W

1.'--' ol ol Y

LN S
L inrrena Ay SCRO0N ON
'ﬁﬂll‘.’lpa fieil Favircd

b
“' 'I
'l

phenomenology of
neutrinos and neutrino masses

_ v-mixing & v-masses &
_ flavour oscillations mass patterns
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I Pauli’s hypothesis & Fermi’'s theory

4. December 1930: Wolfgang Pauli postulates a new particle: the neutrino

& explanation for the observed continuous energy spectrum of 3-decay
electrons to guarantee conservation of energy and angular momentum
v parameters. massless, neutral, spin s=%, weak interaction only

1934: Enrico Fermi formulates a theory of 3-decay

point-like current-current interaction with G d G,

golden rule: 3H
transition rate I

final state density
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| afirst glimpse of the elusive “poltergeist’ AT

1956: first detection of neutrinos by By 20"
Fred Reines & Clyde Cowan at the VA
Savannah River reactor '

gamma
quanta neutron

_ E=511 keV R neutron

Hanford 1954: first Ll capture

3D neutrino detector N

"Herr Auge” | positron / &”52223

300 £ liquid scintillator & annihilation ~ liquid

with 90 PMTs! scintillator

with Cadmium

Savannah River 1956:
M. AB:200 ¢ H,O-target =
v LILIIT: 4200 £ scintillator 1=

~900 h measurements! :

Nobel

_ Fred Reines
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| AGS experiment — the second neutrino v, XIT

1962: L.M. Lederman, M. Schwartz, J. Steinberger: proof that v, # v,
identity of neutrinos from pion decay
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experimental set-up at BNL
Nobel 1988

experimental results
34 events:
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| DONUT experiment — the third neutrinov,  IT

2000 : first detection of v_ interactions in the DONUT experiment
(Direct Observation of NU Tau) at Fermilab (Chicago)
experiment: 800 GeV protons hit a tungsten target & Ds-mesons (cs)
decay & v_with E, =50 GeV & CC-v_-interactions in steel
summer/autumn 1997: 4-months run with 4 x 1017 p.o.t.

results: 4 events with the topology of v_ were identified: t-kink
t-life time: t = 3x 1013, range ct = few mm

DONUT experiment at Fermilab 11
Emulsionstarget nS
800 GeV mu smnsﬁzge / hadro
Protonen Ii m{g&\‘: e -
tbeam dumpl—| R W / P = -
._‘ E [ - ] g =)
N
T =

DONUT 100 pum film emulsion + 1mm steel
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| neutrino sources AIT

astrophysical v—sources to a) study v-properties b) v's as messengers
v-energies: from peV to EeV (~24 decades)

flux-density: 1022 — 1012 cm2 s-1 MeV!

detection: elastic v-e scattering, inverse [3-decay, NC, CC

— 1024
N L
> 20
% 10 i
16 | . .

,I. 10 relic neutrinos
A L
N 10]2 e ,o'.
= B solar SN1987

L ) a
O, 108 neutrlnos /"’r\\

B "% geo neutrinos
PR = 7 W o
) - £ -
c 1 | d - . .
()] relic SN neutrinos
© A B
x 107 = atmospheric neutrinos
=) B cosmic neutrinos
T \ TeV™\_ PeV v
- o[ heV  mev ey keV  MeV Ge‘u‘ VN Pe te

I M T P \h\. L

10-6 10-3 1 103 106 109 ‘1012 1015 1018

v-energy [eV] UHE cosmic v's
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I neutrino sources — astrophysical origin AIT

astrophysical v—sources energies weak reactions

Big Bang (thermal, T, =1.9 K) few peV

sun (nuclear fusion, pp, 'Be, B) < 15 MeV
supernova (thermal, proto-neutron star) <50 MeV
atmosphere (cosmic radiation) < 10% GeV
galactic accelerators (p-quasars) < 10° GeV
extragalactic accelerators (AGN,...) > 10° GeV
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I neutrino properties

experimental programme for the light SM neutrinos v, Vo, Ve =

Intrinsic neutrino properties W

CP properties: Majorana- or Dirac-v (AL = 0,2) vM or yP
absolute masses, (inverted) hierarchy / quasi-degenerated m,, m,, m,
mixing angles of WMNS matrix 0;
(complex) Majorana phases [only for Ov[3[3] Oy, O
(real) Dirac phase [for v-oscillations] )

life times T1, Toy Tg
decay modes (radiative, non-standard modes) I
magnetic dipole moment (static / transition moment) K,
electric dipole moment D
mean square charge radius <r?»
couplings to gauge bosons & Higgs (y, W*, Z°, H) of

|

existence of light, sterile neutrinos? (v, from extra dimensions, ...)
existence of heavy, RH neutrinos? (v, from see-saw, ...)
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I neutrino masses In particle physics

¥arlsruhe Instiute of Technology

why are neutrino masses much smaller than the masses of all other SM

particles?
| ~._ fermions
G i ,{\"s ‘.gs\ E“‘K---_ﬂ_
\P\ ol @W‘éﬂ&\ﬁﬁw - bosons
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see-saw models:

7
ype 11
extra dimensions?
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I neutrino masses In particle physics ﬂ("

Higgs mechanism: SM particles acquire mass via interaction with the scalar
Higgs boson, this coupling results in a change of handedness

(efthanded > righthanded voq = vir ’

photon vy masselos
EL - o eH
e — — :
°R ‘L electron e light 0.511
! . e\ L -
" He 0 muon p medium 105.6
tL tH
bR top quark t heavy 1.71 - 105
L vL
x . > SM neutrino v, massless 0
Higgs:
"h-"L Ilght VR ‘UH .\,L ) .
i " s Diracv VP very light 10® - 10°
see-Saw.
hea : :
, "L AL L Majoranav vM very light 108 —-10°
Vo — 1/M -
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) neutrinos in in cosmology (AT

cosmic architects: what is the role of relic v's as hot dark matter?
large scale structures: free streaming of v's on Gpc scales (less small clusters)

836 viom® A

structure of the Universe
(Millenium Simulation)
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I motivation: v's in astroparticle physics AIT

HDM contribution: 2 orders (0.1% — 10%)
lower limit: v-oscillations (this ISAPP lecture), A
upper limit: trittum 3-decay (next ISAPP lecture) 1

Q h?=Xm,/92eV Q, <017 (3v)

dark energy

dark matter

336 v/ f;:m3 " 54 tritium _experiments

! ‘/If k. Emv < |
A - =
j 2l N

" g \ 1 baryons
5.01 L

1 stars & gas

Super-Kamiokande 1

Imy, >0.05eV (1v)  0.001 ——
Q, >0.0013 (1v) €

structure of the Universe
(Millenium Simulation)
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| motivation: v's in astroparticle physics AT

global analysis of cosmological data (CMBR & LSS): X

correlation of v—-mass m(v) & DE equation of state w
dark energy

m, could fix dark energy equation of state w

dark matter

© / vacuum- =
O ener —
5 H = baryons
)
E —
m —
S
G
o
L =
m —
® stars & gas
time t 0
ﬁgts;ﬁaigsz%%?:ﬁiozgﬁgruhe GmbH | =) Universitat Karlsruhe (TH) [~  Forschungszentrum Karlsruhe
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| neutrino mass & dark energy AT

global analysis of cosmological data (CMBR & LSS):
correlation of v—-mass m(v) & DE equation of state w
laboratory measurement of m(v) > 0.2 eV

could imply w < -1 (quintessence)
S. Hannestad, arXiv: 0710.1952v1 [hep-ph]
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I neutrino oscillations — v's are massive!

first evidence for new phyS|cs beyond the standard model

KIT — die Kooperation von
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New York Times
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Mass Found in Efusive Particle;
Universe May Never Be the Same
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| weak interaction — guark mixing AT

guarks: mass eigenstates # weak flavour eigenstates (caused by interaction
with Higgs-field) ¥ CKM matrix: 3 mixing angles & 1 CP phase

definition: mixing only in d,s,b — Sektor

only left-nanded quarks, leptons
1. 2. 3.
u C t
d S b
1. 2. 3.

and right-handed anti-particles

U u,c,t
neutron g proton N° Mixing
~ mixing of

/ i _ weak states

CoS 6, W ‘<< € d’,s",b’
Cabibbo angle sin 6, = 0.22 "’_"e
u SU(2): u
lambda d proton weak:
isospin

u
e dubletts g
/ I -
sin 6, A “< ©
v flavour eigenstates
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| neutrino oscillations — introduction AT

neutrino oscillations are a quantummechanical interference phenomenon

2-flavour mixing: mass eigenstates kMl weak interaction states
close analogy to the
CKM mixing of the
left-handed quarks
V. cosH sinby,V
(vﬁ) — \_sin6 cos6 )( v;)

Bruno Pontecorvo: , -
concept of v—v oscillations 0 time t

KIT — die Kooperation von % 3 Forschungszentrum Karisruhe
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I neutrino oscillations — simplified formalism  KIT

t = 0 - weak interaction initially generates a pure flavour eigenstate v, :

N \ , ‘ _
V, (O_)!> =|V,)=—sn o|v, } +cos 8| v, ) mass eigenstates are out of phase by exactly 180°

t > 0 : mass eigenstates v,, v, are propagating through space:

(—iEst) guantum mechanics: time evolution fixed

e __ S(—iE) |, >
Y (‘-t-)> SIn - ¢ Vi ’ +c0s0-e 24 Dby energy E;, two states evolve differently

v,)
energy E; — momentum p relation of the relativistic mass eigenstates v, v,

with units h,c =1
assumption: identical momenta p for v,, v,

time evolution of the propagating massive neutrino:

:J;Jaal Tk | : :\: A X with
(f}};_. ‘{( b]l’lt‘?i ) Am2 = | m;2—m,2 |
the sensitivity for Am? results from the interference of difference of the
vy, V, in the coherent propagating wave packet squares of the masses
G. Drexlin | KIT-EKP | ISAPP Eé}é%‘?‘é%&ﬁi%ﬁ%Gmb” | Em";ﬁenzs'taiﬁr'i:ghiﬂﬁ II: i cor Helmholtz-Gemeinschaf



| neutrino oscillations — formalism AT

probability P for flavour oscillation of a v, into v, after time t:

> 1v,)=|cos@ sin G- (1 A, e withP= |[<Vel v, (1)>]2

=sin "~ 26 -sin " (Am E'L-l_, [4FE )

. 2 o D 2 - L. in units of m km
=S 20 s (L 20 b o, 8, ) EVv in units of MeV [[GeV]]

1v—v—v[5inzze periodic appearance of a

new neutrino flavour state

periodic decrease / increase of
original neutrino flavour fraction

source

_ 25E,
DSE_ Amz

Vi A

0 >
distance x = ct

B probability that v, transforms to v,

probability that v, remains v,
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| neutrino oscillations — basic concept AT

neutrino oscillations are a pure QM propagation effect

v—source v—oscillations v—detection

fl igenstat o , +
avour eigensta ;/H "JU'|;|||4"J W\W-' WW‘ “MN W!U!\l'ﬂ" flavour state |
e et SRR IR ——r"

Vu propagation of the Vu AW
v—mass eigenstates
L=10m...10.000 km
source paramenters 0 @
to be determined: ' | P n
I i
: | vl |
v—energies /\ o _ —
A 4 v—detection efficiency

v—fluxes
v—flavours emission detection v—energy resolution
KIT — die Kooperation von ; T
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I neutrino oscillations — systematics ﬂ(lT

v-oscillation experiments can be grouped into:

o[CEToJoCETE (N LN v, — v, disappearance

P(.l'/u — 1'/11 ) — l —Sm - 20 -Sm - 127 * AHZ“ . E‘

statistics: large event ensemble (N > 10%)
systematics: v—flux & v—energies?
preferred for large mixing amplitudes

appearance Kanal v, — Vv, appearance
=T

statistics: small event ensembles (N < 10-50) _
systematics: v—flavour composition? —
preferred for small mixing amplitudes example: CNGS beam - OPERA

b

P(v, > v )=sm 20 - sin [ | .27 -Amm - —=

}\
it )
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| heutrino oscillation diagrams AT

results (statistical analyses) of different oscillation experiments are
displayed and compared to each other in "'neutrino oscillation plots’

Am? [eV?]

10

-1
10

G. Drexlin |

102 —

sin? 29,;?,” =2x Pn;m
—> 5 i

excluded
region

1.0scillation
maximum

Am? =
Somin

(E/1.27L)P""2

10° 107 10” 1

sin? 20

KIT-EKP | ISAPP

exclusion curve

no statistically significant oscillation signal
%, upper limit for probability P

exclusion of parameter space (sin? 26, Am?)
specific confidence level: 90% (95%) CL.

inclusion curve

statistically significant oscillation signal

%, central value for probability P

inclusion of parameter space (sin? 20, Am?)
specific confidence level 95% (99%) CL.
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| neutrino oscillations: L/E and Am? AT

coverage of the entire Am?-parameter region requires different experiments
goals: - determination of parameters Am.2, sin? 20,

y o af -
. ol P(v, —>v.)=sin>26-sin’| 1.27-An

- observation of L /E, oscillation pattern

- Identification of flavour channels o carth
- matter effects, leptonic CP-violation? :
Am? (eV?) ) 9
GALLEX/GNO
102 10" 1 10" 10% 10° 10* 10° 10°% 107 10® 10° 1070 10" |pep ~0eetey, SNO, Super-K
I | | | | I | | | | I | | |
. / cosmic
/ rays
solar-v: ve — vy ; (MSW) wf 0
P 2002 10-10" km Af )
reactor : Vg — X e |
I /] [
LBL accelerator: v, — v, L':'Z-“I -';"iu [ ot eabang
S B KT ="+ V¥,
I ' - —at+ v+,
atmospheric v : v, — v, : :
I | ] | | | | ] | ] | | ] | underground p, ;
102 10" 1 10" 10% 10® 10* 10° 10° 10" 10® 10° 100 10" detector

light path L, / neutrino energy E,
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| solar neutrinos ﬂ("

standard solar model SSM —radiochemical & real time experiments

underground Iab

Chlorine-37 (Davis) Homestake, USA 615t C,Cl, 1967 — 1998
Gallex/GNO LNGS, Italy 30tGa 1991 — 2003
SAGE Baksan, Russia 55t Ga 1990 — ...
Super-Kamiokande Kamioka, Japan 50.000 t H,0 1996 - ...

SNO Sudbury, Canada 1.000t D,0 1999 - 2006
Borexino LNGS, Italy 100 t CH, 2007 - ...
Forschungssentrum Karsruhe GrbH ([T) Universitat Karlsruhe (TH) [~ Forschungezentrum Karisruhe

G. Drexlin | KIT-EKP | ISAPP r in der Helmholtz-Gemeinschaft
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I solar pp fusion chain

fusion reactions in the solar core (T, = 14.5 x 10° K)

p+tp —>D+e’+y,
pte +p—>D+v,

l

p+D—3He+y

G. Drexlin | KIT-EKP | ISAPP

99.6%
0.4 %

pp

pep :

N
E, <0.420 MeV
E, = 1.442 MeV
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I solar neutrinos — energy spectra

detailed model calculations for solar v—spectrum by J. Bahcall et al.

basic assumptions integral solar v-flux: @, = 6.6 x10%0/cm? s
- hydrodynamic equilibrium ey - - |
- energy transport: Ly -ﬂ:)//—\ Bahcall-Serenelli 2005
P - ' 3 +1%
radiation & convection é 0L ’ 7Be +10.5%
- energy generation by fusion - Be
INnput parameters: o : pep :
PUL D e 10°F  +10.5% o0
L®1 T@, R@, pcentral, Tcentrah % , =e7 . i
opacity k, metallicity Z, ... 2 el 8B *16%
comparisonto helioseismology >
A F -_/
10 3
101 L +16% \\ i
pioneer of the current i R | B e .
standard solar models: 0.1 1 _ 10
John Bahcall (1934-2005) neutrino energy [MeV]
Forschungssenrum Kansruhe G ([T) Universitat Karlsruhe (TH) [~ Forschungezentrum Karisruhe
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| solar neutrinos — B AT

water Cherenkov detectors: “real-time” detection of 8B-v’s
measurements of . spectral shape, CC rate, NC rate, day-night effects,
earth orbit effects, conversion into v,? (Super-Kamiokande, SNO)

]: 17 o B )
3 10"2 ¢ - S ' T —
o _ PP Bahcall-Serenelli 2005 °
> :
) 10 [ Be ]
= 107
0 1 Be i
N pep -
e 107 1
&) : ;

5 8B

De 0 DKande I 107

104 E
i e . . . L

0.1 o 1 10
neutrino energy [MeV]
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| solar neutrinos — 7Be AT

radiochemical detectors: CI-37 experiment & solar v—problem
ultra-clean scintillators: Borexino ve-scattering

>
< :ﬂ:)//_\ Bahcall-Serenelli 2005 _
> :
) 10 [ B ]
S 10 e _
N 7
n 3 Be i
o 8l PEP
e 10°F ]
O F
P 3 | [
2 i
O10%k
- i B
104 /—/' |
10 £
E // \
0.1 1 10

Borexino =~ .

neutrino energy [MeV]
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| solar neutrinos — pp IT

radlochemlcal detectors Gallex & SAGE measure low-energy pp-v's
‘ . successful calibration with >1Cr-v-source

>

1012 L
" Bahcall-Serenelli 2005
%

10

S 10 ]
—
IU) 3
o g :
c 10 15
O, :
X
E 6
10
> /

104

/_\
102 —

0.1 I T
neutrino energy [MeV]
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| radiochemical experiments AT

experimental method: solar neutrino exposition (run) of a specific target
nucleus 4A (detector mass ~ 10-100 tonnes) In a well-shielded underground
laboratory (LNGS, Homestake, Baksan,.

neutrino reactions in the target: n Inverse [3-decay

daughter nuclei 4**A: extraction by highly efficient radiochemical methods
from the target volume, identification of the delayed electron capture process
by observation of Auger electrons (de-excitation process “A* — A + e7)

reverse reaction in counters: electron capture (EC)

% keV Auger electrons

advantage: low threshold, detection of sub-MeV neutrinos (pp- and ‘Be-v’S)
disadvantage: missing spectroscopic and real time information

AN deno el L SNU = 1 v—reaction/second per 10°° target atoms
typical targets ~103° target atoms

KIT — die Kooperation von , Forachun trum Karlsruhe
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| Chlorine-37 — the solar v-problem AIT

pionieering experiment of R. Davis in Homestake mine: 108 runs (1970-1995)

v, +3'Cl > 3’Ar + e” I ol 37Ar + " — v, + 37CI*

t,=35T
Q-value = 814 keV % 2.8 keV Auger electrons

experimental rate (Davis): =2.56 £ 0.16 (stat.) £ 0.16 (syst.) SNU
= 0.48 3’Ar-atoms/day

theoretical expectation (Bahcall): JzSSSSSiv A BN V8§ B U @18 S RS
= SSM (standard solar model)

380000 ¢ C,Cl,

Ray Davis solar neutrino problem
—_ 1
Rex = A Rtheo

2.2 x 10830 CI-37 m_ﬁ
AT P

i = w4 . L SSM?
4 &4 % neutrinos?

KIT — die Kooperation von , : S Forschungszentrum Karlsruhe
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| GALLEX/GNO — hunting the pp-v’s

ve + '1Ga — "'Ge +e”

reaction-Q-value = 233 keV

f

N, N+ GeCl, H—
;if_j -
GﬂCl3
H-::..r‘l
(54 m3
— I
30.3 t Gallium

G. Drexlin | KIT-EKP | ISAPP

t,=11.4d
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> Ge+e v + 1Ga* BRI
e Experiment Neutrino
Observatory

Ry = 130 SNU

300 4 :
- | GALLEX &

100
0k
- [ R A R B ' B R T
1992 1994 1996 1998 2000 2002 2004
window - as inlet
13 ym anode _~* g /
™ |
N |
active mercury
volume 01234 5cm
ooperation von Universitat Karlsruhe (TH) |~ Forschungszentrum Karisruhe

jl] in der Helmholtz-Gemeinschaft

Forschungsuniversildt « gegrindel 1825

r



ISuper-Kamiokande experiment ‘ - ﬁ

detection of solar v's in a 50 kt water Cherenkov detector
elastic v-e scatterlng kinematics: Cerenkov cone defines direction & energy

i T_;_ '_-'—;_.f_r._ . aim: detection of solar v's in real time with
2 f | high statistics, rate ~ 10-20 solar v's/day
=2 -
= ? Pty e Bday/night- or seasonal effects?
N LS, = % modification of the energy spectrum?

’. = & transformation of v, into v,?

solar v: Cherenkov ring
cos 0 = 1/3'n

energy threshold:

Eires = 5 MeV

¥
1
i
]
i
i
1
[
H
}

% only sensitive

_ Q for 8B neutrinos

6 Cherenkov photons / MeV
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I Super-Kamiokande-I. angular distribution

kinematics of elastic neutrino-electron scattering:
high-energy electron is emitted into a forward cone
angular correlation to separate background, ,v-imaging“ of sun

I I I I | I I I I l I I I I

E=5-20 MeV

reaction kinematics:

events/day
N
l

0.: angle to sun

: R 1 E,: neutrino energy
| background solare v's | T, kinetic energy e
i 222Rn, spallation reactions | | uti
I cosmic muons, gammas from rocks, ... i anguiar resoiution
| | | AO = 25" at 10 MeV
0
-1 -0.5 0 0.5 1.0
scattering angle cos 0,
e Kcnaseamn oure oot ([T Universtt Kalsrune (TH) T Forsohungszee o

l- in der Helmholtz-Gemeinschaft
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I Super-Kamiokande: 8B-flux AT

Super-Kamiokande — | : number of observed 8B-v-events
SK-I [ 22 204 £ 226 (stat.) £ 750 (syst) | v — e events Eihres = 5 MeV R = 0465
SSM theory [48 200 + 9600 — 7700] v — e events Bahcall 2004

1496 active days : mean solar v—rate 14.5 events/day

Super-Kamiokande - results for the flux of 8B-v's

SK-I [ 2.35 + 0.02 (stat.) £ 0.08 (syst) ] x 106 v's/cm2s  Ejes =5 MeV consistent
SK-1I [ 2.38 + 0.05 (stat.) £ 0.16 (syst) ] x 106 v's/cm2s  Eyes = 7 MeV
theory 5.79 x 10°v's/cm?s (£16%) [Bahcall 2004]

significant deficit of solar 8B neutrinos:
confirms earlier results from Homestake, GALLEX/GNO, Kamiokande...
real time experiment SK allows additional analyses:

_ nanarmv cnoctriim ((neecillatinn offacte winith £
CI1ITI Hy OIJCbLI ulil \UO\;IIIQLIUI 1 CTIITULO VVILII V}

- seasonal variations (oscillation effects with L,)
- day/night effects (oscillation effects from v—interactions in matter)
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| super-Kamiokande results IT

- analysis of the energy spectrum: no modification with E, is observed

- seasonal variation corresponds to expectation from excentricity of the
earth orbit: no variation with L, is observed

- no day/night differences in rate (theory: possible regeneration of v, rate in
the earth interior by matter effects): day/night ratio = (-1.8+1.64,, £1.2 )%

10 — _ SSM
- : _ i 1.0 g
(b} —— E SK ‘_.' 2'? __ % 0.8 3 _§
— 1 » - 8F 3

= — — SSM] « Za

' HHee e 26 IC3 _ E
S - —_ 5 g CEd_3__pman
= - - ¢ S 04F 3
o T e 7 g x ] } ;
N E

— 02F 3
%‘ '_'_' 2 -IIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIII:
O - LL I
D i @@4 _ - SAGE Gallexr CI-37  Super-
2 " ) I GNO Kamiokande
TR —_ [
10 ¢ ST i
origin of
6 8 10 12 14 0 05 ] .
. reduction?
recoil energy of electrons [MeV] season
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I survey of results of all solar—v experiments

7 7
9 + % %
128+ 761 7 7
7 08 10n®
_ -
0.55+0.08
716 0.48 +0.02
2.56+0.23 0.35+0.02
Gallex
& GNO Super-K Kamioka
Ga Cl H,O D,O-CC
.. m '‘Be m pp/pep experiments
theory. 8 mm CNO relative error
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| SNO — Sudbury Neutrino Observatory ﬁ(IT

SNO: 1000 t heavy water (D,0)- Cerenkov-detector
In the 2 km deep Creighton mine in Sudbury/Ontario
primary objective: NC rate of solar neutrinos

via v—induced deuteron break-up (neutron detection)

2001 — NC & the solution of
the solar neutrino problem

GTID: 10572

Evt Num: 10576
P
Lk Run Num: 3177
05/05/1999

19:00:08.4700026
0
: 20,100H.100M,10 1600 1800 2000 2200 2400 2suﬂ

KIT — die Kooperation von i : J gsze
Forschungszentrum Karlsruhe GmbH | Universitat Karlsruhe {TH:I I- disieing L e

A ! in der Helmholtz-Gemeinschaft
und Universitét Karlsruhe (TH) ' Forschungsuniversitat « gegrindet 1825 [~



| SNO - experimental programme

detection of solar v's by CC & NC-reactions (v.D & v.e — Prozesse)

charged current (CC) neutral current (NC) elast. scattering (ES

Deuteron

v, — spectrum
v, — rate

G. Drexlin | KIT-EKP | ISAPP

Proton

Deuteron

NC - rate
v, . - fraction

NC- deuteron break-up
for E, > 2.2 MeV
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I SNO - three phases for NC AT

SNO was measuring NC reactions in three experimental configurations :
different methods for neutron detection from NC processes

| — pure D,O 2H(n,y) 6.25 MeV 0.0005 b CC spectrum & v-rate
Il — NaCl (salt) 35ClI(n,y) 3¢Cl 8.64 MeV 44 b NC spectrum & v, /v, -rate
lll- NCD-counter  3He(n,p)3H - 5330 b separation CC-NC, 0,,

l: 11/99 - 5/01 (306 d) II: 7/01 - 9/01 (391d) [ III: 10/04 - 12/06 (385T)
pure D,0 D,0 with 2 t NaCl (salt) NCD-counters (°He)

35C| 36CI* 36C|
N "~/
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| SNO — Resultate: Phase-lI AT

SNO results (salt phase)
391 rundays : 4722 v's

SNO results for Phase-l|

6 ~-2 o
CC: (2176 + 76) evts (v,) D(ve) (1.68 +0.06, + 0.0955) x 10° cm? 74

NC: (2010 + 85) evts (v, ) D(ve,,) (4.94%0.22,, +0.15, ) x10% cm?2 572
ES: (279 % 26) evts ®(SSM) (5.69 + 0.91,,..) x 106 cm2 s

clear evidence for flavour-
transformations v, — v, . via the
detection of the v, ., component
by NC

D(v,)
D(Ve,10)
results of SNO Phase-lll:

(983+77) NC events in the NCDs
d(v,,.) =55x10°cm=?st

=0.340 * 0.023,,,+ 0.03

(v, ) [x10° cm2 s7]
D

A " Snooscillations
0 0.5 1 15 2 2.5 3 3.5
®(v,) [*10° cm2 s1]

ea“sT
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I survey of results of all solar—v experiments  XIT

128 +9 76! % /é é P
- _ ;/f*f 1.019-20 é 1.0+9-20 ;;;3;;;; +0.12
0.55+0.08
7+6 0.48+0.02
2.56+0.23 0.35+0.02
Gallex SNO
& GNO Super-K Kamioka alle v's
Ga Cl H,O D,O-CC D,0O-NC
. = 'Be m pp/pep experiments B
Theory: °8 = CNO relative error
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Ioscillations of solar neutrinos: MSW effect AT

oscillation length: n- A, ,.~1.5%108 km, Am? ~ 1010 e\/?

solar neutrinos are oscillating over the distance sun-earth “in vacuum’

matter oszillationen oscillation length: A .. ~1 %102 km, Am? ~ 10* eV?

Interaction of v, in the solar interior causes resonance-like transformation

MSW effect

Mikheyev, Smirnov,
\Wolfenstein:

matter influences
propagation/oscillation

coherent elastic

ve-forward SEEﬂ'EFiﬁg S.P. Alexej Y. Lincoln

Mikheyev Smirnov  Wolfenstein
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I MSW effect: v—oscillations in matter

- electron neutrinos v.: charged (CC) & neutral (NC) reactions
- muon & tau neutrinos v, v.: neutral (NC) reactions only
% additional potential V for v, (effective variable mass)

_ N,: electron density
MSW-"enhancement” of oscillations
% strong phase change

L andau-Zener effect - neutrinos acquire an effective mass,
O(x) ~i/2 in the core: v, heavy < v, light
> ~lre> m jﬁ . - electron density N, slowly decreases
. from solar core to surface
~__ 7 - critical density p(x.) is reached:
m? oo level resonance-like transformation of v,

= ~~"_>~._ crossing’

2 A in v, , depends on Am?, sin? 0, ,,,m» Ne
- strongly reduced v, flux
> ~y> o e for parameters Am2 = 109 ... 104 eV?
p— oo p(xo) p—0 also for small mixing angles 0,..,um
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I MSW Effekt — LMA & SMA LMA — Large Mixing Amplitude

MSW analysis of data from Homestake, — ~ o |, .25
. = .
Super-Kamiokande and GALLEX/GNO: |
>CIJ
2 MSW-parameter areas: SMA, LMA = o5
10-3 - ——rr — ——ry ———rrrr fl.%}
La /3 :
10 —
T 0.0 : -
> 0.1 1.0 10.0
L 108 SMA neutrino energy [MeV]
g ' SMA — Small Mixing Amplitude
10 1.0 ~ :
" ) | Am?Z =5 x 108 eV?
® pp , sin? 20 = 0.007
- 1 Be
1077 . 1
Z |
. [ — Chlor-37 5 051 '
107 & — Super-Kamiokande * _:,_
— GALLEX/GNO _—1 .\
1079 NPT PR R B Y J \
104 1073 1072 10" 1 0.0 N —
0.1 1.0 10.0
sinZ 20 neutrino energy [MeV]
ﬁg;ﬁ;i;f;ﬁ:ﬁﬂ?ﬁ;ﬁ;uhe emor (I Universitat Karlsruhe (TH) |~ Forschungszentrum Karisruhe
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I Borexino experiment AN

'Be-solar-v-experiment at LNGS, hall C

aim: real-time observation of the ‘Be-line
astrophysics of the sun
improved knowledge ¢(‘Be) 40% — 5-10%
& improved precision ¢(pp), $(CNO)

challenge: extremly small impurities with

with primordial isotopes (background)
detector: ultra-clean liquid scintillator surrounded
by mineral oil buffer and water veto
principle: elastic v-e-scattering
results:  reduction of the ‘Be-rate (MSW-LMA)

iIsotope purity

background 238U <10° g/g

) SR i . 232Th <1016 g/
May 15, SO0 S requirements g/g
Borexino filled with scintillatoi 40K <104 g/g
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| Borexino experiment - results AT

¥arlsruhe Instiute of Technology

data analysis:

16.5.07-12.4.08 7Be-v rate (per day per 100 tonnes) 49 + 3 (stat.) + 4 (syst.) 48 + 4
192 days = "Be-v flux ( x 10° cm2 s) 5.18 + 0.52 5.1
41.3 tyears ve-survival probability P, 0.56 + 0.10 0.541 +0.017

— fit

— ’'Be-solar-v’'s
— 214Bj+ CNO-v's

— 89Kr-background

— 1C-background (muons)
102 |- 14C-background

mineral oil

10%

!|.JLI'H HIﬂT[‘I TTTm)

events/(10 keV day 100 t)

W NN
i i Bl I i il i L I i i i I i i i Iﬂ:h"'..l i I i i I |-

02 04 O6 08 10 12 14 16 1.8 2.0
energy [MeV]
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I solar neutrinos: actual oscillation parameters <IT

global analysis of all solar neutrino experiments (as well as of the
KamLAND reactor oscillation experiment) gives

1| T T T

"; . LMA parameter space
41
s 10 K : @ of the MSW effect
— 3 analysis LMA
o 107°F
g
6L _
107 sin2 20,, = 0.87
107 F AM?,, =7.6% 10> eV?
8 —— 90% CL : o
L S strong, but no maximum mixing
10 - 99%CL
10-10F — 99.73% CL
10-11 - maximum
i mixing
[ PHHANY
10‘12'....|....|. A . .
1074 1023 102 101" 100 101
tanZ 6
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I atmospheric neutrinos AT

interactions of cosmic rays with 10O, 12N nuclei in the upper atmosphere
(h=10-20 km) generate air showers: & pion (n*, %, n~ ) & kaon production
decay chain of pions/kaons & atmospheric v's in the GeV-range
energies: @, at E, =0.25 GeV, then power law ®, ~ E->7 at high energies
flux: @, ~1cm2s?at sea level & multi-kt-detectors (~ 1 event/kt)

atmospheric
shower

[ af .-'i.#;.-': |
underground detectors
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I atmospheric neutrinos — flavours AT

the atmospheric n*-p* decay chain results ina v, : v, flavour ratio R =2:1
for a wide range of v-energies (E, ~ 0.5 -10 GeV)

nt— Pt + vy the flavour ratio R is modified at low & high energies:
PHe-) |, ot + Ve ¥, E, <1 GeV: n-absorption; E, > 10 GeV: muon decay
(t, =y % 2.2 ps) % no high energy multi-GeV v,

cosmic 5 —
radiation [ L ]
© 4 |- -
@ )
= horizontal .
3 lcos ©| < 0.5 -
2 | — flavour-
vertica :
] |cos6| >0.5 ratio
vV ive=2:1
'} LI.I.IlII i i ljlll.ll. i i lllll:.
0.1 1 10 100

neutrino energy [GeV]
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| super-Kamiokande: atmospheric v's IT

detection of atmospheric neutrinos in water Cherenkov detectors:
v, generate Muons via CC reactions, v, an electromagnetic shower
I,ﬂ—-“’ | - I !’1 PMTs register Cherenkov light (ring structure)

Imaging Cherenkov technique

Cherenkov ring:
e - PMT charge signal
. - PMT time signal

econstruction of:
& - v-flight direction 6,
W i - v-flavour v, v, (PID)
i - v-energy E,

KIT — die Kooperation von -, : J gsze
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I Super-Kamiokande: selecting v-flavours

analysis of atmospheric v's: excellent flavour separation is essential

100 | data u-like - | - e-like

75 Vi

50 muon
25 straight §

track

u-like | - e-like
100 —~ MC

events / 22.5 kton years

75

8 6 4 2 0 2 4
PID-parameter
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>0 CC electromagnet.
2 ~ ~— CC shower [
NC his, 3 .
0 = W

3 electron: fuzzy ring

v-flavour from final-state lepton-ID
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I atmospheric neutrinos — energies E, AT

subdivision of v, -reactions into 3 (energy-dependent) event classes
at Super-Kamiokande: investigation of v-oscillations as f(E,)

50
v - === ==y , . ,
S 45F [\ contained events : : Cont_alned_ events _
> ok ! \ . quaS|eIast|C scattering,
355_ S | YVetnN->€ +p,vytn>p +p
0F through- S cT T :
o5 | going muons 0 : ! | stopping
: : \ : .| muons
20f L : 1
15F _
: stopping
10| muons
5[ _
2 S v (up-going)
0.1 1 10 102 10° 10° through-going muons

neutrino energy E, [GeV]
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I atmospheric neutrinos — pathlength L, AIT

atmospheric neutrinos are an ideal source for v-oscillations:
detector is fully enclosed in a 4r geometry & the zenith angle 0 of the neutrino
defines the v-pathlength L, (20-12.000 km), variation over large factors

azimuth angle 6 & pathlength L,

up/down symmetry

"down-going” (D) expectation: N(up) = N(down)
L, = 20-25 km

MC-simulations _]

&
A O for up-down symmetry 1
o X !
o = X
(Q\| 0 i
i -
| ~ X
o o1
N I
) L
> A
— 0.0 ot
- " R | . R
“up-going” (V) 0.1 1 10
L, = 12000 km neutrino energy [GeV]
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I atmospheric neutrinos — zenith angle 6

high-energy multi-GeV v_,..: close correlation of the angle v-lepton

zenith angles around cos© = 0 (horizontal v,) = define scale Am?
zenith angles around cos© = -1 (up-going v,) = define scale sin“ 20

104

103

v-pathlength [km]

up-
going
101

ooooo

no oscill. |
Am2 = 103 eV2
Am?2 = 1025 V2~
Am?2 = 102 g\/2

1 0

zenith angle cos 6
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I Super-Kamiokande: cosoO distributions

¥arlsruhe Instiute of Technology

analysis of Super-Kamiokande-l azimuth angle distributions

sub-GeV e multi-GeV e
) 400:_ _: %) ® Daten
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200 | ] 100 |
[ ] C 10
100 F 3 50
A : : -
: Up i i i dpwn Y [ Up i i i dlown ?
-1 -06 -0202 06 1 -1 -0.6 -0.2 0.2 0.6 1
cos O cos 0 i
sub-GeV p multi-GeV p + PC =
: - - - 200 - - - . ih]
(p] (Vp] § b L
c 400 — < . ¥
3 [ > 150 £
D 300fF 4] @ : <]
= 3 = :
200+ ] 100 ;
100 : . 50
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6.6.1998: evidence for oscillations

of atmospheric neutrinos!

2
| “best fit” oscillation parameter -
Am? =2.1x103 eV?
sin? 206 = 1.02
- 00% C.L.
— 68% C.L.
1 1
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I Super-Kamiokande: L /E, distributions AT

first detection of the oscillatory 400 -
nature of the parameter L /E, I
12 3 minimum
c
)
>
_.l q)
selection of a specific data set
with very good resolution in L /E,
. . —~— oscillation
- good agreement with expectation c decoherence
. . O ~— B cay
for v—oscillations T
- exclusion of alternative scenarios ]
(v-decay, quantummechanical %‘?
decoherence of mass eigenstates) ks

oscillations = v-propagation effect
L,/E, ratio [km/GeV]
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I neutrino oscillations: laboratory experiments  IT

test of the oscillation of astrophysical v's under laboratory conditions:
reactor & accelerator experiments at long-baseline :

v-oscillations: modification of v-flux and of v-energy spectrum

MeV: solar v, GeV: atmospheric v,

Ve Vi

Vy—V;
oscillations:

oscillations:

Am2=7.6 x 10° eV?
sin2 20 = 0.87

AmZ2=2.1 x 103 eV?
sin2 20 =1.02

reactor experiments

LBL experiments

Vo e

disappearance: disappearance:

KamLAND K2K/T2K
MINOS
OPERA (v,)
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I results from reactor—v—experiments

ratio of observed to calculated reactor neutrino events as a function
of the distance from the reactor core (10 m — 100 km) & scaling

Am?2-sensitivity [eV?]

10t 102 103 104 10° 10°
I I I I T I 1.4}
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7 1010 sin< 26=0.83
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I KamLAND detector

Kamioka Liquid Scintillator Anti-Neutrino Detector (Kamioka mine)

J-US-long-baseline-reactor experiment: test of the LMA parameter spacee
disappearance oscillation of v, from all J nuclear reactors (®,~6 x 10° cm s1)

total power: 70 GW (~7 % of the world energy!)
distance d = 130 — 220 km, <E,» ~ 2-3 MeV

Inverse 3-decay

Vetp—on+et

WaLr Cheretlkov
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| KamLAND — Ereignis & Signal (AT

measurements: 3/2002 — 5/2007 (1491 days, 2881 ton-years)

e NG *’ BN - very strong sensitivity of the v—spectrum
R to the oscillation parameter Am?
- “complementary” to solar v's (sin® 20,,)

10 MC-simulation
@ 8 I no oscillation
©
D:. 6 Am*=2x 107 e¥*
O .
— (5in?268=0.8)
4 -
2
KamLAND i
v—event ! 'h | | [
: _‘ 0] 2 4 6 8 10

Antineutrino-Energie [MeV]
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I KamLAND — results

¥arlsruhe Instiute of Technology

clear & unambiguous evidence for disappearance of reactor neutrinos
spectrum is fitted with components: reactor-v's, geo-v's, background

Am? = (7.58 + 0.14,,, * 0.15
tan? @ = 0.56 + 0.10 + 0.10

syst

) x 10 eV?

= —e— KamLAND data
- E — no oscillations
S 250 ] - pest-fit oscillation
g - ;
= 200 + .
N - T
< - E aﬁ
© 150 & i
@ SO A s B S
g 100 - M
B B i
- o e
50 B : Br\geovs it
O : e R T [T s e e T YO A |h
0 1 2 3 4 5 6 4 8

G. Drexlin | KIT-EKP | ISAPP

positron energy [MeV]
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KamLAND parameter

KamLAND results

observed 1609
Background 276.1 £ 23.5
no oscillation 2179 + 89

KamLAND and solar v’'s:

same parameter space

e, o~

solar v's: MSW effect (matter)
reactor-v’s: vacuum oscillations
CPT symmetry M
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I KamLAND results ﬂ(“'

L. /E, — analysis from KamLAND: L, not measurable, effective distance 180 km

s | —+ data V. Obsgrvgtlon of two
o’ 1 oscillation cycles
> [ + .
§ 0.8} 500'_ -
o | P ® Japan
o B -
< 06 J[ 3 . Korea
= i F ¢ world
S - 300
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- - 200 . .
ook + § effective distance
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| atmospheric v's & accelerators IT

cross-checking the results of atmospheric v's with long-
baseline accelerator-v-experiments

1.0

atmospheric v’'s:
Am? =3 x 10 eV?

P(V” —>w)
(]
o
|

large Am? (L, /E,) space
CCevents| CNGS:

1 CERN SPS — Gran Sasso
NuMI :

FermiLab — Minos

K2K:

dN/dlog(L/E) [/kton /yr]

1 2 4
10 10 10 10 10
L/E, km/GeV]
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I long baseline oscillation experiments

operating and planned long-baseline accelerator-based
v-oscillation experiments in Japan, US & Europe

long baseline accelerator experiments: overview

LB-v-beam place distance energy L/E start detector channel
K2K J 235 km 1.4 GeV ~150 1999 Super-Kamiokande Vv, - X
NuMI Us 735 km 1-30 GeV  50-350 2005 MINOS vy - X

CNGS EU 732 km 30 GeV 50-350 2007 OPERA V-V,
T2K J 295 km GeV 2009 Super-Kamiokande V- Ve

SN
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| neutrino oscillations: 3-flavour mixing AT

extension of the 2-flavour oscillations to 3-flavour mixing:
- three mixing angles: 0,,, 0,3, 6,3
- two independent Am?2 scales with relation:  AZFVAZREN//E

A VAVAV/ -

NV isl| 1. & 2. generation

f
L, . v: 'V V\V , L NNV 2. & 3. generation
\% - .
IRAVAVAVAVAN ; ARSIV 1. & 3. generation
v M

leptonic PMNS mixing matrix:
Pontecorvo-Maki-Nakagawa-Sakata

U = unitarity 3 x 3 mixing matrix

KIT — die Kooperation von % 3 Forschungszentrum Karisruhe
D I KIT-EKP | ISAPP Forschungszentrum Karlsruhe GmbH | Universitat Karlsruhe {TH] I- in der ;ﬂlmhnﬂz_sr:mammhsﬂ
G. Drexlin | = | S und Universitat Karlsruhe (TH) } Forschungsuniversitit « gegrindel 1825 I_



| neutrino oscillations: 3-flavour mixing AT

extension of the 2-flavour oscillations to 3-flavour mixing:
- three mixing angles: 0,,, 0,3, 6,3
- two independent Am?2 scales with relation:  AZFVAZREN//E

- \41 SVAVEAV -

NV isl| 1. & 2. generation

/ /
L, i v: 'V V\V o L NNV 2. & 3. generation
v /
2 VVVVA > NSNSV 1. & 3. generation
v M

leptonic PMNS mixing matrix:
Pontecorvo-Maki-Nakagawa-Sakata

U = unitarity 3 x 3 mixing matrix
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| neutrino oscillations: 3-flavour mixing AT

3-flavour oscillations “decouple” into three separate mixing terms:

0. CP-phase

2. & 3. generation 1. & 3. generation 1. & 2. generation

atmospheric v's solar / reactor neutrinos solar neutrinos
long baseline accelerators long baseline reactor/accelerators reactor experiments
Vv, - X V-V, Ve - X Ve — X
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| neutrino oscillations: 3-flavour mixing AT

3-flavour oscillations “decouple” into three separate mixing terms:

o: CP-Phase
2. & 3. generation 1. & 3. generation 1. & 2. generation
Am,.2 = 2.3%x 103 eV? Am,;2 =2.3%x103 eV? Am,,2 =7.9%x10° eV?
0,5 = (45+4)° (maximum) 0,5 < 15° (very small) 0,5 = (33.7£1.3)° (large)
£ £ £
< < <
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| neutrino masses in particle physics AT

normal hierarchy with m; <m, < m;,

101 T T 111000 T 1 ||||II'| T T 11100 ] V_maSS [eV]
" . . : A mu tau
guasi-degenerated :
> mass models - atmospheric
— 10° V3 e (058 solar
& 0.050 C— mE— v,
0049 | | v
10"
solar
1072 V, e 0.009 atmospheric
AL =0 =0 [ v,
“hierarchical
mass models
VN — C U ‘
104 4 3l = 2------ 1l“"" 0 1 b I I ?
1% 10° 107 10" 10° 10 apsolute scale m;:
m, [eV]
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I neutrino masses In particle physics

normal hierarchy with m; <m, < m;,

“quasi-degenerated’
mass models

T 1 ||||II'|

my [eV]

my [eV]

“hierarchical”
mass models
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guasi-degenerated scenario
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M'olar atmos
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| neutrino masses in particle physics AT

normal hierarchy with m; <m, < m;,
101 T T TTITNT T |||||II'| T T 1111 w
‘quasi-degenerated’ flavour co_mposmon
2 mass models of mass eigenstates
— 109
-
10"
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1073 — —
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mass models
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