv V, 0 —S893 Cyq _"5":[3'!3!E Cy3 1

With Am, <<Am,;~ Am,, and 6,;small

2
For atmospheric and accelerator neutrions (E large, L medium): ﬂ—m;—j‘ «1

Pv,~v,) = 1-5in?26,; 5|n3'f{£”'—'L Plv.=>v,.) ~ 1

: : . A
For solar neutrinos and very long baseline neutrinos (L large, E small): —”}3— > 1
(almost like two neutrino system, only one mass difference)

LFe b ek
4 4
Am L
=1 — cinn? in
P(v.>v,.) =1-sin“28, sin’(—*%—
o —
. . Am L T et
For short baseline reactor neutrinos (E small, L small): —;_1— 1 N

2
P(v.=2>v_) =1-sin?20, SIHE{ﬂ—mlg—L}

18




Sensitivity
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Characteristics of typical oscillation experiments

Source Flavor  E [GeV] L [km] (Am?)min [eV7]
Atmosphere [I:,,}, tu_,,:' 10°1...10°  10...10* 1079

Sun Ve 1077,..107% 107 10—

Reactor SBL i, 104,104 10! ="

Reactor LBL Ve 10-t...1077 10? 1079
Accelerator LBL ., {J,,} 101 10 10!
Accelerator SBL 7., », 107'...1 1 1

SBL: Short Base Line;

LBL:

Long Base Line
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Neutrino Oscillation Experiments:

neutrino source experiment comments
solar neutrinos radiochemical exp First observation of
Homestake Cl, GALEX, SAGE | “neutrino disappearance”
more than 20 years ago
*solar neutrino problem”
water experiments confirm disappearance
(Super)Kamickande
“heavy water”. SNO proves 1 oscillation
appearance signal
atmospheric neutrinos (Super)Kamiockande oscillation (appearance) signal
accelerator LSDN not confirmed
K2K clear disappearances signal
OPERA fake result: 1# travel
faster than light
reactor KamLAND, CHOOZ first disappearance evidence

1,4 — CP violation

Neutrino absolute mass measurements: e.g. Katrin
(measurement of endpoint of betas spectrum) »



Cosmic radiation; Air shower
p+N-> =7, K
7, K= +v, (v)

lut —¥ E1 v FE(FE)+ F;;{FHJ

Exact calculation: R=2.1
(E,<1GeV)

(For larger energies R>2.1)
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Walter = “aclive largel”

Vx Vi @ Cherenkov
| z ®—- Light
Elastic scattering . E;,
e e \
Vy X
Charged current w
-3 Ve

Detection of Cherenkov photons: Photo multiplier

Experiments: (Super)-Kamiokande
IMB
Soudan-2

treshold: ~ 5 MeV (to produce sufficiently high energetic electrons to produce
Cherenkov light, no issue for atmospheric neutrinos, but for solar neutrinos)

Advantage: - scattered electron/muons carry direction information
- in-situ detection
- measurement of neutrino energy
23



(Super-)Kamiokande

« Largest artificial water detector (50 kt)

« Until the 2001 accident:
11000 PMTs (50 cm tubes!): 40% of
surface covered with photo-cathode

il

' * Back in operation since 2003
n “ﬂ

(8
fil;

L g
Hid




The Cerenkov radiation
from a muon produced

by a muon neutrino event
yields a well defined circular
ring in the photomultiplier
detector bank,

The Cerenkov radiation
from the electron shower
produced by an electron
neutrino event produces
multiple cones and
therefore a diffuse ring

in the detector array.

Electron Electron
neutrino shower

25




Energy measurement:

2

Thickness of ring is related to travel distance of electron/muon in the detector.
This is related to the energy of the electron/muon thus (with some uncertainties)

to the original neutrino energy.



oscillation depend on E, thus splitup
sample in high and low momentum neutrinos

- Prediction with oscillation

Ry oy =0.658+0.016(siar) +0.032(sys)

R = W/Ong,

(M/e)yc.

R, cor = 0.7027 pyo(s1at) = 0.099(sv5)

assuming no oscillation
in simulation

_ _ ~ Am?(atmospheric) ~ 2-5 103
To few muon neutrinos observed —» can be explained by oscillation!

, . : Am_ FL
For atmospheric and accelerator neutrions (E large, L medium): —"T‘;— <1

Plv,2v)=1- sin?28,, sinl{%ﬂgz—‘r‘} Plv.ov,)~1
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e

Sub-GeV o-ike
P = 400 MaV/z

Theoretical predicton

== w/0 oscillation
m— W/ oscillation

5 8

8

Number of Events

0 proalossnlmowalpsnnl 0 panpliwnslonwuloponel

1 05 0 05 1 -1 056 0 05 1
150 Multi-GeV edike 150

Mul-GaV u-hke

cost ﬁ v, deficit depends on angle
v, flux okay

Oscillation: v, <> v,

Electron neutrion seem to consist mainly of matter
eigenstate, which has a significant longer oscillation distance both compared to
Distance atmosphere earth and to diameter of the earth.
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a

Data/Prediction (null oscillation)

0.2
o
1 10 0" 10 10
L/E (kmiGeV)
oscillation dip seen
at ~300 km/GeV

v, «> v, mixing of atmos. neutrinos

Am® =(2.4+0.4)x10 eV
sin26 > 0.92 @90% C.L.

—
Ti 1r \}ﬂ
'E 08} l
= |
(115
04t
o2
ﬂ d
1 10 10 10 10
L/E (kmiGeV)
1u"_1r1----1-
SK-1 Full Data Set Analysis .
(to be submitied shortly to FRD) |
%
5 LE Analysie
(publishiod)
1u-a S i | L 1 a 1 " 1 " l "
D7 075 O0Bg iy 09 085 1
Slide taken from Neutrino 2004 conference
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5 sources of solar neutrinos:

‘.Hl! PF'—FHH i ¥
"BFle* ¢

ExFo)

¥Be*—4He+'He

Neutrino Flux

p,' .. .

Neutrino Energy (MeV)

fixed energy from 2 body decay, continious spectrum from multi-body decay

measured flux depends strongly on detection treashold
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Pioneering experiment, started in 1970:

Raymond Davids Jr. (NP 2002)
Homestake mine, 1400 m underground

615t of CoC' Ly ~ 2.2 x 103" atoms of 3" ('l

Detection via: v, +2* C'l —3" Ar + ¢, treshold (0.8 MeV)

i1



after 60-70 days *' Ar is extracted by blowing helium gas over a
thin layer of %" C'l (*" Ar mean decay time: 35 days)

measured *’ A1 decays in helium gas in proportional counters
no “in-situ” measurement
average count: one neutrino event every 2 days

expected number of neutrino events: 1.6 per day

1 P ' First indication of

THid ’T } } ;_ solar neutrino problem

| ‘m dl %

°T' s J. ' - initially results were ignored

e ereien  issz  lsse  iwa, 1994 ,maybe” a mistake in the measurement method
o S



e GALLEX/GNO/SAGE, radiochemic experiments:
Ve +'1 Ga —™ Ge + e, threshold: 0.2 MeV
- delayed read out
- no information on neutrino energy
- no direction information

e (Super)Kammiokande: v, + ¢~ — v, + e

i’ .
} + | Supermamioxance 101.9 cay (Pratvmenary) i
: }

‘ ooy T Mhkee P o 2 Sam

' —
ssassssss (Pl dll

(-] - g b
Ll
&
L]
-
L

elastic scattering: direction of electron related to direction of initial neutrino, thus
usefull to separate background from neutrinos from the sun. .




Total Rates: Standard Model vs. Experiment
Baheall-Pinsonneault 2000

E,> 5 MeV

E.> 5MeV

E.>0.2 MeV

: Neutrino
disappearance

CC: Charge current IA
ES: elastic scattering

1 SNV = 1 v interaction/sec per 10% target atoms

Experiments pgm

Uncertainties

ES

To establish neutrino mixing, need to measure additionally appearance effects!
34



Homestake experiment

0 The Nobel Prize in Physics 2002
J" spokesperson Kamiokande

-
% |

Raymond Davis Jr. Masatoshi Koshiba | Riccardo Giaconi

"“for pioneering contributions to astrophysics, in
particular for the detection of cosmic neutrinos”

"for pioneering contributions to
astrophysics, which have led to the
discovery of cosmic X-ray sources"
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Sudbury Neutrino Observatory:

* 6 m radius transparent acrylic vessel
* 1000 t of heavy water (D,O)

* 9456 inward looking photo multipliers
» Add 2 t of NaCl to detect neutrons




Charged current
o(v,)=0o(v,)=0

4, =9,

Elastic scattering
0.154 .a(v,) =
o(v,)=o(v,)

g =0 +(0 +46.)/6

Neutral current

o(ve) = o(v,)=o(v,)

=0, 10, +4,

ve . B
n n

Neutron
Cl (n,y)*ClI
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e < Pes < Oy !

appearance of p/t neutrinos detected!

- 0.06, 0.09,
@gﬁéﬂ = 1,76 gas (¢lat)q o (ayst)
qﬁ%gﬂ = 2.391%%3(stut)[{?‘zw(.&yst]
O = 5.0970 3 (stat)g 45 (syst)

Electron neutrino flux is too low: P,,__.,,, = (35 £ 2)%

0, (10" em 57

Total flux of neutrinos is correct — Interpreted as v, < v, or I/, < - oscillation

But in case of simple “vacuum oszillation™:

Py—v, =1 — §sin? 260 = 50%

P
¥

Ll

i "
i e —
A E 'f.-_.-r - —

-'l|-|p-

f
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