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81 years of neutrino physics

1920 Ppostulate of the neutrino
Theory of Majorana neutrinos
1940
N
1950
First detection of the neutrino
1960 Distinction of muon from electron neutrinos

Distinction of antineutrinos from neutrinos

e First detection of solar neutrinos

and the solar neutrino deficit
1980

First detection of Supernova neutrinos
1990

2000 First detection of tau neutrinos
Discovery of neutrino oscillations
2010
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Top 10 of wanted neutrino properties 2011

013 || What is the size of the last unknown neutrino mixing angle?

5+ || Is there CP-violation in the lepfonic sector?

Is the neutrino mass hierarchy normal or inverted?

m,, What is the absolute neutrino mass scale?

v=v || Are neutrinos their own antiparticles?

Vv, Are there sterile neutrinos?

w, || Has the neutfrino a non-vanishing magnetic moment?

NSl || Are there non-standard neutrino interactions with matter?

osc || Are there collective neutrino oscillations at large neutrino densities?

J2M3IA 3y} UO 35.1n0I Jo puadap Sjuajuod pup JapIO

v,>c || Are neutrinos faster than light?
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Top 10 of wanted neutrino properties 2011

0 || What is the size of the last unknown neutrino mixing angle?

5» || Is there CP-violation in the lepfonic sector?
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PMNS neutrino mixing matrix

Ve 1 0 0 C13 0 8136_2(S ci1g S92 0 1
Vi = 0 C23 593 0 1 0 —S12 (192 0 V9
Vr 0 —S93 (93 —81367’5 0 C13 0 0 | V3

mixing angles : ¢;; = cos 97;]-, S;; = sln 97;7'
CP violating phase : 9
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PMNS neutrino mixing matrix

Ve 1 0 0 C13 0 8136_i5 clg  S19 0 4]
Vi = 0 C23 593 0 1 0 —S12 (19 0 V9
Vr 0 —S93 (923 —8136i5 0 C13 0 0 1 V3
flavor atmospheric reactor mixing & solar mass
eigenstates mixing CP violation mixing eigenstates
0,;%45° 0,5<14°, 6,p=? 0,,~33°
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PMNS neutrino mixing matrix

Ve 1 0 0 C13 0 8136_2.(s 19 S19 0 4]
Vi = 0 C23 593 0 1 0 —S12 (19 0 V9
Vr 0 —S93 (923 —8136i5 0 C13 0 0 1 V3
flavor atmospheric reactor mixing & solar mass
eigenstates mixing CP violation mixing eigenstates
0,;~45° 0,5<14°, 8,0=? 0,,233°

Two alternatives for measuring 0,5:

= Disappearance of reacfor neutrinos

P(ﬂe — De) ~1— Sin2 (2(913) SiIl2 (Alg)

= Appearance of beam neutrinos
P(v, — ve) ~ cos” (f23) sin® (2013) sin® (A13) AmqszL
-+ sin(2912) Sin(2(913) Sin (Alg) COS (5 — Alg) Alg - 4 F
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Tokai 2 Kamioka Beam Experiment
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First T2K result — v, appearance

T2K, arXiv:1106.2822
v -like events in Super-Kamiokande
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Reconstructed v energy (MeV)

1 expected, 6 events found!
Significance of excess: 2.50
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First T2K result — v, appearance

T2K, arXiv:1106.2822

v -like events in Super-Kamiokande Allowed range for 0,
: For 0,,=0, normal hierarchy:
g ! —4— Data ]
& : T [ Osc.v,CC 0.03 < stZG13 <0.28 (90% C.L.)
2 3 n V“+V“ CC T . ; — —
8 | [:I Vle CC B o | | L |
[ 1 NC L 2 i
g/ (MG w! E Am3; <0 :
) sin?2013 = 0.1) u 4
-+ 2 . ———— L i
GCJ o N ]
: S0 ?
© i ;
e 1t ———— -2 - T2K —]
2 r 1.43x10° p.o.t. .
= [ 1
> | T 01 02 03 04 05 06
N e £ F e e
0 1000 2000 3000 SI2Uy3

Reconstructed v energy (MeV)

1 expected, 6 events found!
Significance of excess: 2.50
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First T2K result — v, appearance

T2K, arXiv:1106.2822

v -like events in Super-Kamiokande Allowed range for 0,
: For 0,,=0, normal hierarchy:
; ! —4— Data ]
& - T [] Osc.v, CC 0.03 < sin?20,, < 0.28 (90% C.L.)
2 3 I V“+V“ CC T : ; — —
Lro) [:l V'e CC B o | | L |
[ 1 NC L 2 i
§ (MC w/ | Amj; <0 b
) sin?2013 = 0.1) u -
-+ 2 . ———— L i
GCJ o N ]
: S o ?
© i ;
e 1t ———— -2 - T2K —]
2 r 1.43x10° p.o.t. .
= [ 1
> | T 01 02 03 04 05 06
Z . YR B e OO — : : | 2.26 . : :
0 1000 2000 3000 SI2Uy3

Reconstructed v energy (MeV) ,
From global analysis

including MINOS, reactor & solar data

1 expected, 6 events found!

Significance of excess: 2.50 sin220,, = 0.080+0.027 (10)

Fogli et al., arXiv:1106.6028
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The Double-Chooz Experiment
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The Double-Chooz Experiment

antineutrino survival probability
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Double-Chooz Far Detector
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Prospects of Double-Chooz

= Far Detector Projected DC limit on 6, A
- completed and filled in 2010 orall o [==90 % sensiviy]

- data taking started in April 2011 Ear betecto', :

- more than 4000 events collected e L s I
T2K (best flt) 0 11 (QO%CL) ;

—> sufficient to test old CHOOZ limit ~ 0‘1; """""" 23=45°6=0(Am23)2-24x10‘3_:
and the T2K best-fit value L S X0 SO U A S S O

" Near Detector PO S Near + Far Detector -
- lab construction started e T S LR O O O

- start of data taking © Start Near Detector ojgf-

L o1 l R (T [ l R Y [ (I
foreseen for January 2013 0.0 S T S T O (O e
N N NN N NN NN

PO 42T IO ™ ROY 4 AOY T AOY ya A0 ™

LEXI — New Puzzles in Low Energy Neutrino Astronomy Michael Wurm UHH



Top 10 of wanted neutrino properties 2011

v, Are there sterile neutrinos?
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Reactor antineutrino anomaly

IIIIIIIIIIIIIIIIIIII IIIIIIIIIIIlIIII]IIIIIIII

G. Mention et al., arXiv:1101.2755 |
F}I“QXNOSB 38 F : 0.93g 0008 -0068
Re-Evaluation of the reactor v, spectrum: sam S

ROVNO88_1S
182 m

0.948 =0.009 +0.065

T
Ly
I
—
I
I
I
I

" |LL integral B-spectra of fission products e — T

0.917 =0.008 +0.063

. .. ROVNO88_1l
from 23U, 23Pu, 241Pu + 238U predictions o ;
SRP s | H— 1.019
[] . . . SRP-| E... ;I 0.953 0.006 +0.035
» new: full available data on fission yields g
for spectral inversion to v spectra I
(sl |
. - I
" updated: weak magnetism corrections . S | e e
. . 0 S |
and neutron life time (IBD cross section) Goesgen-i i 0.024 00 -005s
gati?gerw-ll ; _: ; 0.991 0024 :0059
=> Predicted experimental rates o | R
. o ugwc‘; 1 « : A{I . 5
effectively increase by 3.5% Bugey3 ! Loag 0 200
e e . B}Igf\,f&‘»‘l b %L | 0.943 =0004 0047
=>» now 6% deficit in rate for all |
reactor neutrino experiments @ 2.20 |
Wnllil Average ;-6-4 | 0.943 0022

9 POSSib,e exp[anafion: a 4”’ sferi[e neufrino! ol b bl ; 1I||11I1111I1||1I|111I111

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
Ratio of measured/predicted rate
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Sterile neutrino oscillations

1.1 ———— - —_—

New reactor v flux
arXiv:1101.2663 }

1 ————————— —_ - —
;l? 0.9 -Nucifer N
= v—oisclzlllatlonl

0., mixing angle
-g -2 g ang .-
02 v—oscillation ?
e f,, mixing angle
= L
Q 08 Double Chooz
© 4
2 3
E d
S5 071% »< >
v Terra Incognita Reactor
l> Anomaly
arXiv:1101.2755
06}
Physics scenarios
3 active v + 1 sterile v (new)
05| = = =3 active v
= Data
e v ALLLLLJ o e 'e ‘LLAAL e 'L'Li s e LLALL“L e e ALL“LLl e s LALJAll L A J A A AALL
10" 10’ 10' 10° 10’ 10" 10° 10°

Distance to reactor [m] Th. Lasserre, AAP 2011
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Sterile neutrino oscillations parameters

10 1 T TT1TTTT T 1 T 'T] T T 1717
\ [ —090.00 % There are further
“% 5 | =—=05.00 % experimental hints
4 — _
: 99.00 % = rate deficit in solar v
107 ————— H Jaa: Gallium experiments
s 2 dof Ay" contours 5
‘ o " MiniBooNE anomaly
¢ 3
10 .} | = + Y E
1= A Oed @ -+ | ] - . .
D grCM > | 2 Combined best fit
A2 ! Q -
3 K — 5 for (3+1) scenario
B0 — ; 2 =sin220,,=0.16
N B e e 1 C "Am2=2eV?
i RGO o B
10,  nus 8.2 = E
8 R*+C 1 0.05-0.22 I8 | 097 . s ,
ks |Smum| s | s no oscillation scenario
- L AR disfavored at 99.8%
107 e el
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sin“(26 ) Ay
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Cosmological bounds on extra-neutrinos

CMB expectation Hints for sterile neutrinos

0.8 B _ = Cosmic Microwave
Background (WMAP data):
additional degrees of
freedom from radiation

= Big Bang Nucleosynthesis:
dependence of primordial
“He yield on extraradiation

=
N

From Cosmology:

mass of sterile neutrinos [eV]
O
o~

m 1-2 sterile neutrinos favored

= .
O

= Am,,%2 =2 eV?is disfavored
1 2 3 o 0

number of sterile neutrinos > new Planck data (2012) will
set very stringent limits

J. Haomann et al., arXiv:1006.5276
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Proposed experimental searches

Borexino Peo(r) = 1 —sin® 20sin®(r - r/4).

w0
o

o
(=}

" place MCi v /V_-source
close to or inside detector

~
(=]

(o2}
(=}

= |ook for spatial oscillation >

pattern contained inside
the scintillator volume

40

30

number of events [per bin: 0.05m]

20

PR I 1 TR 1 P 1

L.=1m @ E, = 1MeV N
8 S0

@® v-source distance from source [m]

OO
N
S
(2]

Double-LAr

® placing ICARUS as far & new
LAr near detector close to a
new PS v-beam line at CERN

= |ook for distortion of far
detector energy spectrum
caused by oscillations
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Top 10 of wanted neutrino properties 2011

NSl || Are there non-standard neutrino interactions with matter?
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Solar neutrino spectrum

16"
10"
10"
10°
10
10
10°

2

7

neutrino flux [/cm?s(MeV)]

10.0 energy [MeV]

Solar fusion net reaction:
4p — *He + 2e* + 2v,_ + 26.7 MeV
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Solar neutrino experiments

G
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EAEERTL
ik g
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SNO Borexino
= reactions on D: = ve-scattering
separation v,/v, . » high light yield
. 8 :
Super-Kamiokande (H,0, 22.5kt) Sl He) (v r_1e.w = By iiEsene:
_ _ LETA analysis: E. >200keV
= elastic ve-scattering: mostly v, thr
. N Ey,>3.9MeV = sensitive to 'Be,
» precise measurement of SB-v'‘s 5
pep, low-E °B

above E; >5 MeV
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Solar neutrino spectroscopy

12

16
10
10

------------- Liquid o SpectWater
__ Scintillator ~ Cherenkov
Detectors Detectors

i1

10

—

1.0 10.0  energy [MeV]

neutrino flux [/cm?s(MeV)]

= \Water Cherenkov Detectors (SNO, Super-K) threshold: 4-5 MeV.
= Since 2007: Measurement of low-energy regime by Borexino.
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Solar neutrino survival probability

Friedland, Lunardini, Pefia-Garay
Phys Lett B 594 347-354 (2004)

0.7 I I ! LI | lIEII 1 I ] IEI III : | J—
a® - LMA—0 pep ===-- LMA—| p'ep .
£ 06 .. — [MA-O'B — LMA-I"B =
o = e : ' -
S - : g A
2 U MSW-LMA | —
% - ; . scénario i
> - Nbn- : i .
S 4 — ; ; : P ; -
g 04r Standard : : :
< N Interactiohs \ | ——
> 03k > N e
L pp . 'Bei  ipep °B SNO ]
0'2 1 1 l 1 11 léll . 1 11 lél 1 lI : 1 ]
0.1 1 10

Neutrino Energy (MeV)

Oscillations in vacuum
probability averages
over long distances, P.,=0.55

=
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Matter-enhanced oscillations
interaction with solar matter
increases osc. probability, P,,=1/3
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Hint for non-standard interactions in B data?

BOREXINO (ES) SNO-LETA (cC)

w 45 =
5 —— Data % E
g 40 wn 04— '
ug,‘ BPS09(GS98)+LMA-MSW : E ' 0 * + + + i

gpRE R It P I (O N WY N S YN R
; \;\;\\\ N \: BPS09(AGS05)+LMA-MSW g 035 . ' * ' 1 *
2 302\\{ 502 . +
S 25 | m o
i) RN SRR I~
c ‘ W -
3 20 -
o r -

15 ,?JLW_J = —— Fit result + total uncert

N \ - == Gtatistical uncert
10 - mmmm Systematic uncert
5 I - - Undistorted spectrum
' - LMA prediction
0 +‘l'l _l_llllllllllllllllIlllllll]llllllllllllll
4 6 8 10 12 14 4 5 6 7 8 9 10 11
Energy [MeV] T, (MeV)

= Borexino and SNO-LETA results are in good agreement
= Rates at low-energies are low compared to prediction.
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New solar neutrino results in 2011

0.9 |

| =5
08l Bor_efano
0.7} pp —all

experiments

_O
Ut
—

v, survival probability P,
o
(@)
1
1
1
I
I
]
I
I
I
————
-Q

o
N

o
W
—_—

0.2}

’Be N
Borexino

1071
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10°
Neutrino energy [MeV]
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Borexino
New pep result

favors standard
MSW-LMA

Borexino
’Be-uncertainty

reduced to 5%

SNO

Mild tension to
MSW-LMA for
low 8B energies

> NSI ?
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Neutrinos and solar metallicity

" new analysis of solar metallicity Borexino results
(3D modelling of Fraunhofer lines) L S L S
in conflict with helioseismology - - ® LOW- e (AGSS09)
% 1.1 il _\
= solar neutrino production S /[ /\\
depends on metallicity Z e : !]"'
o L1\ )
2 09 I "“\' ~ ,." ."
= based on SSM and different Z: & NS/
[ arXiv:0811.2424 ] . o dra \\\\____,/ Allowed regions:
i 0 55459 O
1 99.73% CL.
Branch  Error AZ 7 R Rl e R
PP 0.6% 1.2% 8B measured/expected
pep 1.1% 2.8%
'Be 6% 10% <  Borexino
B 11% 21% & Super-K/SNO
CNO 16% 31-44% < Borexino? future liquid scintillators?

= Up to now, solar neutrino data is not sufficient to decide ...
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Astronomical neutrino sources

Galactic Supernovae NI
gravitational collapse A Cosmic v backgr0u3nd
v Y <E>=15MeV S /% T=1.95K, p=56/cm
XX — VvV d=10kpc %/¢
Dark Matter $=10'1/cm?s
Annihilation «

Sun

He burning
E<18MeV
$=10%%/cm?s

Ccosmic Accelerators
AGNs, GRBs ...
E: GeV-EeV
$p<101/cm?s

‘e ®
. o
: 1 R
.
o - .

SNv background
all SN for z>5
<E>==é|_O|\/|§V

Geoneutrinos $=10%/cm?’s

natural U/Th l),
E<3.4MeV "
$=10%/cm?s
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Large-volume liquid scintillator detectors

1980 1990 2000 2010 2020

Borexino |

D
)
)
)

SNO+
Next _ m?? >
generation

Kate Scholberg, TAUP2011
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LENA detector layout

Liquid Scintillator
ca. 50kt LAB

Inner Nylon Vessel
radius: 13m

Buffer Region

inactive, Ar =2m
ca. 20kt LAB

Steel Tank

r=15m, h =100m

50,000 8“-PMTs

Winston cones
optical coverage: 30%

Electronics Hall
dome of 15m height

Top Muon Veto
limited streamer tubes
vertical muon tracking

Water Cherenkov Veto
3000 PMTs, Ar>2m
fast neutron shield
inclined muons

Egg-Shaped Cavern
about 10° m3

Rock Overburden
at least 3500 mwe



LENA: Physics programme

Solar
neutrinos

[
o
[
~

e Supernova

% neutrinos
-
s (burst)
-

Geo
neutrinos

Flux (cm? s MeV1)
1

104
Reactor

neutrinos

Supernova
neutrinos

(diffuse)
104

| | 1 1 |
0.01 0.1 1 10 100
Neutrino energy (MeV)
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Low Energy Neutrinos
= Galactic Supernova neutrinos  10%/SN

= Diffuse Supernova neutrinos  10/yr

= Solar neutrinos 10%/d
= Geoneutrinos 103/yr
= Reactor neutrinos 103-4/yr
= Neutrino oscillometry 10*/MCi

" Pion decay-at-rest beam

® Indirect dark matter search

GeV energies
= Atmospheric neutrinos
= Long-baseline neutrino beams

= Proton decay

33



LENA: A neutrino observatory

= How large is the U/Th contribution to the total terrestrial heat flux?
= What is the relative abundance of U/Th in crust and mantle?
= |s there a georeactor at the Earth’s center?

What is the correct value for solar metfallicity?
How large is the contribution of the CNO cycle to solar fusion?
Can we observe helioseismic gravitational modes in the solar core?

Is there an initial neutrino burst from neutronization?

Can we monitor the protoneutron star cooling in the light of neutrinos?
Is the explosion shock wave imprinted in the neutrino signal?

Might we observe neutrinos from thermonuclear SNe (Type Ia)?

- = Can we detect the Diffuse Supernova Neutrino Background?
- = What is the neutrino spectrum averaged over all types of SNe?

XX » Are there Dark Matter candidates at masses of 10-100 MeV?
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LENA: A particle physics laboratory

013 Occurence of resonant flavor conversion

" | ona-baselin Supernova: observation of neutronization burst

H ong-basetine SN envelope/Earth matter effeczs
beam

Ocp Short-baseline: pion decay-af-rest beam

v, || Short-baseline oscillation experiments: sources, pion decay at rest

u, || ve-scattering: solar, EC sources v, 2V, conversions by B-fields: solar, SN

NSI || Long-baseline beams, solar neutrinos

osc || SN neutrinos close to the proto-neutron star: spectral swaps

v,>c || Long-baseline beam, 2288 km from CERN fo Pyhasalmi

Proton decay into Kaon and antineutrino (SUSY favored)
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LAGUNA - LAGUNA-LBNO

= Consortium of European science institutions and industry partners

" Design studies funded by the European Community (FP7)

= LAGUNA: detector site, cavern, and oscillation baselines (2008-11)
= LAGUNA-LBNO: detector tank, instrumentation, and beam source  (2011-14)

LAr ~ 100 ktons f.m.
LSc™ 50 ktons f.m.

Seven sites, three detecfor technologies

o | m ;-_ ‘5'3%1\2302 Km WCh~ 440 ktons f.m.
| GLACIER
Boulby [} R ' Lo Danmark 59U5N0 lefn
1050 Km —
- se%'m:mcnm Fa=y  Unirea LENA
T B ¢,,,‘, R &% Salt Mine
-~ T 1456 Km
130 KN«IW i ‘
CASO
. LSC nft‘ally. 659 Km
630 Km A e ' "," ~
— MEMPHYS

LEXI — New Puzzles in Low Energy Neutrino Astronomy Michael Wurm UHH 36



Conclusmns

™S Neutrlnos offer a Iot of opportunltles for the 2

dlscovery of phy5|cs beyond the Standard IVIodeI. e

M= 2011 was an excmng year in terms of neutrlnos
and it |s not over yet SR, |

St Wlth underIymg neutrlno parameters
v ' establlshed neutrinos can be ﬁnaIIy used as |
probes for astronomlcal observatlons i %

L The next generatlon of Iarge volume neutr|no

detectors (and espeC|aIIy LENA) offer a hLQad

’ ”Il, g s
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