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Lecture 1

How to detect reactor neutrinos

Reactor v, spectrum (a.u.)
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Reactor distances & event rates

Average distance of reactors from Kamland: 180km

South Korea

Lecture 1

uodop

si Rate noosc”
e (yr-? ki-1)
[Kashiwazaki 160 254.0
Ohi 179 114 3
Takahama 191 74.3
Tsuruga 138 62.5
Hamaoka 214 62.0
Mihama 146 62.0
Sika 88 55,2
Fukushimal 349 311
Fukushima?2 345 29.5
Tokai2 295 10.1
Onagawa 431 9.3
Simane 401 6.3
ILkata 561 1
Genkai 755 48
Sendai 830 2.1
Tomari 783 14

L]
I o, Nudesr Safety Coater ot AN, Mer .29

— —— —— | —— —— |~ .

TROE 1RE 194°E 12EE T2EE 140°E ZE 1HE

Caren Hagner, Universitat Hamburg

BND School Rathen, 22+23.9.2009 4



Lecture 1

KamLAND result (2008)

prompt event energy spectrum of anti-v, candidates

- R , —s— Kam[LAND data
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bestfit:t Am3, =7.58T0 15 (stat) 1o 12 (syst) x 1077 eV?

tan” 012 =0.56 5 o (stat) 70 5o (syst)

» Precision Measurement of Neutrino Oscillation Parameters with KamLAND", Phys.Rev.Lett.100:221803,2008
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Lecture 1

KamLAND result (2008)

,Precision Measurement of Neutrino Oscillation Parameters with KamLAND®, Phys.Rev.Lett.100:221803,2008

|« Data-BG-GeoV,
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L, is the ,effective” baseline = flux-weighted average of distance = 180km
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KamLAND result (2008)

,Precision Measurement of Neutrino Oscillation Parameters with KamLAND®, Phys.Rev.Lett.100:221803,2008
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Neutrino Oscillations: the unknown

sector

‘vY (1 0 0Y c, 0 se™Yec, s, 0w
v, |=|0 C; Sy 0 1 O |-s, €, 0w,
v.) (0 =s,; Cu)l-5€° 0 ¢c; A O 0 1)v,
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Methods to measure 0,5, CPV:

neutrino super beams: appearance of v, in v, beam

Lecture 1
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nuclear reactors: disappearance of anti-v,

P(V, > V,)=1-sin’26,,sin’ A—a’A’ cos* 8, sin° 26,

a=Am;, /Am;, << 1
A=Am:L/4E

matter dependent quantities :
A=2VE/Am?

V = \/EGF n,, with electron density n, (assumed constant)
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Lecture 1

MINOS: v, appearance

35 events found in signal region, expected background: 27 + 5(stat) = 2(sys

sin?20,; < 0.29 (90% CL) for 8= 0 and normal hierarchy

Feldman-Cousins C.L. contours for ANN
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From ,Recent Results from the MINOS experiment”, M. Diwan @ Neutrino Telescopes Venice March 2009, arXiv:0904.3706

sin’(20,,)
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Lecture 1

Global analysis: Hints of 6,5 > 0 (ll)

~NO, KamLAND and neutrino oscillations: theta(13)“, Fogli, Lisi, Marrone, Palazzo, Rotunno, arXiv:0905.3549

20_ [T FF] T Ee B[27 B L] [Fhad [#a@ G[¢ RUF] GEAR [ 78 HE]
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Figure 1: Comparison of n-o regions allowed by the latest (2008) solar and KamLAND data in the
(dm.g._ sin? 12) plane, for two fixed values of #3.
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Lecture 1

Global analysis: Hints of 6,5 > O (llI)

~NO, KamLAND and neutrino oscillations: theta(13)“, Fogli, Lisi, Marrone, Palazzo, Rotunno, arXiv:0905.3549

® ] Atm & LBL & CHOOZ
] ® I  Solar & KamLAND
: ® : ALL v oscillation data 2008
: ® ] ALL + MINOS 2009
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sin“6,,
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Lecture 1

Double-CHOOZ

405‘0ml 200muwe
400m , 25 mwe 45 /ol
300V /o P

y for (Am? = 2.0-2.5 10 eV2):
sin?(26,,) < 0.03, 90% C.L.
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Lecture 1

Oscillations of reactor neutrinos and 0,5

— 2 Amz,L 2 AmgyL

P(ve — Vo) ~1-sin® 20,5 sin —cos* 0,5 sin® 20, sin

100%
|57
T
LE:D
a
0% iiéééii_1 . W Eééééim |1 . i
10 near 10 far 10 100 KamLAND 10
L/E [km/MeV]
* max. sensitivity on 6,51 E, ~4 MeV, Am_, 2= L /2~ 1.5 km
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Lecture 1

Double Chooz

How can one reduce the systematic uncertainty to <1% ?

= comparison of (almost identical) near and far detector:
many uncertainties cancel, e.q.
neutrino flux and -spectra.

= Larger target (increased from 5 to 10m3) and
longer measurement (5 years), higher statistics.

= Improved detector design and special choice of materials
(radioactive purity) based on experience from CHOOZ.

CHOOZ Double Chooz

Reactor fuel cross section 1.9% —

Reactor power 0.7% -
Energy per fission 0.6% -
Number of protons 0.8% 0.2%
Detection efficiency 1.5% 0.5%
TOTAL 2.7% 0.6%

Caren Hagner, Universitat Hamburg BND School Rathen, 22+23.9.2009 15



Lecture 1

V. +p—o>n+e’
n+ Gd > 8MeVy.

* |nner Detector design:

- target: ~8t of Gd-doped
scintillator in acrylics
vessel

y-catcher: 55 cm wide
undoped scintillator in
acrylics vessel

buffer: 105 cm wide,
mineral olil in stainless
steel vessel

Inner veto: 50 cm wide,
undoped scintillator in
painted steel vessel

shield: 17 cm of steel / o

slideable on top




Lecture 1

Double Chooz : sensitivity limit versus year
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Lecture 1

Daya Bay Experiment (USA & China)

Guangdong Daya Bay nuclear power station:
Py, = 11.6 GW (now), 17.4 GW(2011) 6th most powerful worldwide

WY & W

\ 3 buffer

Sensitivity

(]IDD CE R P P | | IR B SERETU (T T PR
2010 2011 2012 2013 2014 2015 2016
Year

Goal: sensitivity on sin?26,; < 0.01

Commissioning of the detectors in 1st hall in 20009.
Construction will last about two years, installation of the last detector in 2010.

gamma catcher

Caren Hagner, Universitat Hamburg BND School Rathen, 22+23.9.2009
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Lecture 1

New neutrino beams

Pion Decays T — M1 Vuy ™ = 7 D Superbeam
ks Osclllation Bﬁtmi““ o 1/, — v, oscillation most interesting
- p#.:__h__:ﬁ Vi K 1. contamination <« off-axis
0% I e o good electron detection efficiency
H’K‘:QH eV, cC e good NC background rejection
- Yecf::j_____ e _ near detector
=V H -beam =~ different experiment

BetaDecays 4X — 47 'Yetv,, 4X — 4t'Ze 1,
Beta Beam

Muon Decays p* — etv.p,,u~ — e v, Neutrino Factory

Source Oscillation Detection
cc - T — T 1ati ; ;
" vy i /. — v, oscillation most interesting
J'.'::‘—:—._ - of =1 % = - ' =
50:@,«/" J —— o o excellent beam proputm&..
T very good charge |D required
™~ = cc + ) ) - .
5«%‘“&1 Ve = ¢ good NC background rejection
Ve=— _ .
¢ T ﬁp% #+ 1 mode very symmetric
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Lecture 1

T2K (Tokai to Kamioka)

First neutrinos produced on April 23rd 2009!

Off-Axis Detector Superkamiokande

Neutrino Super Beam

Proton driver

Caren Hagner, Universitadt Hamburg BND School Rathen, 22+23.9.2009 20



Lecture 1

Super-IK
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Lecture 1

T2K: Sensitivity for 0,5

90%C.L. 30
- — 06BG=10%

— —— 0BG=5%
6BCG= 2%

sin220,,~0.018 (30)
in220,,~0.006 (90%)

—
(=
=
| I T 11100

/..
\

-
o

- T8in220.e sensitivity

"T2K-1 (5yr)
] T2K-11(4MWxH Kx5yr)T
10 ] LI Ll ] ] |||||||2 ] L1 L1 1l
1 10 10
0.5xsin?20 Exposure/(22.5kt x 10*'pot)

Sin%20,; < 103 can be searched if syst err ~ few %
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Lecture 1

Future plans to upgrade T2K: Hyper-Kamiokande

Outer Detector Platform
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Possible p_roject: T2KK L €0 50 o
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Lecture 1

Vlestlaks
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@Fermilab: increase beampower from 400kW to 700kW
far detector: 15 kton liquid scintillator (groundbraking jan 09)
construction complete in 2014, 6 years measurement.
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Lecture 1

Neutrino factories

’ | I
fa(;h A possible H- linac 2 GeV, 4 MW  Accumulator
ring + bunch
layuut Df a CoMpressor a
neutrino factory Magnetic
horn capture
Target =
P : — 4
lonizatjon e
) . cooling L
Recirculating
Linacs 2 = 50 GeV
Phase rotation
Linac - 2 GeV
2
o Decay ring — 50 GeV z
E = 2000 m circumference £
x
-
E
.
= ) v beam to near detector ”
i _¢ vbeam to far detector T
2 . ~~
E L
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Lecture 1

Neutrino factories

12 Oscillation Processes in a Neutrino Factory

12 Oscillation Processes from (simultaneous) beams of
positive and negative muons in a neutrino Factory.

A

pt—etur, | pT = e vy
2 Vy — Yy disappearance
Uy — Ve Vy — Ve appearance (challenging)
vV, — Vs vy, — Ur appearance (atm. oscillation platinum
Ve — Uy Ve — Ve disappearance
Ve — U, Ve — U, | appearance: “golden” channel golden
Ve — Ur Ve — Us appearance: “silver” channel [Silver

Caren Hagner, Universitadt Hamburg BND School Rathen, 22+23.9.2009 26



Lecture 1

What do we know about neutrino

masses?

Am2,. ~ 8-10-5%eV2, Am?,. =~ 2-10-3e\?
Vi Vo Vs
R
S2eV|i m—
| [
>0.05 [|——— Ty N \/
3 Am §
eV ’7"4&“‘ Vl
AMm,,
m Am_,
m
%_Vz
Arnsolar
—+ I N —
normal hierarchy inverted hierarchy quasi-
degenerate
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Lecture 1

Neutrino Mass Measurements Strategies

B decay kinematics: OvBpB decay:
r Microcalorimeters [7%Ge @ LNGS 90-03 | ==
<MAC-E spectrometers | (i (717 kgxy) | , 2VBP
" WY : f - o
£ A\ \ {F | -
187Re 1.4 ' bl Hy
_ 1 ';._.‘l AL ] !
gt ‘ | } Al X NEMO3
- ZGODIJ 2010 . 2020 Enafg:!]:av 20-::] Zl;:'vﬂ 2080
. eViV N e IMee|=0.44%013 5, eV
astrophysics: supernova cosmology &structure formation
time of flight

SuperK, SNO, OMNIS + grav.waves:
potential for ~1eV sensitivity?

D.N. Spergel etal: *m_ < 0.69 eV (95%CL)
S.W. Allen et al: zm, =0.56 eV (best fit)

Caren Hagner, Universitat Hamburg

BND School Rathen, 22+23.9.2009 28



Lecture 1

Tritium P-Decay: Mainz/Troitsk

H— "He+¢e +V, E=186kev

dN/dE =K x F(E,Z) x p % E,y, * (E4-E,) % [ (E4-E.)2 —m 2 ]2

1.2

0
co —
T L

~
o

nt rate [a.u.l

\ <m2>ﬁ - Z‘Uei‘zmiz

’ 3 | m.,=0eV
—_ _ v
." = 4 _ \/

(m),

Mainz Data (1998,1999,2001)

~124£22+2.1 eV? = (m) <2.2eV (95%CL)

Caren Hagner, Universitat Hamburg

BND School Rathen, 22+23.9.2009
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Lecture 1

KATRIN Main Spectrometer

stainless steel vessel (d=10m & [=22m) on HV potential

minimisation of bg - UHV: p < 10" mbar
- ,massless” inner electrode system

Commissioning started

2008

UHYV requirements:
outgassing < 10-13 mbar I/s
inner surface ~ 800m?2
volume to pump ~ 1500m3

Caren Hagner, Universitadt Hamburg BND School Rathen, 22+23.9.2009 30



Lecture 1

KATRIN: delivery of vacuum vessel




Lecture 1

Majorana Particles

Because neutrinos carry no electric charge
(and no color charge), there is the possibility:
particle = anti-particle

Majorana particle

particl
anti-particle (charge conjugate WC = CWT

fel@Majorana particleyy, = +y,,

But what about experiments?

Neutrinos VeL+37C1—)37Ar 4+ e observed!
Eﬁtlia—r): VeR —|—37C1—)37Ar 4+ e not observed!

neutrinos(reacto_?:
There are two different states per flavor

but the difference could be due to left—-handed and right-handed
states!

Caren Hagner, Universitadt Hamburg BND School Rathen, 22+23.9.2009 32



Lecture 1

2v and Ov double beta - decay

_ (987 & ffrals _
2v PB decay beoboons tod Ov - BB decay

a

0D.20 1.00 1.1
K_/Q

0.5+ / N
/ =,
/ AN
0.0 f f f — f

0.0 0.2 0.4 0.6 0.8 1.0

Sum energy of electrons (E/Q)
Caren Hagner, Universitat Havvwouwy L ou hool Rathen, 22+23.9.2009 33



Lecture 1

Which isotopes undergo BB-transition?

2 241 21 2 212
76 Aoo M, 30 150 p/ A1¢
z.B Ga 0, Te Co

Caren Hagner, Universitadt Hamburg BND School Rathen, 22+23.9.2009 34




Lecture 1

Neutrinoless Double Beta Decay

Effective neutrino mass

Phase space factor
Transition matrix element

Effective neutrino mass in Ovpp-decay:
3

_ 2

<m>ﬂﬁ — z miU ei
i=1

Compare to p-decay:

> ‘ <m2>ﬂ = Zmiz‘uei‘z

Caren Hagner, Universitat Hamburg BND School Rathen, 22+23.9.2009 35



Lecture 1

Problem: trasition matrix elements

Must be calculated, still large uncertainties

6.0 -
. A SM'07 ]
Al ® J'07 ]
50 ~ ® T07 ]
40F o -
> B ¢ -
B ® ® ]
‘:Z 30F : o .
B ® . -
i ® i
20 A A A a ®
L A
10F ¢ -

0.0 16 82 96 100 116 128 130 136

Ge “Se r Mo Cd Te Te Xe
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Lecture 1

Complex phases in the mixing matrix

i Ny \
/Ve\ ( C1,Ci5 S,C13€ " S B /Vl
iS5 i6 qaia i
Vﬂ =1 7512053 = C55,35,5€ [012023—8125238136 e S23(:136 2 V)
1o 10 Y-l ia
Ve ) Si2823 — C1Cy58,5€ [—C12Sy — 81503838 €| C,C1 8

3
_ 21 2 2 ~la 2 Al
(m),, = > mU; _‘mluel+m2Ueze '+ mU el
I=1

Cancellation
possible!
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Lecture 1

What does RR-decay tell about mass of lightest
neutrino?

1 gl TR 3 PIOTT T T |
10~ 1073 1072 10~! 1
mass of lightest neutrino in eV

Caren Hagner, Universitadt Hamburg BND School Rathen, 22+23.9.2009 38



Lecture 1

LY

0%°yrs
02°yrs

LY

e 1027 yrs
— 1077 )
E 028 yrs
1077
90% CL (1 dof)
10 167 1077 107! 1

lightest neuttino mass in eV
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Lecture 1

Ov Doppel-Beta experiments: results

(m),, <0.35eV (90% CL)

Heidelberg-Moskau Collaboration, Eur.Phys.J. A12 (2001) 147
IGEX Collaboration, hep-ex/0202026, Phys. Rev. C59 (1999) 2108

Isotope

T(1)I//2 (Y)

(my) (eV)

480&
76 Ge

52Ge
190)Mo
116 Cd
128Te
130Te
136Xe
150N d

> 9.5 x 102L(76%)
> 1.9 x 102> HM-K

> 1.6 x 102 IGEX
> 2.7 x 10%2(68%)
> 5.5 x 102
>7x10%2

> 7.7 x 10%

>2.1 %102

> 4.4 x 10%

> 1.2 x 1021

< 8.3

< 0.35

< 0.33-1.35
<5

< 2.1

< 2.6
<1.1-1.5
<0.85-2.1
<1.8-5.2
<3

all 907%CL

Caren Hagner, Universitat Hamburg

BND School Rathen, 22+23.9.2009
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But: Part of HAM collaboration has published Lecture 1
evidence for Ov double - beta decay!

Sum spectrum of the "® Ge detectors Nr. 1,2,3.4,5

 HEIDELBERG-MOSCOW, 2004 |71 7 kg y
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Heidelberg-Moskau Experiment (HDM)
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Lecture 1

Future Projects

Experiment Isotope  Experimental approach
CANDLES 18Ca Several tons of CaFs erystals in Liquid seintillator
CARVEL B0, 100 kg BaW, erystal scintillators
COBRA 16Cd, 1% e 420 kg CdZnTe semiconductors
—, (CTTORE 130T 750 kg Te(; cryogenic bolometers C U oreCin g [ br's uunr OF )
DCEBA 150Nd 20 kg Nd layers between tracking chambers
EX O 136¥e 1 ton Xe TPC (gas or liquid)

—> GERDA TGe ~ 4{) kg Ge diodes in LN3, expand to larger masses
GSO 160Gd 2t Gd28i03:Ce crystal scintillator in liquid seintillator
MAJORANA “Ge ~ 180 kg Ge diodes, expand to larger masses
MOON 1000 {0 several tons of Mo sheets between scint.

—> SNO++ BONd 1000 t of Nd-loaded liquid secint.

—> SuperNEMO 525 100 kg of Se foils between TPCs ~ / VEMO-3
Xe 136% o 1.56 t of Xe in liquid scint.
KMASS 1363 10 t of liquid Xe

Aus K. Zuber, Acta Polonica B 37, 1905 (2006)

Caren Hagner, Universitat Hamburg
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GERDA @ LNGS

»Place array of naked HPGe-detectors enriched in "°Ge in the
center of a stainless cryostat filled with LAr.

Phase I: 20kg enriched (86%) “¢Ge, like HDM
Phase Il: 100 kg*years, 0.1 - 0.3 eV
Phase IlI: O(1t) enriched 76Ge, 10meV

Detector array

Caren Hagner, Universitadt Hamburg BND School Rathen, 22+23.9.2009 44



Lecture 1

Status GERDA
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Lecture 1

GERDA Detectors

Signal: Background:
Phase Il
o]

18 fold
segmented
detector to
run in LAr
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mALC()

CUORICINO — CUOEC{

2v double beta with 139Te (Q=2529 keV) AR

18 crystals 3x3x6 cm3 + 44 crystals
5x5x5 cm3 —_ 750&3 7‘202,

(%Zag/%? /30/;/

40.7 kg of TeO,
from 2003-2008

search for Ov double beta:
T,,,%(30%Te) > 7.5x1023y
<m> < 0.3-1.6 eV

2 modules, 9 detector each, 11 modules, 4 detector each,
crystal dimension 3x3x6 cm3 crystal dimension 5x5x5 cm3
crystal mass 330 g crystal mass 790 g

9x2x0.33 =5.94 kg of TeO, 4x 11x0.79 =34.76 kg of TeO,



Lecture 1

NEMO-3 @ Frejus Lab

Source: 10 kg of Bf3 isotopes
cylindrical, S =20 m2, e ~ 60 mg/cm?

Tracking detector:

drift wire chamber operating

in Geiger mode (6180 cells)
Gas: He + 4% ethyl alcohol + 1% Ar + 0.1% H,O

Calorimeter:
1940 plastic scintillators
| coupled to low radioactivity PMTs

Magnetic field: 25 Gauss
Gamma shield: Pure Iron (e = 18 c¢m)

Neutron shield: 30 cm water (ext. wall)

40 cm wood (top and bottom)
(since march 2004: water + boron)

BND School Rathen, 22+23.9.2009 48






Lecture 1

100Mo: 2vBp-event in NEMO-3

o

Run Number: 2040
Event Number: 9732
Date: 2003-03-20

Vertex

/ emission

Caren Hagner, Universitat Hamburg

BND School Rathen, 22+23.9.2009
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Lecture 1

2vpBB-decay of '°°Mo in NEMO-3

o _
E 700 - NEMO 3 Background substracted
& ey
o t
~ } 4 650 hours
500 | 't | 13750 events
: # S/B = 40
400 ++ 1
r ++ S/Bi1Mev) = 100
300 | ? .
t -
! i +‘+ Hier wire
100 - ¢ " Ov/é/g
L J *’. i
o Do B -~ Tty _._|_,.'.'-,-.._,._..|. P
0 500 1000 1500 2000 2500 3000 3500
MO100, EE-internal E1+E2, keV

/45%@,&%5 (rreze
L Ovff: <M>e < 0.7 -1.2eV
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Lecture 1

Overview Isotopes in NEMO-3

05 04

[ Bp2v measurement}

[
09 00 %7r 9.4 g
Qpp= 3350 keV
10 19 IS0Nd 37.0¢
< Qpp= 3367 keV
18
BCa 170¢g
Qpp=4272 keV
130Te 454g )
14 15 Qpp = 2529 keV
\ External bkg
10Mo 6.914kg  32Se 0.932 kg | "Te 491g (| measurement
Qpp = 3034 keV Qpp = 2995 keV
~— —— — Cu 621¢g

[ BBOv search }

(All the enriched isotopes produced in Russia)
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The Simulated Spectrum of Double Beta Decay Events
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Lecture 1

COBRA experiment

Uses CdZnTe (Cadmium Zinc Telluride) detectors
» Source = detector

» Semiconductor (Good energy resolution, clean)
 Room temperature

» Modular design (Coincidences)

» different isotopes possible

* Industrial development of CdTe detectors
« 116Cd above 2.614 MeV

* Tracking (,Solid state TPC")

[ 631969_09_Th.dat |

Eﬂl";
3 AE = 1.9% @ 2.8MeV
E = 2.9% @ 662keV

Col

1n~"i H

108 E
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COBRA experiment

isotope

ZNn70
Cdl14

/Nn64
——> Cd106
Cd108

Tel20

nat. ab. (%) Q (keV)

0.62
28.7
7.5

31.7
33.8
48.6
1.21
0.9

0.1

1001
534
2809

868
2529
1096
2771
231

1722

R+[3+
EC/EC
R+/EC

Caren

Hagner, Universitat Hamburg
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