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Neutrinos in the Standard Model of Particle Physics

Neutrino oscillations:
experiments with atmospheric,
solar, accelerator and reactor neutrinos

Neutrino masses:
- cosmology and astrophysics

- neutrinoless double Bdecay
- direct neutrino mass experiments

Neutrino telescopes

Christian Weinheimer  Graduate School 1504, September 2012 1



— —wmusae P ogsible neutrino mass terms

MUNSTER

e
Remark: each mass term has to be a scalar (yy) and an isospin singulet

Fermion mass terms in the Standard Model by coupling to the Higgs:

f( _) | R Je v ( h )
£ = —f.(v.,¢ Er = ‘e R =: —My €[, € ...+ he
I 0 V) LE€R L €R

To obtain massive neutrinos also such "Dirac mass terms” are in principle possible by introducing right-handed

neutrinos.

But it is very “unnatural” to have at least 6 orders smaller Yukawa-couplings to the Higgs !

lepton number violating AL=2

For neutral Majorana particles more terms are allowed: /
—2L, = mp (V_LVR + (VR)C(UL)C) +mror(vr)° +mer(vr)vr  + h.c.

m m vy )¢

. (ﬁ (UR)C) - N L)) + h.c.
mpn MRR R

- vr )¢
— (F (I/R)C) M () + h.c.
VR

The matrix M can be diagonilized

—> 2 Majorana neutrino mass states 1., ™o
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—— I F Seesaw mechanism

MUNSTER

Assume m 1, =~ 0 (otherwise we will get a problem with ¢;, mass terms, since it appears within the (u@,, G)L isospin
doublet)

and mppr > mMp

0  mp (vr)")

meyy  MMRR Vg

= M1 ~ "??1-?_) / mppR Mo = MM pr

Seesaw effect: if m p p gets big, then 1 gets small

ls such a mass term realistic ?

Since (11,)v;, is a SU(2) triplet, the most simple possible form is:
Lo = G/M- -3, cn) (v, er)

where M is an effektive mass of an effective field theory, in which the heavy neutrinos N = v are integrated out.
Expect M on a very large scale, e.g. M ~ Mqrr

= Seesaw mechanismus allows to address large scale M of new physics
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— w.. Realisation of seesaw mechanisms

Mins

. o 0
| ? (P Y
| A
L V 1VIGL 1VIGL 1VIGL

a) Realisation with Higgs doublet @ like all other fermions
— very small Yukawa couplings

b) right-handed heavy Majorana neutrinos v (seesaw )
or right-handed fermionic triplett X (seesaw lll)

c) Higgs-triplet & (no -right-handed neutrinos needed !) (seesaw II)
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B Need for the absolute

WILHELMS-UNIVERSITAT

v mass determination

e
2 7.
Am 12 9

Results of recent oscillation experiments: ©,,, 0,,, ©.,, Am?_,

v V.V ' T T e
v, v, vV,
Q
R
: 7 Coddakmatier
degenerated masses T tritum B decay 1 — 0.1
1 2 [
cosmological relevant () /3 - Baryons
e.g. seesaw mechanism type 2 [ — m(v) Yy
S -1 =
2 10 F 7 . B Stars
. _ A : ——xelic neutrinos: |-
hierarchical masses E o Hame7 336 viem® » [ g0
1 23 — Y-
e.g. seesaw mechanism type 1 10_2:-i )
explains smallness of masses, AnZ,,
but not large (maximal) mixing Yy v normal hierarchy
10_3 _3: I ||||||I_2| |||||||I_1| Lol L
10 10 10 1
m,.. [eV]
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B Need for the absolute

WILHELMS-UNIVERSITAT

v mass determination
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Results of recent oscillation experiments: ©,,, 0,,, ©.,, Am?_,

VeVl Il BT I
vV, V, Vg, |
Q
== 1 A
_ 7 coddakmater
degenerated masses Y tritium g decay 1 0.1
1 = [
cosmological relevant - Trn(v) /3 - saryons
e.g. seesaw mechanism type 2 _ - — m{w) | 001
E 10—1_ *Amz . ] E Stars
A A ___7..----”'ellc neutrinos: |-
: : c A A B
hierarchical masses 11 336 v/cm® — | o001
e.g. seesaw mechanism type 1 10'25- Am?,, )
explains smallness of masses,
but not large (maximal) mixing Yy : inverted hierarchy
-3
‘IO _3- ---....I_2. .......I_1. Lol L
10 10 10 1
My [€V]
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B Need for the absolute

WILHELMS-UNIVERSITAT

v mass determination

e
2 7.
Am 12 9

Results of recent oscillation experiments: ©,,, 0,,, ©.,, Am?_,

VeV [ Y BT
Vi Vv, Vi |
Q
=1 A
: 7 Coddakmatier
degenerated masses Y tritium g decay 1 0.1
1 = [
cosmological relevant e Tn(1) /3 - oeons
e.g. seesaw mechanism type 2 _ - — m{w) | 001
E 10—1 3 *Amz . ] ; Stars
. . A ¢ ——#relic neutrinos: [
hierarchical masses e 1T+t 336 v/ cm® — [ o)
e.g. seesaw mechanism type 1 10'25- Am?, . 2
explains smallness of masses, '
but not large (maximal) mixing inverted hierarch
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: Three complementary ways to the

WILHELMS-UNIVERSITAT

absolute neutrino mass scale

1) Cosmology
very sensitive, but model dependent

compares power at different scales

Current power spectrum Fikd {b' Mpel?]

current sensitivity: Xm(v) ~ 0.4 — 1 eV

| Tewmark & Ealdarriapm asrm- w7047 1 ondaces

o001 LAl LS
Warcnumber k [h/Mpe

2) Search for 0v(3]
Sensitive to Majorana neutrinos

Evidence for m_(v) ~0.3 eV (Klapdor-Kleingrothaus et al.)? Ve = le
New upper limit by EXO-200, GERDA is running n n

PY e e P

3) Direct neutrino mass determination:
No further assumptions needed. no model dependence% a _—m,=0eY

»

use E? = p?c? + m?c* = m?(v) is observable mostly [ W
O i
most sensitive methode: endpoint spectrum of 3-decay 3%

1
Z 1.5 ) c.5 O 0.5

— Eg [Vl
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—"— yue .. Neutrino mass from cosmology

MUNSTER

|
measurement of CMBR
(Cosmic Microwave Background Radiation)

Angular Scale

i oc 5¢ 22

6000 9.0 . O' 0' 7
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5000 £ Spectrum E
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gk :
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Multipole moment (f)

D.N. Spergel et al., astro-ph/0302209
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—"— yue .. Neutrino mass from cosmology

MUNSTER

measurement of CMBR
(Cosmic Microwave Background Radiation)

measurement of matter
density distribution

LSS (Large Scale Structure)
2dF, SDSS, ...

2dF: M. Colless et al., MNRAS 328 (2001) 1039
SDSS: M. Tegmark et al., Astrophys.J. 606 (2004) 702-740
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— —— e NEUtrino mass from cosmology

MUNSTER

measurement of CMBR
(Cosmic Microwave Background Radiation)

measurement of matter
density distribution

LSS (Large Scale Structure)
2dF, SDSS, ... |

big bang theory:
neutrino density in universe
n =336/cm?
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—"— yue .. Neutrino mass from cosmology

MUNSTER

measurement of CMBR
(Cosmic Microwave Background Radiation)

measurement of matter
density distribution

LSS (Large Scale Structure)
2dF, SDSS, ...

T T R
I [P - e

big bang theory:
neutrino density in universe
n,=336/cm?’

model development

«— National Center for SuperComputer Simulations,
http://cosmicweb.uchicago.edu/sims.html

Millenium simulation —
http://www.mpa-garching.mpg.de/galform/presse/
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http://www.mpa-garching.mpg.de/galform/presse/

s. Fraction of

“hot” to “cold‘ dark matter

Unpolarized CMB ] =0.10

€5
8

,=0.12
{ [s,=0.023
e |1, =0.000

ol
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from http.//space.mit.edu/home/tegmark/movies _60dpi/fn_movie.gif
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— e oA Neutrino mass from cosmology

WILHELMS-UNIVERSITAT
MUNSTER

E. Komatsu et al. (WMAP, 5 years, arXiv:0803.0547)
Xm(v,) < 0.67 eV

CMB, LSS, SN data, always assuming the cosmological concordance
model with cosmological constant A= const., no quintessence

K] [t Mpe)Y]

Current power spectrum

S. Hannestad, Prog. Part. Nucl. Phys. 65 (2010) 185 B e oo
Zm(v,) <0.5eV

using baryon accoustic peaks
Remark: w is correlated to Xm(v,) (arXiv:0709.4152, 0505.551) /'3

= neutrino mass determination can help dark energy (arXiv0710.1952)

C.2 0.4 C.6 0.8
Trn, (&V)

Ch. Wetterich et al. (e.g. arXiv:0905.0715): avoids bound on Zm(vi)\

v coupling to cosmon (quintessence model for dark energy)
leads to growing neutrino mass

g, Lol

O.E. Bjaelde et al. (astro-ph/0705.2018): v coupling to scalar field leads to
time-varying neutrino mass and connection to dark energy
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: Three complementary ways to the

WILHELMS-UNIVERSITAT

absolute neutrino mass scale

1) Cosmology
very sensitive, but model dependent

compares power at different scales

&0t pawer spectrum Fik) {b-' Mpe)d]

current sensitivity: Xm(v) ~ 0.4 — 1 eV

Curr

[ Temmark & Zaldarriapn. asm-roB®I 7047 1 ondaces 1
1., 1 s PRI P | MR | P M

o001 LAl LS
Warcnumber k [h/Mpe

2) Search for Ov[3[3 Py te- o D
Sensitive to Majorana neutrinos
Evidence for m_(v) ~0.3 eV (Klapdor-Kleingrothaus et al.)? Ve = le

First limits from EXO-200, GERDA is running n A

3) Direct neutrino mass determination:
No further assumptions needed. no model dependence% a _—m,=0eY

»

use E? = p?c? + m?c* = m?(v) is observable mostly [ W
O i
most sensitive methode: endpoint spectrum of 3-decay 3%

= |I =) ’ [ 8] 0.5
= B [aWI
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WILHELME-UNIVERSITAT

—— — \WESTFALISCHE . DOUble Bdecay

MUNSTER

E normal (2v[3[3) neutrinoless (0vpB)
A
— p e%%p P Te_ e_[ P
I , 176 L_/e . s~ heN
Ve = Ve
@A n n n n
: —— _
Z-1 Z Z+1 needed: a) v=v (Majorana)
b) helicity flip: m(v) # 0
or other new physics
E D [ — - "'Heidelberg Moscow B s ¢ iy, se)
P ﬂj b e 2vBp OVBB © 5| (enriched *gGe) 77
L : | 630 hors ; 3; rprelod Duf S line
soo [ J_’r 11 L’-‘?ﬁ;g.iﬂj{.] :__-' ‘% 0_4;
NERE sk
g W M i
G e e S L" 'u] L“ I

Energy(e,) + Energy(e,) ncrgy 1kev |
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]

wansmess NE@Utrinoless double fdecay: 0v3[3

MUNSTER

[
T
Weak interaction:  left-handed fermions ¥, = (1- v,)/2 ¥

couple to charge current p Te— e‘[ P
OvPp: decay rate is proportional to fraction of
positive helicity state within ¥, Ve = Ve
’, n n
I ~uyup =W(H=+1)
1
=518

N 1(1_ Pvc) 1 (Ev —Pvc)
2 E, 2 E,

1/p2e? | mict — puc

S22 E,

PyC m2c?
— v/ 1 —1
2F, (\/ B )




— —— e o Heidelberg Moscow experiment

MUNSTER

T
* 5 Ge detectors, 10.9 kg total mass =7

 enrichted °Ge (86%)

counts/(kg y keV)

o digital puls shape analysis: reduction of background

06 -

0.5 -

in the Gran Sasso underground laboratory/italy

by a factor of 5

I I
T 355kqy (SSE) ]
- 1539 kq v ]

expected 058 line

up to 2001: OvBP not observed
T,,>1.910%a

->m_<0.35eV (90% C.L.)

9,000 2010 2020 2030 2040 2060 2060 2070 2080

energy |keV| H.V. KLapdor-Kleingrothaus et al.,
Eur. Phys. J. A12 (2001) 147
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]

— Evidence for Ovj3j} at

Heidelberg Moscow Exp.?

q
New, data up to 2003: 72 kgy,

xpected signal position
T T T II T

with new data selection, new calibration, 25!
new analysis:

assume peaks in [2000,2060] keV,
some of them are known as 2'“Bi lines

8

Klapdor-Kleingrothaus et al., PL B586 (2004) 198

Counts/keV
o

—
=4

= Peak at 2038.1(5) keV (expected: 2039.006(50) ke'
Multi-Gauss. Fit:

4 .26 significance for OvBf

T, =(0.34-20.3) 102y '
0

=m_ =0.1-0.9 eV (99.7% C.L., incl. uncertainty of M_""

2020 2030 2040 2050 2060
o Energy, ke¥ 1

= Need to be checked by other experiments: NEMO, CUORICINO (CUORE),
EXO, GERDA

= Nuclear matrix elements need to be worked on
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o Current and future

WILHELMS-UNIVERSITAT

double fdecay experiments

2 ways to measure both [3-electrons:
semiconductor,
cryogenic bolometer

liquid scintillator tracking calorimeter

detector
source
= source
detector
detector

running: CUORICINO running: NEMO-3
setting up: GERDA, CUORE, EXO-200 setting up: SuperNEMO
planned:  Majorana, EXO, COBRA, SNO+ .planned: @ MOON
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L

|
R ——— WESTFALISCHE
WILHELMS-UNIVERSITAT
MUNSTER

100
NEMO3: tracking calorimeter 2vBPof Mo

(— SuperNEMO with enr. *2Se)

F Mauger, TAUP09

|
bbbt bbb

j
=
4
i

Christian Weinheimer

Searching for Ov3[3: NEMO3

Iransverse view  _ Run Number: 2040
P ) Evenl Number: 9732
C’/,l Date: 2003-03-20
v V‘L..q\\‘\ 7
Y - !

\ \Q\ Ve HEX;-J
\ \}g //' emission
: 3 .
4
|

Deposiled cnergy:

E +E,~ 2088 keV Vi
Internal hypothesis:
(Al),.. (Al 0.22 ms
Common verlex:
{Averiex), 2.1 mm
from Ruben Saakyan, DBD06
3
2wl NEMO Baciground substracterd
S A — 2R2v Morte Cal o
5 ool }
= : 650 haurs
500 [ t . 13730 cvents
. SB=40
w -
w f
o
100 |
0 :I L1 1 TR R P
0 500 1000 LS00 2000 2500 3000 3500
MO100, EE-internal E14+E2, keV
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i Searching for Ov[3[3:

WILHELMS-UNIVERSITAT

NEMO3 — SuperNEMO

NEMO3: tracking calorimeter SuperNEMO:
with several 1sotopes tracking calorimeter modules
(finished Jan 2011) enriched *Se, "'Nd

0

i b eyt e

"Mo: T,, (OVBB) > 1.1 x 10*y

>m,, < (0.45—0.93) eV
F Mauger, TAUP09

expect sensitivity: T,, (OvBB) > 10%
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5 Searching for Ov[33: TeO, cryobolometers:

mjtl:lssrl.;s-UNWERsnﬁr C U O RI C I N O N C U O RE
I —
e CUORICINO:

0Te: T, >3 - 10%y
=>m_<0.19-0.68 eV

PRC 78 (2008) 35502

|counts/keV |

In 5 years of live running time

/" Electro-thermal link Background AE. T, m__[meV]
[ckeVikalyl  [keV] |Iy]l @ 68%C.L.|RIGRPA) pniQRPAY  ISM*  IBM-2°
0.01 5 2.1x10*" |35+-66 4167 65:82 41
0.001 5 6.5x10* |20+38 23+38 3747 23

1 Simkovic etal.. PRC 77 (2008) 045503
Thermometer 2 Civitarese et al., JoP:Conference serigs 173 (2009) 012012
3 Menéndez et al.,, MPA 818 (2009) 139

4 Barea and lachello, PRC 79 {200%) 044301

L *mass [kg] Ayf:\\
\R Particle absorber R kg :Z:[:r\:::;ﬁ] f L
N W me—il———
starting: . 1S
CUORE: 741 kg T602 o . 200 I 1
7 /o 0.01 ?u’iig;—é;lié—ll ;’Jgt.;r i}:,énu \" )
C U O RE-O WI I I Sta rt I n 20 1 2 v e I‘l%ﬂ 1995 2000 2005 2010 ‘5:015
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The GERDA experiment

. New background reduction methods:
® - naked Germanium detectors in noble liquid
- phase 2: point contact detectors p-type (BEGe)
to identify multi-side events
- maybe use scintillation of LAr shield as veto

Phases of GERDA:
' Phase 1:  reuse old det. (Hd-Moscow, IGEX (18 kg)

1° test string with 3 non-enriched detectors
problem 42Ar — 42K — 42Ca, seems to be solved

since Oct 2011: 8 enriched detectors (14.6 kg)
3 natural detectors (7.6 kg)

m Phase 2: new enriched BEGe detectors (+18 kg)
expect start installing 1° BEGes in 2012

inner
copper
shield

enriched °Ge
detector array

liquid argon — [.

stainless
steel
cryostat

§ Opt. phase: many detectors (with MAJORANA, 500 kg)
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—— T The GERDA experiment

MUNSTER

The GERDA back d ind Bl
€ ackground Index ( ) from P. Grabmayr's talk at Neutrino 2012

= 20F z
E = > — | enriched detectors, 6.10 kgx yr | &
© g £ > 5
tF g 2 3
A S R E Y
1] a5 2 § % [ IGEX without PSA, NIMASIS (20031834 . ST
- i Iz N & 0.25(-
ull o ™ & 5 B
10 ~ A i = .
i3 S i = | Zoa without
- I % E HdM without PSA, NIM A522 (2004) 371 .
z Sonst PSA
4% L
: oo S
_ Mhﬂ“\ﬂ”ﬂ.ﬂﬂqm Dol e Y w1 & I I S
1600 1800 2000 2200 2400 2600 8. ..
energy (kev) = 005 + + +
i g ¢
. | | |
window: 200 — 40 = 160 keV 000 comm.-NAT  comm.-.ENR Phasel-NAT Phasel-ENR
Bl = 0.020 +0.006 -0.004 cts/ ( keV kg yr) [68% coverage]

duty factor: usually 95% ;
one run not used for physics analysis because of temperature
Instabilities (overall duty cycle 80%)
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e Running since 2011: EXO 200

Movsren 200 kg enriched *®Xe at WIPP/New Mexico

1026 / 1 I / L d
3 0 ]
lead shield ]
copper cryostat / KK&K[68% CL
. Y/ Heidelberg- 7
process systems e
connections —
B _
TPC d
= —> “— |
") 'f —
Z £
N = _
2 ]
5 S
-—
1024 IS | | | | E 1 | | I
10% 10% 10%

| T,, 136y (yr)

- 5 events observed, 7.5 background events expected
4 T,,,%F > 1.6-10% yr

{mgp? < 140-380 meV

(90% C.L.)

arXiv:1205.5608 — Subm. to PRL
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e Running since 2011: EXO 200

Movsren 200 kg enriched '**Xe at WIPP/New Mexico

lead shield / !
copper cryostat /‘}4&5% al]
1V Heidelberg- §
process systems S
connections E
r ]
TPC (il f L
running: KamLAND-Zen " : :
| building: SNO+ 7 g 1
(. (5~ Z 2
prototyplng Majorana, Cobra, ..| ., L S
s = ,\Q' N 10% 10% 10%

S8

I, ¥Xe (yr)
if:;».;__ M\ \!5 events observed, 7.5 background events expected
{mpg) < 140-380 meV

(90% C.L.)

arXiv:1205.5608 — Subm. to PRL
Christian Weinheimer  Graduate School 1504, September 2012 27



e e R&D study: COBRA

WILHELMS-UNIVERSITA

e CnZnTe detectors at room temperature

® Source = detector

* Focuson 116Cd

AL

¢ Semiconductor (Good energy
resolution, clean)

« Room temperature

e Modular design (Coincidences)

e Tracking/Pixelisation
(,Solid state TPC")
K. Zuber, Phys. Lett. B 519,1 (2001)
Current spectrum (black), 12.73 kg*days

Background at 2813 keV about 1 ct/keV/kg/yr

0 H iR

Near-cathode events included

thode events T

PSA very successful

from F. Piguemal, talk given at Neutrino 2012

events [ keV / kg / year
2
T T

"16Cd peak region

10° 12

100

10 :’T 7

,,,,,,

M Al A ZAEALH AL
1000 2000 3000 4000 5000

Eneray (keV)
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 — SNO+

WILHELMS-UNIVERSITAT
MUNSTER

ok .h'oId-“do-wn net
natNd salt dissolved in liquid scintillator installed

’ T — Simulated SNO+ data
BB-decay signal for 0.3% Nd- 2 ool 2 W e oup

: : %) 10° ZHEES T zvljﬁ N
loaded scintillator \ 3 27 S
g - I 8
* signal at the level of Klapdor B sl FHNRISRCaICs o
[Phys. Lett. B 586 (2004) 198] € % =
> B R -
é TR : w = 3.8 + )
2.4 live-years data simulated B ,'+T'|ﬁ|+ — <
« 2148 tagged and removed with 21Bi-Po 0 I LS S ®
* 208T| constrained with 212Bi-Po - R §
= §ao1 k Lesesto e los boavalatimsslsmatacasatatinbidesussh =
delayed coincidence 2.8 32 34 36 38 4 42 44 (@)
, A Energy (MeV) X
* t1/» 3 min alpha tag of 2°%T| rejects 90% 5 300 ; T ©
5. - 0.3% Nd ; T
: e E 2501~ ] £
Neutrino mass sensitivity for <k ;90% G . o
- 150 g o ] =]
0.3% Nd loading (44 kg of >°Nd) g 200F B 20 E o
E A .
* IBM-2 [Phys. Rev. C 79 (2009) 044301] °© asof - LL

: £ 1501~ 7
NME values were used (includes : | ] CE>
deformation) 2 1001 4 =

* radioactivity backgrounds at the levels E [ -

achieved by Borexino S I K R X R S ¥

Data taking time (year)
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: Three complementary ways to the

WILHELMS-UNIVERSITAT

absolute neutrino mass scale

1) Cosmology
very sensitive, but model dependent

compares power at different scales

Current power spectrum Fikd {b' Mpel?]

current sensitivity: Xm(v) ~ 0.4 — 1 eV

| Tewmark & Ealdarriapm asrm- w7047 1 ondaces

2) Search for 0v(3] T T T g,

Sensitive to Majorana neutrinos P\ te= e 1 /P
Evidence for m_(v) ~0.4 eV (Klapdor-Kleingrothaus et al.)? , .
Ve = Vg
3) Direct neutrino mass determination: n n

No further assumptions needed, use E? = p?c? + m?c* = m?(v) is observable mostly

0

e Time-of-flight measurements (v from supernova)
SN1987a (large Magellan cloud) = m(v_) < 5.7 eV

e Kinematics of weak decays
measure charged decay prod., E-, p-conservation

B-decay searchs for m(v_) - tritium } spectrometers

18’Re bolometers
Christian Weinheimer  Graduate School 1504, September 2012 30
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5 Comparison of the different

e ™ approaches to the neutrino mass

I SSSSSSS—.——. ...
Direct kinematic measurement: m2(v,) = X|U_?| m*(v,) (incoherent)

Neutrinolesss double 3 decay: Mg, (v) =[Z[U, 2 e“Um(v)) (coherent)

if no other particle is exchanged (e.g. R-violating SUSY)
problems with uncertainty of nuclear matrix elements

T tritium 8 decay T tritium B decay

Lwr ¥

'ee
I
ee
I

gsr

certainty due
to unknowns
of the neutrino
mixing, essentially
the Majorana-phases

normal hierarchy

||\ve/,||

Im(Ve) Mg [eV]
_m(Ve) mg; [eV]

inverted hierarchy

0?10 | 0?10
rmy,) eVl rmy,) [eVl
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|
] ] WESTFEL‘SCHE
WILHELMS-UNIVERSITAT
MUNSTER

Neutrino mass from
supernovae (time-of-flight)

T T T T " T T r P

......

Only one SN detected in v's: SN1987a
Simple dependence for sharp v emission <}
In time: %
L L L
At="-g=L-—n
C 1 ]_ - QEE:% 260
TI’LI% TI’LI%
~L— L. (1 zEg) :'L'zEg
with: &
m? = E?—p*=E*1-/%) =
— B2(1+48)(1—B)~2E*1-8)
2
T
=0 = 11— —
. 2E?

N W
g8 B

Q

Q

Christian Weinheimer

O/ WE{SeC) 200 400
7 ~ ~
s ™~
e IMB
“ o Kamiokande
- 2 12
+ # F 1/At mu
%{f ++ b
 EES e N (T SO [ S S DR S RN [N SRO |
0 2 4 6 8 10 12
Zeit (sec)
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X Neutrino mass from

supernovae (time-of-flight)

I —
Only one SN detected in v's: SN1987a e

No energy versus time dependence visible

— only upper limit on neutrino mass

Results depends on underlying SN model, e.g.: P d ~
m(v, ) <5.7 eV it ’ e IMB
T.J. Loredo et al., PRD65 (2002) 063002 ’é 0 :’ o Kamiokande
® 20; # 112
m(v,) < 5.8 eV z 10%{. E 1+/At - m,
G. Pagliarolia, F. Rossi-Torresa and F. Vissani, = + ;
Astropart. Phys. 33 (2010) 287 O =2 J!, | é I é I1|o j 112|

Zeit (sec)

BUT
- galactic SN only about every 40 years

- not sensitive below 1eV (uncertainty of neutrino emission time spectrum)
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: Determination of ,m(v )“

WILHELMS-UNIVERSITAT

S————— what does m(vu) mean ?

—ut+u, (Two body decay)
Decay af rest: v, " +
‘ﬁv' - |ﬁp|
=FE, + E,
—m? = +m? —2.- -4 /m? + p?
v # Iz #

3 different Experiments:
Values from PDG2000

m, = 139.570180(350) MeV

Myonium: m, = 105.658357(5) MeV
Magnetic spektrometer (PSI): Py = 29.791998(110) MeV

E F'iG. 1 Experimental setup. (1) Central trajectory of 390 MeV

‘proton beam; (2) graphite target; (3) central trajectory of muon

2 ‘beam; {4) half-quadrupole magnets; (5} dipole magnets; (6} quad-

— Hl(L”U,) < 170keV/c (95% C.l.) (K. Assamagan et al., rspole magnels; (7) collimator defining the beam momenium accep-

wmnce; (8) concrete shiclding of proton channel; (9) crossed-field

Phys. Rev. D52 (1996) 6065) ardide aepratay JAS dendt callimatay (00 cammaalr vl cal-

Hmator system (normally open); (12) magnetic spectrometer; (13)

-pole. of spectrometer; (14) muon detectors (silicon microstrip and

PDG2000: m("/pb) < 1 gOkE‘JV/C2 (95% Cl) single: sueface-barrier detectors); A, B, C: copper collimatars.
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—— = e Different neutrino mass states \Z

MUNSTER

= Measure different muon momenta p with probability |U 2|

A

- > pu
Vv o T T u o

= 3 different neutrino masses m2(v,) with probability |U 2]

A

N

if different mass states can
experimentally not be resolved:

= mi(v ) =X - U2 - mi(v)

\ J

m2(v.)

Christian Weinheimer  Graduate School 1504, September 2012 35



MUNSTER

WILHELMS-UNIVERSITAT

Direct determination of m(v )
from 3 decay

Bdecay: (A.Z) — (A.Z+1)" +

B electron energy spectrum:

dN/E =K F(E,Z) p E, (E,E,) = |U |2 V(E,E,)? — m(v,?

(modified by electronic final states, recoil corrections, radiative corrections)

1.2

count rate [a.ull
[ (3] (2l —

[an}

[ Z
b N )
——

\M_{f

IIII|I
5 1C 15 =28
energy B [keVl

107

N [a.u.]

\Y

e

congt. offset ~m% Vi)

L my=1eV -7

_ )
=% IUE.II m

/

-~

~

averaged
neutrino
mass

«mv=OeV

~2%10
_‘__’,H’"

-13

_||||||||I||||I||||I||||||||I||
-3 25 -2 —1.5 —1 =035 0O

E—E, [eV]

T
0.2

Direct neutrino mass determination

Christian Weinheimer
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= —_ Summary: 3-spectrum

WILHELMS-UNIVERSITAT

S— 1 incl. electrnoic final states + v mixing

Including electronic excited final states of excitation energy V'; with probability 1,

Wi = | (To|Tg) |? = look at

Using &; — Eo@ E endpoint region
d’N
gap ~ A FEZE1)-p '(E“Lm)'zOEJ- (& — mive)

Flnal States Of T B decay g 0.08 rotational and vibrational
(A. Saenz et al. Phys. Rev. Lett. 84 (2000) 242, g excitations
N. Doss et al., Phys. Rev. C73 (2006) 025502) 5 005 / \
2
E 0.04 excited eiectonic stales
= electronic final states g oo r ground stete
are very important 0.02
0.01
Including neutrino mixing :
dQIV 0 10 20 30 40 50
dt dF7 = A- F(E Z + 1) YL (E + N& molecular excitation energy [eV ]
T (D) Vo @ )
p
= “Electron neutrino mass” = the different m(v)
m2 () = 3 U2 - m3() are not important
; | at present precision |
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]

Cryogenic bolometers with ®*’Re

O MIBETA (Milano/Como)
___ — Electro-thermal link
[AT _ AR/ C] Measures all energy except that
of the neutrino

-4:

- Thermometer

~ Particle absorber

g ;’Sﬁgif ﬁ{ﬂmﬂ H I, it'f*{l% Tnﬂf

detectors:

H}ﬂfgﬂ{ﬁ B]] rate each:

T,
>|N40r
L

8.0 energy res.:
1.0F
@ 6.0f ile-up frac.:
g2 P P

2 45
energy [keV]

MANU (Genova)

- Re metalic crystal (1.5 mQ)
- BEFS observed (F.Gatti et al., Nature 397 (1999) 137)

m(v) < 26 eV (F.Gatti, Nucl. Phys. B91 (2001) 293)

- sensitivity:

Christian Weinheimer

M?2=-141 + 211

10 (AgReQ,)
0.13 1/s

AE =28 eV
1.7 104

.+ 90, eV?

sta

M <15.6 eV (90% c.l.)

(M. Sisti et al., NIMA520 (2004) 125)
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z MARE neutrino mass project:

Advantages of cryogenic bolometers:

- measures all released energy
except that of the neutrino

- no final atomic/molecular states

- Nno energy losses

- no back-scattering

Challenges of cryogenic bolometers:
- measures the full spectrum (pile-up)
- need large arrays to get statistics
- understanding spectrum
B still energy losses or trapping possible

MARE-1 @ Genova

* R&D effort for Re single crystals i —
on transition edge sensors (TES)
— improve rise time to ~ ys and

energy resolution to few eV

» large arrays (=102 pixels) for
10%-10° detector experiment

» high bandwidth, multiplexed

SQUID readout

¢ glso used with "**Ho loaded

absorbers

e 187Re beta decay with cryogenic bolometers

~

MARE-1 @ Milano-Bicocca

* 6x6 array of Si-implanted
thermistors (NASA/GSFC)

« 0.5 mg AgReQ, crystals

«AE=30¢eV, 1, =250 us

* experimental setup for up
to 8 arrays completed

e starting with 72 pixels in
2011

sup to 10"% events in 4 years
— ~ 4 eV sensitivity

B
b |

600

Angelc Nucciotti, Meudon 2011

christian vveinheimer Graduate School 1004, september 2012  3Y




X .. ECHO neutrino mass project: 1®*Ho electron capture

WILHELMS-UNIVERSITAT

Minerer with metallic magnetic calorimeters

163HO +e — 163Dy>l< + Ve — 163Dy + Y/e- + Ve

—
o

absorber

Counts [a.u.]

Counts [a.u.]

SQUID loap

thermal link
l

] \
. S
/ \\
107 :

05 1.0 175 2'.0 w 3.0 2,550 2.5'55 2.5lso 2.5|65 2570 2.575
Energy [keV] Energy [keV] thermal bath
200 T T T T
NI First 163Ho spectrum with MMC -
BOF P.C.-O. Ranitzsch et al., !
E J Low Temp Phys 167 (2012) 1004
g 100 | .
=
é Ml
50 | i
NI Ml
0 Lo b b courtesy L. Gastaldo
0.0 0.5 1.0 1.5 2.0

Energy £ [keV]
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— — .. Principle of the MAC-E-Filter

MUNSTER

.
Magnetic Adiabatic Collimation + Electrostatic Filter

(A. Picard et al., Nucl. Instr. Meth. 63 (1992) 345)

e Two supercond. solenoids
compose magnetic

guiding field /\
e Electron source (T,) = T ==

in left solenoid

oL

S~max Bmin max D

T, source detector
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— — .. Principle of the MAC-E-Filter

MUNSTER

]
Magnetic Adiabatic Collimation + Electrostatic Filter

(A. Picard et al., Nucl. Instr. Meth. 63 (1992) 345)

e Two supercond. solenoids
compose magnetic

guiding field Al =2m
e Electron source (T,) e ——].

in left solenoid

e ¢ in forward direction:

magnetically guided H f Pt
BB B i Bmex Bo
e adiabatic transformation:
= E/B = const. T, sou.rce | detector
= parallel e beam . (W/thm E field)
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— — .. Principle of the MAC-E-Filter

MUNSTER

Magnetic Adiabatic Collimation + Electrostatic Filter
(A. Picard et al., Nucl. Instr. Meth. 63 (1992) 345)

e Two supercond. solenoids
compose magnetic
guiding field

e Electron source (T,)
in left solenoid

e ¢ in forward direction:
magnetically guided !
B

L. é

S~ma B min

e adiabatic transformation:
U — E/B = const. T, source electrodes detector

= parallel e beam e

potential

e Energy analysis by
electrostat. retarding field

AE=EB_/B__ =EA_JA ~ 4.8 eV (Mainz) =0.93 eV (KATRIN)

Christian Weinheimer  Graduate School 1504, September 2012 43
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—"— = Principle of the MAC-E-Filter

MUNSTER

.
Magnetic Adiabatic Collimation + Electrostatic Filter

(A. Picard et al., Nucl. Instr. Meth. 63 (1992) 345)

= sharp integrating transmission function without tails:

Ome (degree)

0.4 Cl)l 2|O 3|O 4|O 5|O

0.35F
0.3F
0.25F
0.2F
0.15F
0.1F
0.05F
0

transmission

05 0 05 1 15

E-U (ev)
~ 4.8 eV (Mainz) =0.93 eV (KATRIN)
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= The Mainz Neutrino Mass Experiment

Phase 2: 1997-2001

CRYQOGENIC TRAP SOLENOID . ELECTRODES DETECTOR
Vs s o Mainz 94 dato
( — 0.05F m Mainz 98,/99 data
— JE— [ —— fit of 98/99 data for m,?=0
E]—EE—%:——\_L%E <]|> O Mainz 2001 data
%’i// UI 004 B — fit of 2001 data for m,>=0
%@;, E]_W = [
T T T . 0.03 v
© . -
Emax ? Bmax BD =
Br|'|in -:
=
NEW GUIDING MAGNETS  NEW HIGH FIELD ELECTRODES g 0.0z2r
0.01F
i 1 1 | 1 1 i 1 i 1 1 I
1855 18.56 18.57 18.58

retarding energy L[keVl

U

/After all critical systematics measured by own experiment
(atomic physics, surface and solid state physics:
inelastic scattering, self-charging, neighbour excitation):

mX(v)=-06+22+21eV2 = m(v)<23eV (95% C.L.)

C. Kraus et al., Eur. Phys. J. C 40 (2005) 447

)
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= The Mainz Neutrino Mass Experiment

Phase 2: 1997-2001

CRYQGENIC TRAP  SOLENOID . ELECTRODES DETECTOR
Vs / o Moinz 94 dato
f : 0.05F = Mainz 98/99 data
— JE— [ —— fit of 98/99 data for m,?=0
E]—EE—%:——\_L%E <]|> O Mainz 2001 data
%///'_ = b/_—\l 0704 __ — fit Of 200‘] data fOr rﬂ,,.2=0

%@;, == rE?—\-/E—?TE] = i
I — — | 1 < '
e 0.03+-

Emax ? Bmax BD _5

Br|'|in .:

=
NEW GUIDING MAGNETS  NEW HIGH FIELD ELECTRODES S 0.02r
0.01F
182

/After all critical systematics measu
(atomic physics, surface and solid Dr. Jochen Bonn
inelastic scattering, self-chargl *7 444

mX(v)=-06+22+21eV? = +27.8.12 )

C. Kraus et al., Eur. Phys. J. C 40 (2005) 447

)
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—— —— e The Troitsk Neutrino Mass Experiment

MUNSTER

windowless gaseous T, source, similar to LANL
MAC-E-Filter, similar to Mainz

Viadimir
Mikhailovich
Lobashev
1934-2011

Energy resolution: AE = 3.5eV
L=AQR2R*A_ ) 3 electrode system in 1.5m

source

Luminosity: L = 0.6cm?

diameter UHV vessel (p<10~° mbar)

g e

Re-analysis of Troitsk data
(better source thickness, better run selection)
Aseev et al, Phys. Rev. D 84, 112003 (2011)
m; < 2.2 eV,95% CL

=
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