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Introduction:

neutrino properties

SN




neutrino properties

B parameters of the three light SM neutrinos v, v, v,

INtrinsic neutrino properties

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

life times T1s Ty, T
decay modes (radiative, non-standard modes) I
magnetic dipole moment (static / transition moment) K,
electric dipole moment D
mean square charge radius <ré»
couplings to gauge bosons & Higgs (y, W*, Z°, H) o]

M existence of - sterile neutrinos (beyond the SM)
- 4t neutrino familiy?
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CP properties
M intrinsic particle-antiparticle symmetry of SM neutrinos?
Dirac-v and Majorana-v only distinguishable if m , # 0

»
V)
Y Lorentz
4 v states
Lepton number e VD
conservation
AL =0
CPT PT
P
Si
N B

neutrino # antineutrino C

Majorana neutrino Lorentz

2 v states
Lepton number
violation
AL =2 e
,heutrino = antineutrino”

>

CPT
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neutrino mass — mechanism? AT

B Higgs mechanism: SM particles acquire mass via scalar Higgs boson, this
results in a change of handedness (lefthanded < righthanded), v, g < v_g

B see-saw: light v, < heavy vy m [MeV]

photon vy massless 0
€ L Ta—e — electron e light 0.511
M - i\ HR X i, muon medium 105.6
t t; t X top quark t heavy 1.71 - 10°
\%
Vb
VM
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neutrino mass — pattern?
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B hierachy — normal case: m; <m, << ms, inverted case: m; << m,,
quasi-degenerated —m; ~m, ~m;,

m. [eV]

10"

100

10-1

“quasi-degenerated”
mass models

normal/ 3
inverted 3

“hierarchical”
mass models
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neutrino oscillations:
an experimentalist’'s view
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weak interaction — quark mixing ﬂ(“‘

e of Technology

B quarks: 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

- left-handed quarks, leptons

- right-handed anti-particles

u,c,t
neutron @—% proton 1 MEANS
mixing of

/ \“-i\ _ weak states
cos 6, W ‘*<:' d’.s",b’
in®, =0, v

| e
SU(2):
lambda I— proton  Weak ) (
isospin
a’

S e Ij (
-i\ _

sin 6, W “<
v, flavour eigenstates
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neutrino oscillations — formalism QAT

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

P(v, —v,)=5in?26sin*(1.27-Am*: L, / E,)

frequency experimental parameters:

cos 0

2 2 2 ' '
AM?, :| m’ —m; | L, n unl_ts of m [ km |
E, in units of MeV [ GeV |

source

]
s 2 . .
- - - 15'” 26 m periodic appearance of a

new neutrino flavour state (v,)

25E,
\Y; -
H 7‘1‘05{1_ ﬁmg . . -
¥ periodic decrease / increase of
5 X ) ] .
Jistance x = ot original v-flavour fraction (v,
B probability that v, transforms to v, m oscillation length A ~ v-energy!!

- 2
probability that v, remains v, Aosc ~ 2.9 E,/Am
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neutrino oscillations — concept AT

B neutrino oscillations result from the propagation of mass eigenstates

flavour state B WWVV V\MM WV\M '\W\M WW\W flavour state p*
w /_..;_ N V1,23

Vu propagation of Vi
v—mass eigenstates

L=10m ... 10.000 km

N

--------------------- N-+—=

S

N

source parameters 0 @
to be determined: ' | D N
I I
. | I
v—energies A vaf _ —
v—fluxes y 7 v—detection efficiency

v—flavours emission detection v—energy resolution
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appearance & disappearance channel QAUT

e[CEeToJolcElE N EURIEN v, — Vv, disappearance

P(v, »>v,)=1-sin*20- sin2£1.27-Am2 Ei]

14

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

appearance Kanal v, — v, appearance

P(v, »>v,)=sin"20- sin2(1.27 . Am? ij

14

statistics: small event ensembles (N < 100)
systematics: v—flavour composition?

preferred for small mixing amplitude example: CNGS beam - OPERA
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appearance & disappearance channel QAUT

Karlsruhe Institute of Technology

. _ 150 L T T T T T
ST LETENRERREN v, — v, disappearance BN VINOS ferer Detekior |

* experiment. Daten i
— MC, keine Oszillat.

Ereignisse/GeV
3
I
——

P(v,—>v,) =1-sin®26-sin®| 1.27 - Am? Ei

14

statistics: large event ensemble (N > 10%)
systematics: v—flux & v—energies? e
5 10 15 20

preferred for large mixing amplitudes v,-Energie [GeV]

appearance Kanal v, — v, appearance

P(v, —>v.)=Sin? 26 -sin?| 1.27-Am? - =
statistics: small event ensembles (N < 100) |
systematics: v—flavour composition? 2010: first tau neutrino
preferred for small mixing amplitude from oscillations
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3-flavour mixing QAT

Karlsruhe Institute of Technology

m extension of 2-flavour oscillations to 3 flavour oscillationen:
- three mixing angles: 6,,, 6,3, 0,5

- two independent Am?2 scales with relation: Amf3 — Amfz + Am223
RV AVAVAV _
- A > l: Amf2 = m12 — m22 1. & 2. generation
Vv P "ﬁ"\. /\
e , 4 2 Vv VAV , Lo Ye_ Am§3= m§—m32 2. & 3. generation
A% NNNAN/S
i 2 _VVVVA > __FI__-,., Amf3: mf—m§ 1. & 3. generation

leptonic mixing matrix:
Pontecorvo-Maki-Nakagawa-Sakata

\VT) \U 7l UTZ Uz'3) \V3/

v U = unitarity 3 x 3 mixing matrix
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3-flavour mixing AT

stitute of Technology

B extension of 2-flavour oscillations to 3 flavour oscillationen:
- three mixing angles: 6,,, 6,3, 0,5

- two independent Am? scales with relation: Amf3 — Amfz + Am223
S ERAVAVAY > Ve Amlzz = m12 — m22 1. & 2. generation
Vv !
N iZEEAVAVAVAY > __fl‘__,.. Am§3 = m22 — m§ 2. & 3. generation
\Y
i 2 _VVVVA S . Amfs = mf — m§ 1. & 3. generation

leptonic mixing matrix:
Pontecorvo-Maki-Nakagawa-Sakata

.| (0.81-0.85 0.53-0.58 0.00-0.12) (v,
. [=]0.32-049 0.52-0.69 0.60-0.76 |- v,
0.27-0.46 0.47-0.64 0.65-0.80) | v,

(3

U = unitarity 3 X 3 mixing matrix
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neutrino oscillations: 3-flavour mixing QAT

Karlsruhe Institute of Technology

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

d: CP-phase
1 0 0 cosd, 0 sind,e™)(cosd, sing, O
U=|0 cosb,, sinéb, | 0 1 0 | -sin@g, cosé, O
0 -sind, cosd,)|-sinb.e™ 0 cosé, 0 0 1
atmospheric v's solar / reactor neutrinos solar neutrinos
long baseline accelerators long baseline reactor/accelerators reactor experiments
vy - X V-V, Ve — X V- Ve V, - X Ve — X
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v-0scillations

MeV: solar & LBL reactor v-experiments

12-mixing

AT

Karlsruhe Institute of Technology

GeV.: atmospheric & LBL accelerator v's

17
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v-oscillations: mixing parameters

MeV: solar & LBL reactor v-experiments

>
)
iy, AmZ2, = (7.65+0.23) x 105 eV? “él
12-mixing L
= sin2 0,, =0.304+0.02
—
QD
decoupled © 2 flavour oscillations (disappearance)
(8 N
S .
‘ Am2 =(2.4+0.1)x103%eVvz
23 ('3
=,
23-mixing &
=
<

sin2 0,, =0.50+0.06

GeV.: atmospheric & LBL accelerator v's
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neutrino oscillations: L/E and Am? QAUT

Karlsruhe Institute of Technology

B coverage of the entire Am?-parameter region requires different experiments
goals: - determination of parameters Am;#, sin= 26
- observation of L, /E,, oscillation pattern
- identification of flavour channels

- matter effects, leptonic CP-violation?

Am2 (eV2)

GALLEX/GNO
10° 10" 1 10" 10?7 10° 107 10° 10° 107 10° 107 107° 107" |prp —pretey, SNO, SuperK
| I | | | | I | | | | | | |

T ~ . /cosmic
y ra_ys
solar-v: ve = vy (MSW) o
I 2002 %
reactor : vg — X
| 1

LBL accelerator: v, — v, AT,

H

N _
: ,;# Le +V_ + VH
atmospheric v : v, —> v, |
| | | | | | | | | | | | | | ’ "
undergrou

-2 -1 1 2 3 4 5 6 7 8 9 10 11
107 10" 1 10" 10° 10° 10° 10° 10° 10" 10° 10° 10T 10 detector
light path L, / neutrino energy E,
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solar neutrinos:
0., osclillations
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solar neutrinos — energy spectra & fluxes QAT

B theoretical calculations for solar v—spectrum, pioneered by J. Bahcall

Standard Solar Model - integral solar v-flux: @, = 6.6 x 1010/ cm? s
- Input parameters: Lg, ... o2 - | o
metalhmty ZIX: H; Mm BPS08
high Z: 1.8% < low Z: 1.65% @ 100 L Be +6%
- low Z: problems with o ] Be
L N e '
helioseismology / (SSM) A S pep ;
. O, +1.1%
B [ower solar metallicity Z x 8y +11%
— 6| -
decreases 'Be by ~10% > o
CNO, ... ; :
10%
low Z: ®('Be) =4.55 ; ]
_ ('Be) x 10° /[cm2s ¢
high Z: ®(’Be) = 5.07 102 |
(J. Bahcall), C. Pena-Garay & 0.1 1 _ 10
A. Serenelli, 2008, arXiv:0811.2424 neutrino energy [MeV]
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solar neutrinos — 8B QAT

Karlsruhe Institute of Technology

B 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-K, SNO)

BLAA
s ur
'
"t

i 10" ¢ —————— S
: > :
% 1010 L Be
" L Be
(?E 10° ¢ beP
S, o
P 3 3
- C B
De amiokandae H_T 106?_ ‘)
> _ g
104; ’/
0.1 1 10

neutrino energy [MeV]
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solar neutrinos — 'Be QAT

Karlsruhe Institute of Technology

B radiochemical detectors: CI-37 experiment % solar v—problem
ultra-clean scintillators: Borexino ve-scattering (real-time!)

>
10" ¢ Bl —
= s
= 10105_ I_Be 862 keV :
Lo B
o o f pep :
= 10°¢ .
(&)
> 3 s
< qoo) £ 3
Lo .
104; ’/ _
/ hep
0.1 1 10

',,. ii 0 e a
Borexino,, . - .

neutrino energy [MeV]

23 May 13, 2011 G. Drexlin — experimental v physics - | KIT-KCETA



solar neutrinos — pp

AT
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radlochemlcal detectors Gallex & SAGE measure low-energy pp-v’'s

24

v—flux [cm2 s'1 MeV-1]

May 13, 2011
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successful calibration with °1Cr-v-source
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Borexino experiment AT

Karlsruhe Institute of Technology

B objectives: detection of low energy-v's
via elastic v-e scattering

mineral oil
buffer

solar neutrinos:

- real-time observation of the 'Be-line
%, improved knowledge ¢("Be) 40% — <5%
& astrophysics of the sun (metallicity)
& improved precision ¢(pp), $(CNO)
& search for non-standard interactions (NSI)
- measure ®B-v’s, pep-v’'s
& investigation of transition between
vacuum oscillations & MSW effect

geo-neutrinos:

- analysis of energy spectrum at low energies
& improved understanding of heat production
[2010: ~10 candidates observed, 4.2c effect! ]
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Borexino experiment AT

Karlsruhe Institute of Technology

" uier| detector: graded shielding principle

— ultra-clean liquid scintillator (PC) surrounded
by mineral oil buffer and water p-veto

detector parameters

light yield 500 p.e./ MeV
resolution 50 @ 1 MeV

inww;

\ v v \ - ]
s a3 N/ g .
& N L\\ " B N .8 %
e ‘6"\; i QN YAl AR Az
] o o M R & 3 g : i
[+ 3 '_‘;,.Y\. b @ o r - R A
e - \ \
a X

3500 mwe
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http://www.pro-physik.de/Phy/pjtoc/77696/3

Borexino experiment AT
detector: graded shielding principle

ultra-clean liquid scintillator (PC) surrounded
by mineral oil buffer and water p-veto

detector parameters

light yield 500 p.e./ MeV
resolution 50 @ 1 MeV

challenge: extremly small isotope impurities

purity-design | purity-realised
238 <10 g/g 1.9 x10Y7 g/g
232Th < 1016 g/g 6.8 x1018g/g ULIB v's

210Po: a-decay to 2°°Ph, E, = 5.3MeV, non-eq.
A(t,) ~ 6000 cts/day/100t (t,, = 138d)

May 15 2007 ® - %Kr: R-decay to 8°Rb, E, =687 keV

Borexino filled with scintillator- A ~ (30x5) cts/day/100t (t,, = 10.7a)
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Borexino — initial results for 'Be AT

Karlsruhe Institute of Technology

— it

— ’Be-solar-v’s

— 214Bj + CNO-V's

— BKr

— 1C (u-ind.)
14C

H initial ‘Be-analysis
data taking 5/07 - 4/08
192 days = 41.3 t years

B systematics
- total 8.5%
=detector resp. 6%

=
o
=

_IIIIII|I| II|II||I| Illllp II|II-||T‘ I-III_I_IT__IEIIII“:l IHIHIT‘-IIIIIIm

102

events/(10 keV day 100 t)

1
- flducial mass 6%
- cut efficiency  0.3% 2
L 10
- scintillator mass 0.2%
P R B SRR B A R R ST RN A T R
B initial results 02 04 06 08 10 12 14 16 18 20
parameters energy [MeV]
of MSW —
LMA M "Be-v rate (per day per 100 t) 49 + 3(stat.) + 4 (syst.) 48 + 4
7 - 9 2 -1
Phys. Rev. Lett. Be-v flux ( x 10° cm2 s 5.18 + 0.52 5.1
101 (2008) 09132 v -survival probability P, 0.56 + 0.10 0.541 £ 0.017
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Borexino — calibration QAT

Karlsruhe Institute of Technology

W 2009: calibration of detector with a,f3,y and neutron sources:
_ pos?t?on recons_truction } S fiducial volume \
- position resolution
- energy scale (in particular E < 2 MeV)

- & detector response

M results: reduced systematic error for fiducial volume 6 % — 1.3 %

.

y: 57Co, 139Ce, 20°Hg, ...
R: 14C, 214Bi, o 214Po

AmBe-source
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Borexino — preliminary new results for ‘Be QAT

Karlsruhe Institute of Technology

02

B updated, improved "Be-analysis s
~ 750 days of data
statistical subtraction of %1°Po

T TTHI

10

‘I1C

B systematics (after calibration)
- total 2. 7%
- energy scale 1.3%
- fiducial mass 1.3%
- fit method 1.0% 10
- fit assumption 1.7%

Counts / (5 keV x day x 100 ton
¥

107 \
B X\
I|I|||

Wy

] ] 10 3200 400 600 800 1000 1200 1400 1600
B preliminary results Energy (keV]
LMA, high Z | LMA, low Z
‘Be-v rate (/day/100t) 46.0 £1.5(stat.) + 1.3 (syst.) 48 + 4 44 + 4
ve-survival P, 0.51 £ 0.05 E. Meroni, v-telescopes 2011

- no discrimination (yet) between high Z / low Z solar metallicity possible
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Borexino — ’Be day-night asymmetry QAT

Karlsruhe Institute of Technology

B 'Be-analysis to search for potential day - night asymmetry A

31

- LOW solution (excluded previously by reactor anti-v's “only”)
- MaVaN (Mass Varying Neutrino) models, predicting A=- 0.23

'Be-analysis: day 387.46 days — night 401.57 days

N—-D
= 0.007 £ 0.007 MaVaN models ruled out by 3
% (N +D) 0.007 £ 0.00 3stat|[ aVaN models ruled out by 3

LMA confirmed by solar v data also

H , ”H SR ‘1 H TTERR R RIR SRS’ ””{m}”}} ‘

023 i th H d N}]# }I '{H}H#f{ ?”{ f}"’}‘”ﬁ H{ +# * { I]” ‘

s:;: ‘Be region 11C bg region

'15250 ——300 350 400 450 500 550 600 's'so'nl;i'ts' #PMT hits
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Borexino — 3B neutrinos with E,; .. = 3 MeV AT

Karlsruhe Institute of Technology

B 8B-analysis (E > 3 MeV) to search for transition MSW & vacuum osc.
live time: 345.3 days, expected signal rate R ~ 0.25 cpd/ 100 t (> 3 MeV)

9
L]

B backgrounds: muons, 232Th, ... e 7 — e Damrecoil spectrum
o 40
. o BPS09({GS98)+LMA-MSW
8 - - PR R
- flnal B sa.mple. (75 % 13) events NN T BRSOS(AGSOS)LMA-MSW
In energy interval 3 — 16 MeV =
B results in agreement with E
- LMA solution of MSW effect I
- solar models o T
5 ——
0—73 5 3 10 12 e
PRD 82 (2010) 033006 Energy [MeV]

3.0 16.3 MoV 5.0~ 16.3 MeV

8B-v rate (per day per 100 t) 0.22 £ 0.04 (stat.) £ 0.01(syst.) 0.13 £0.02 (stat.) = 0.01(syst.)
8B-v flux (x 10° cm= s?) 2.4+0.4+£0.1[BP:5.94 £ 0.6] 2.7+04+£0.2
exp. signal / SSM + MSW eff. 0.88 £0.19 1.08 £ 0.23
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solar v — transition from MSW to vacuum QAUT

Karlsruhe Institute of Technology

B Borexino has provided important new information for ‘Be, 8B
- restricts possible sub-dominant contributions from:
mass varying neutrinos, FCNC, low-mass sterile v's

g 0.8 matter effects
CLB N P.. for LMA )
o " ® ’Be:Borexino In ﬂ uence v-
§ 0.7 e ® °B:Borexino, (> 3 MeV) p o p ag a‘“ on
,-0? B ®B: Borexino (>5 MeV) ’ —
2 06 ® °B:SNO (>4 MeV) i '
% N ' ® @ pp: all solar v experiments »y? gl 9 Sx)= iy
s T § e e el
5 05 L matter | | .
.; : ]_ . D i ) 7k
5 [ 1—5sin"205 sin® 019 .
@ 04— 2 V>~ e vy S
C vacuum : N *
0.3 & |
. | :
0.2 —I l L_1U | 1 1 1 ' |
10” 1 10 _
no MSW resonance e.mevi V =V2Gg-N,
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atmospheric neutrinos:
0., oscillations
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atmospheric neutrinos AT

Karlsruhe Institute of Technology

B CR generate extensive air showers in upper atmosphere (h ~ 20 km)

energies: @, atE, =0.25 GeV, ®, ~ E27 for higher energies
flux: ®,~ 1 cm?statsea level

cosmic
radiation

nt En“
zf ;
/b /X\
+ 47
p Hadronischer

Schauer

nt — p++vu

He,..
e |—>e++we+ﬁIJ
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atmospheric neutrinos — pathlength L, QAUT
B atmospheric neutrinos: an ideal source for v-oscillations

- detector is fully enclosed in a 4n geometry

- zenith angle 9 of neutrino defines v-pathlength L, (20-12.000 km)

azimuth angle 6 & pathlength L, up/down symmetry

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

- 03 MC-simulations ]
- o | for up-down symmetry

o +
o =) ] ]
© —~ 021 N\ ]
N 5 SN :
5 > .
01 N
& Q i :
S I ]
o p L ]
o - 0.0 -
£ " = N [

1 ; ) i
- up-going” (U) 0.1 1 .
L, = 12000 km neutrino energy [GeV]

36 May 13, 2011 G. Drexlin — experimental v physics - | KIT-KCETA



atmospheric neutrinos — zenith angle 6 QAT

Karlsruhe Institute of Technology

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

zenith angles around cos 0 = 0 (horizontal v ) = define scale Am?
zenith angles around cos 6 = -1 (up-going v,) = define scale sin“ 20

= 1%
< 104 -—-- AM2=103ev2 |
= AM2=1025ev2—| 4 @
o | N 4 2 ~
= 1. 1 |
o - 3 X [ A
Iy 103 - '6' 08 L
""" ]l ® o6t |
= 2 S [ i
] 04 [
1 - [
4 02 [
going fy doun- 0 o M LI
i oin
o1 going

1 | - ['} - 1 L /E, [km/GeV]
zenith angle cos 6

37 May 13, 2011 G. Drexlin — experimental v physics - | KIT-KCETA



Super-Kamiokande: cos0 distributions QAT

Karlsruhe Institute of Technology

B analysis of Super-Kamiokande-I azimuth angle distributions

sub-GeV e 200 multi-GeV e
@ 400 - 1@ | e Daen il 6.6.1998: evidence for osclillations
c - -+ 1 € - MC (keine Osz.) E ) )
2 300 + 1 8 "°F —seserftvov. T of atmospheric neutrinos!
) : ¢ ¥ o [ :
200 - 1001 -2
: ; : 10 | . : _
100 ; 204 - “best fit” oscillation parameter -
L up . down Y - up down ? - |
1 -06 0202 06 1 1 06 0202 06 1 Am? =2.1x103 eV?
cos 0 cos 0 < sin2 20 = 1.02
sub-GeV p multi-GeV p + PC >
—— ] 200 ————T— O
0 11 O - . —
2400 T ——— | 2 ~ -
| | € =
P 300F 11 ¢ < <
= - 11 = - 99% C.L. i
200 |+ E — 90% C.L.
: ] — 68% C.L.
100 E o 3 | |
[ up ~ down r L up . down Y
1 -06 0202 06 1 1 06 0202 06 1 0.7 0.8 0 0.9 1
cos 0 | cos 0 sin"26
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atmospheric v's & accelerators

M cross-checking the results of atmospheric v's with longbaseline
accelerator-v-experiments

F’(wIu — v“)

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

39

—
o

0.5 |

0.0 }

May 13, 2011

CC events

2

10 10 10*

L/E, [km/GeV]
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atmospheric v’'s:

large Am? (L,/E,) space

CNGS :
CERN SPS — Gran Sasso
NuMI :

FermiLab — Minos

K2K:

Super-KAM QRSN

AT

Karlsruhe Institute of Technology

KIT-KCETA



long baseline oscillation experiments

B operating & planned (very) 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 Vv, - X

CNGS EU 732 km 30 GeV 50-350 2007 OPERA V.-V,
T2K J 295 km ~2 GeV ~150 2010 Super-Kamiokande V.- Ve

g\/ Soudan, .
Batavia,

Minnesota

lllinois

----------
-------

Kamioka, Gifu

JAER| TR
Tokai TN e .

KEK, Tsukuba Carlsbad,

New Mexico
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OPERA & CNGS: v, — v, appearance AT

Karlsruhe Institute of Technology

Oscillation Project with Emulsion TRacking Apparatus

beam: - v, beam CERN - LNGS (L,/E, ~ Am?,; scale)
- end of 2010: ~10%° p.o.t. ¥ )
detector: - foto emulsions with Pb-Absorber (bricks) = = -

- tracking detectors (RPCs)
- target mass 1.3 kt
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OPERA - first v, candidate AT

Karlsruhe Institute of Technology

B 2010: detection of first v_candidate
iIn an OPERA lead brick

\
W

T =
4.5% probability of a bg-fluctuation (2 o) 4 B _ _ hadrons
S—&-
N - R
\

T
T-lepton

~ R4
‘———” —

M N* wum“w. |

l’H‘"mHM |
event # 9234119599 /' \"v
\“u V ” ‘WM!’

B ~ 2 events/y expected, 5 y running time
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3-flavour oscillations —
mixing angle 0,




3-flavour neutrino oscillations: 0, AT

® geniune 3 flavour oscillations < mixing angle 0,

. _'5\ .
10 0 [ cosd, O sinde™](cosd, sing, 0
U=|0 cosb,, sinéb,, |- 0 1 0 | —=sing, cosé, O
0 -sind,, cosd,,) (-sinde™ 0 cosf, || O 0 1)
reactor . < accelerator
experiments i experiments
complementary

disappearance channel: P(v.,®2v,) appearance Kanal: P(v, = v,)
- only 0,5, no other parameters sin? 20,5, Sin? 0,5, £ AM?,,, d.p (phase)
- no flavour-"contamination” - parameters are correlated etc.
- absolute v-flux (2-/multi- detectors) - sensitive to matter effects
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reactor v—experiments for 0,

Ham:

probability P,

o
o

0.4 |
— perfect L/E
resolution

0.2l

May 13, 2011

45

distanceL =1 km |

o
o

N

measurement of mixing angle 0., via v.-disappearance
Am? scale of atmospheric v's at Am?,; ~ 2.4 x 103 eV?
L,~1km <, >=3 MeV

AT

Karlsruhe Institute of Technology

“atmospheric” scale

2
P.~1-sin’ 26?13-sin2(1'27 AEm13 ij

—cos* 8,,-sin’ 26,,-sin’

1.27-Am2, L,
E

14

1. oscillation maximum
due to small 6,5, mixing

1. oscillation maximum

due to strong 0,, mixing

distance to reactor L [km]

G. Drexlin — experimental v physics - |

“solar” scale

observable:
near-far ratio
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reactor v—experiments for 0, QAT

Karlsruhe Institute of Technology

® aim: measurement of mixing angle 0, via v,-disappearance
Am? scale of atmospheric v's at Am?,; ~ 2.4 x 103 eV?
L,~1km <, >=3 MeV

CHOOZ
0,,<12°  sin?20,,<0.17 (90% CL)

. _ distancelL=1km | gobal analysis: sin? 8, ~ 0.02 (0,5 ~7°) & 26
X : ,
0 |
C; - two-/multi-detectors red. systematics
= 08| :
§ f 0,5 <3-5° sinZ 20,, < 0.01-0.03 (90% CL)
S i
O 0.6 _ -
e e R T ~ -Reno A
5 PRORDOZ S -, . - e
| BE § SR2205< 008, ~wss , orsp 00
0.4 B e B ar e O
— perfect L/E T ot pei o
- resolution L . +(
0.2 L * .Daya Bay,

0.1 1 10 100 [ | %2~ China (0.01)

distance to reactor L [km] Olg.reactor experiments
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global analysis: first hints for 0,,#0?

AT

Karlsruhe Institute of Technology

B global analysis of solar v-data, KamLAND results, MINOS v -v, data,
CHOOQOZ/Palo Verde & other short-baseline reactor data, SK data,
Including updated 2011 reactor fluxes

20 (T rT T | Jffl 1 1 ,J T T T 1 M most recent results:
T ekass| [/ 1 - combination of different data sets:
— | -—-- atm+ LBL / ; !~ in2 = -
15 7 —— global 2011 _, / ! /= Slh 913 =0.01-0.03
——— global 2010 / K /] with hints for 6,3>0 (1.8-3.2 o)
/ . .
L , /71 -normal hierarchy:
™, / n .
"::",]‘h o _‘;{f _____ .‘H _J"- jo S|n2 913 - 0017 + 888; (22 G)
7 FTTTT /A ~ : '
/ / 1 sSin?6,3,<0.040 (3 o bound)
/ / . .
5 y v 1 - Inverted hierarchy:
e .
N /S0 s ama] sinc0,3,=0.020£ 35 (2.3 0)
Pt i sin? 0,5 < 0.044 (3 o bound)
0 S i gt~} . | I_.l-"‘l [ I | I I | I I I
0 0.02 0.04 006 0.08 0.1 Schwetz, Tortola, Valle, 1103.0734
sin® Th. Schwetz, Neutrino Telescopes 2011
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reactor v—experiments: principle AT

Karlsruhe Institute of Technology

M detailed calculations of v-flux & v-energies from 3-decay
of fission products of elements 235238y, 239.241Py in fuel rods (burn-up!)

et-

o

Vo+tp—on+et

[ - ST

et ©
-us“ Linear Alkylbenzene

Gd-loaded LS

veevents g
v

[3-decay
23’y 1.92 201.7 £ 0.6
238y  1.45 205.0 +0.9
239py  2.38 210.0 £ 0.9
241py  1.83 2124+1.0

2 3 4 5 6 7 8 9 10
v-energy [MeV]
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reactor oscillation anomaly QAT

B recent update of reactor v-fluxes (major changes still possible in 2011!!)

M reactor neutrino normalisation is increased by +3.5% 20(y)
. . . 235 + 2.5 0
new calculations of weak magnetism, Coulomb corrections
L 238y +9.8%
for fission product [3-decays
. 229py +3.1%
2% flux uncertainty from ILL electron energy spectra 1p oo
. — u +o./ Y0
B update of cross section forv, +p — e* +n
new PDG value for t,, (decrease by few %), ...

®m & update of predicted cross section per fission o; [10-43 cm?/fission],
l.e. the reference value for single detector experiments

If 19 experimental results compraed to

235 6.39 6.61 new higher theoretical prediction for o;:

238 9.21 10.1 R =0.937 £ 0.027

23%Py 4.19 4.34 - -
- ~2 o deficit of observed v, !
o o1 >3 % reactor neutrino anomaly (2011)
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reactor oscillation anomaly QAT

Karlsruhe Institute of Technology

B 2011: reactor neutrino normalisation is increased by +3.5%
® Do reactor v, data & new prediction point to new physics (sterile v's) ?
3 active v's + 0 sterile v (sin® 20,5, =0.06)
3 active v's + 1 sterile v |[Am?,| > 1.5 eV?, sin? 20, = 0.16 (sin? 20,5 =0)
A | | I A A | | T T

E ™ o E I
I = T ﬁ ...... ............. %_.Lw_h_ ................................................................................... ........ S—
<t [l ' gy - ‘Q '
= ; © : ! '@ ; :
I o 3 Owm o 3 0 2 o D ‘N
I > zZ . c. o> e o = = 0
1A g ...... Eovtr wgwg ...... W%U’J 5\ ............................................................................. e Tolm
— 3 O © o8¢0 ©: 9 '@ 2 ® . T
= oM 14 Y O mO x¥: O X m oo &)

R | I e e

o7 ¢ | ' ' N N N R NI ' ' N I N R N N

Distance to Reactor (m) Th. Lasserre et al.
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reactor v—experiments for 0,, QAT

Karlsruhe Institute of Technology

W 3 experiments with two / multi detector set-ups to reduce systematics
near detector (290-410 m): high statistics (400-1600 v’'s/d), "no” oscillation
far detector (1050-1985 m) : smaller statistics (50-110 v's/d), 0,5 oscillation
near — far ratio: understand inter-detector systematics to < 1%!

AN B

Double Chooz 410/ 1050 115/ 300 8.3/8. 3 2011/12 0.03
Daya Bay 17.4 360 (500) /1985 (1613) 260/ 910 80  2011/12  0.01
RENO 17.3 290/ 1380 120/ 450 154 5/2011 0.02
QuE-* . near: 400 v's/d 4 near: 1580 v's /d near: 1280 v's /d
= Doy By 1 RENO
I CEL far: 50vs/d (/43

far; 90 v's/d far; 114 v S /d
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RENO experiment AT

Karlsruhe Institute of Technology

W status: construction of near and far detector is basically completed
ready to fill detector with scintillator (Gd-loaded LAB scintillator)
short-term scintillator stability o.k.

B sensitivity:
sin?20,, =0.02 (90%CL)
=0.035(3 o)
B expected uncertainties:
- stat. error: 0.3%
- syst. error: < 0.5%

near detector

1280 v's / day
~10°v's/ 3 a

far detector

e . Py - /| 114 v's / day
s v e ~10°v's/3 a
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Karlsruhe Institute of Technology

Daya Bay experiment AT

M overview: aim for “ultimate” configuration with emphasis on systematics
- 6 reactor cores at 3 sites (three "doubletts” of cores)
- 1 far site with 4 detectors, 2 near sites, each with 2 detectors
- 8 identical detectors for cross check (2 already completed)

M status: near site data taking starting summer 2011
full data taking (near/far) in 2012

;: ,z. far detector
#7288 | DB: 840 v's/d || 90 v's / day
LA: 740v's/d || from DB+LA

Ling Ao Il NPP
ready by 2011
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Daya Bay experiment AT

Karlsruhe Institute of Technology

. near hall

e T far hall: to be completed in August 2011

. & R R AR T

Rl 7 .. /4 4 expected begin of data taking: summer 2012

=
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Daya Bay experiment

U e

-

7
&f- 3

nearly finished “dry”
antineutrino detector
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AT

Karlsruhe Institute of Technology
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Double Chooz

——

TN —
. BN
‘F‘ o L SERLLE LR RR R Y TL e [ T
»

close detector: 400 v's/d [ ‘050‘“ « at N
e _,\":_>_ : ~—y ol 8 4 S .
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Double Chooz - overview AT

Karlsruhe Institute of Technology

B two identical detectors at near (L=410m) and far (L=1050m) site,
3-fold inner structure: v-target — y-catcher — buffer volume
3-fold veto structure: inner p-veto — steel shielding — outer p-veto

: 3 = "'l’ :
. { - «-" LN
— i L LA 1\/‘ S "" - — ‘;:‘
g ® ” i

outer p-veto

inner p-veto
(90 m?3)

steel shielding
(15 cm against y's)

v-target (LS+0.1%Gd)
(10.3 m?3)

y-catcher (LS)
(22.6 m3)

Buffer (non-scint.)
with 390 PMTs (107)
(114 m3)

3 fold inner structure DC far detector
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Double Chooz — status

B 2009 milestones:
- 02/09: outer veto installed
- 04/09: buffer tank installed
- 07/09: PMTs mounted
2010 milestones
- 05/10: acrylic y-catcher installation
- 10/10: start of filling operations —
4 operating modules, control of
pressure: Ap ~ 0.1 mbar
liquid level: Ah~1cm
density: Ap~1g/t
- 12/20: detector filled successfully
top shield installed
2011 milestones |
- commissioning works: excellent performance, high-quality data
- installation outer p-veto & glove box, imminent v-data taking !
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Double Chooz — first events AT

Karlsruhe Institute of Technology

B contained event from the early DC

- . .
C. : E —
commissioning period (Jan-Mar 2011) &°"
g 2001 E
& 190 =
210 .
m_ \r —
190 -
DC Preliminary : :
000000000000000000000000020000 2““‘*“h“hbrn~HF*——h‘
00000000000000000000000000000 200 |
00000000000000000000000000000
00000000000000000000000000000 190 N
@ ¢ O © 6 @ © © @ © O © © © o
® 6 © © 6 6 © © © © @ @ @ © ~ .
00000000000000000000000000000
00000000000000000000000000000 210
00000000000000000000000000000 280 H(’ N
000000000000 00000000000000000
190+ —
TJ 1400 - - - - ~
g 1200 210mﬂ—h-w_ PR
S | 41000 200 N
{'g_ 800 190 -
o | {600 0 50 100 150 200 25
_g 400 Time [ns]
. O 200
Estimated Energy ~8MeV 0 A. Cabrera, Neutrino Telescopes 2011
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Double Chooz — expected sensitivity QAT

B DC - Phase | (far detector only)
- accumulate 10 x more statistics than CHOOZ in 1.5 a
- sensitivity limited by reactor flux uncertainties (rate and shape),
- expected: oy = 2.8 % (old fluxes)
- 5in? 20,5, <0.054 (90%CL.) o011
- flux normalisation strategy 0.1 H EP PSS
for FD under discussion Gyt = 2.8% 1 S R— ——

B DC - Phase || (near+far) 0.08 Phase " (35a) - ST
near & far detector

- use near/far ratio (robust) 0.07 b N e
- sensitivity limited by = 0.6%
Inner detector normalisation

Phase | (1.5 a)

Ilmlts for Am132 = 2 5- 10 3 eV2

0.09

sin? 20,4

syst

006F T

e————— }—i——-—-—-—i-

- expected: o, = 0.6 % b
-sin220,,<0.03 (90%CL.) >[4 T~
sin® 20,5 > 0.05 008 5T 155 25 5 35 4 45 5
(3 o discovery) measuring time [a]
4/2011 end 2012
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0.5 — experimental sensitivities

W sensitivity limits (90% CL) for sin? 20,5 (expected )
comparison of reactor and accelerator experiments

1072 |

5in22ﬁ13 sensitivity reach

Huber, Lindner
2009
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0.5 — experimental sensitivities QAUT

Karlsruhe Institute of Technology

normal hierarchy (3o CL)

-

B comparison of discovery potentials for 0,

1072 | =

e
(&
1))
o
-
®
>
3
2 107" Double Chooz
~ [ 8 e RENO
? Daya Bay
=== NOVA:vonly
10° o ICLllrrentblounld(IB(T)l o
Huber, Lindner 2010 2012 2014 2016 2018
2009 year
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AT

Karlsruhe Institute of Technology

additional
slides
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reactor neutrinos — recent updates

B recent update of reactor v, fluxes

AT

Karlsruhe Institute of Technology

Th. A. Mueller, D. Lhuiller et al., arXiv:1101.2663

II|III|III|III+

thermal power  core burn-up 3 1F— E

2 — = e B spectra
: 510" = ILL .
P t 010 e E
O (E,t)= 10, X E o, (1)S,(E) 8 — reference -
YaWE, 4 102 — _:

k ::__
» — 10° -

fission database v-spectra e [T24Pu "
— 239Pu = 3
- generation of v-spectra (previously) . 235U T3
- exp. reference: ILL electron spectra o IJE

- spectra fitted with 30 effective branches 2 3 4 5 M_s t_ 7 B(M JJ)
I 3 kinetic ener e
- conversion of branches to v-spectra o

- generation of v-spectra (new "mixed approach)
- exp. reference: ILL electron spectra
- “ab initio” calculations (database: 800 nuclei & 10.000 3-branches)
reproduce ~ 90% of ILL data, remaining 10%: five effective branches
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results from reactor—v—experiments

AT

Karlsruhe Institute of Technology

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

1010

[MW,,, tonnes]

102

reactor power x target mass

109

Am?-sensitivity [eV?]

101

102 10° 104 10°

106

Savannah

[ ]
~1LL, 81

| T T Vool

4

KamLAND

Palo Verde/00 o
]

® o\
Chooz/ 98 '\Q
Bugey 3,86

Riuei 86 gGdesgen, 86
Rovpo, 83

10m

100m 1km 10km 100km

distance from reactor
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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° cm2 s1)
total power: 70 GW (~ 7 % of the world energy!)
distance d =130 - 220 km, < E,» ~ 2-3 MeV

Inverse [3-decay

ol .
9 Irer s Son! Nudlesr Smicty Center ot AR, Merr 19599
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events / 0.425 MeV

68

KamLAND — results

AT

Karlsruhe Institute of Technology

W 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,,,) x 105 eV
tan? @ = 0.56 + 0.10 + 0.10

E —— KamLAND data
- — no oscillations
250 . — best-fit oscillation
200 4
- T
150 | | =
100 —  HH
- » e
— geo-v’s
50 & | | e 24
o Do imecpitenals o e
0 1 2 3 4 5 6 7 8

positron energy [MeV]
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KamLAND parameter

KamLAND results

observed 1609
Background 276.1 + 23.5
no oscillation 2179 + 89

ol

KamLAND and solar v's;:

same parameter space

solar v's: MSW effect (matter)
reactor-v’s: vacuum oscillations
CPT symmetry

KIT-KCETA



KamLAND results

AT

Karlsruhe Institute of Technology

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

P, > v,)=1-sin®20-sin 2(1.27 - Am? e] v.-disappearance

——data V.

o |
o 1
> [ +
8 o8l
Q -
e |
s 06l i
< 0-6[
> -
> -
» 0.4
0.2_—
OI_I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III'I|III
20 30 40 50 60 70 8 90 100

L )/E, [km/MeV]
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observation of two

oscillation cycles

500
3 ] ‘ ® Japan
400 3 1 @ Korea
g ¢ world
300F -
2005— : :
- effective distance
100F | ~ 180 km
0 500 1000

reactor distance [km]
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MINOS: hint of CPT violation, v, appearance’?ﬂ("‘

Karlsruhe Institute of Technology

W surprise: different mixing parameters for v and V“?

2 o discrepancy at present MINOS Preliminary
. L R e M e p
- limited statistics in v, channel, so far s | :
- CPT? sterile neutrinos? systematics? X 11 + + {
9 q»+
o | et
B |
[ — MII‘LIDS v, H'U'?la"n —— MINOS v, 90% o 05‘_‘ —4— Far detector data i
5 —eee. MINOS v'” B8, ----- MINOS v, 68% o Best oscillation fit
5— ® Best =|;rH Fit ® Besi vy Fit ..C_E Stats. only decay fit
: o i . P ‘Stlatsl. oqufiecfoh?re‘ncc? fitl =
: 27 % 8 10
I A Reconstructed neutrino energy (GeV)

o

= (2.35+0.5}) x 103 eV?

- MINOS Preliminary
C 1.71x 1020 POT v,-mode

IAM?| and |AT’] (10 eV?)
I

2— 7.24 % ‘ID F’DTv -mode ] ] Vv, - Ve @ppearance -
05 06 07 08 09 1 - 54 v_events 0.1
sin?(28) and sin%(26) - (49.1+7.0+2.7) expected
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