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Abschrift

Physikaliasches Institut
der Eidg. Technischen Hochschula Zirich, L. Des. 1930
Zirich Cloriastrasse

Liebe Radioaktive Damen und Herren,

Wie dar Ueberbringer dieser Zeilen, den ich huldvollst
ansuhbren bitte, Ihnen des nfhersn auseinsndersetzen wird, bin ich
angesichts der "falachen" Statistik der Ne und Li-6 Kerne, sowie
des kontinuierlichen beta-Spektrums auf einen versweifelten Ausweg
verfallen um den "Wechselsats® (1) der Statistik und den Energiesats
su retten. MNimlich die Moglichkeit, es kinnten elektrisch neutrale
Teilohen, die ich Neutronen nemnen will, in den Kernen cxi.atienn,
welghe den Spin 1/2 haben und des Ausschliessungsprinsip befolgen und
‘sheh von lichtquanten musserdem noch dadurch unterscheiden, dass sie ’
mnit Lichtgeschwindigkeit laufen., Die Masse der Neutronen

von derselben Orossenordmung wie die Elektronenmasse sein g
s nicht grosser als 0,0) Protonenmasse.~ Das kontimd
Spekctrum wire dann verstindlich unter der Amahme,

boba~lorfall mit dem Llektron jeweils noch ein Neutrs
iz, derart, dass die Summe der Energien von Na
konstant 1ist,

Nun handelt es sich weiter da e
Neutronen wirken. Das wahrschet ron scheint
mir sus wellenmechanischen O Arbri.ngor
dieser Zeilen) dieses =

magnetiacher Dipol & et D!.o k‘peri-mh
verl.neen wohl & eines solchen Neutrons

nicht gross -Strahla und darf denn

M woh m),
4.117 aber nicht, etwas iber diese Ides
‘ e ¢ mich erst vertrauensvoll an Euch, liebe
‘ Frage, wie es um den experimentellen Nachweis
¢utron: tf.ande, wenn dieses ein ebensolches oder etwa
4--5 Durchdringungsvermogen besitsen wirde, wie ein

Iah g.bo zu, das= mein Aueweg vielleicht von vormherein
weig wahrscheinlich erscheinen wird, well man die Neutronen, wemn
she existisren, wohl schon l¥ngst gesehen hatte. Aber mur wer wagt,
amsfomt und der Ernst der Situation beim kontimuierliche botn-Sp.ktm
wird durch einen Aussprech maines verehrten Vorgs
Herrn Debye, beleuchtet, der mir Mirslich in

Steuern." Darum soll man Jodm Weg zur Rettung ernstlich dlsimtieren.~
Also, liebe Radicaktive, priifet, und richtets= Lelder kenn ich nicht
pmonnch in TObingen erscheinan, da sch infolge eines in der Nacht
von 6. mum 7 Des. in Zirich stattfindenden Balles hier unabkfmmlich
bin,- Mit vielen Oriissen an Euch, sowie an Herrm Baek, Buer
mmmigatar Di-ur

ges. V¥. Pl

Y g 12 It 20 a0
“l have done something very bad today

by proposing a particle that cannot be
F16. 5. Energy distribution curve of the beta-rays. detected; it is something no theorist

FA. Scott, Phys Rev. 48, 391 (1935) should ever do.”
— Wolfgang Pauli (1930)

V electron volts)

M.O. Wascko APS 2009
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First hints
SSM Prediction
(1 FWHM Results) 8
g. 12} $ )l [ | 1 :
E 1.0f [ 1h | 0 g I T 1 1s
3 0.8 | 0 | s '«. | e g_'gj4 =
é 0-6-0 s J“ g [ 0 I M o I - -
o414l 0 0 ‘ [ } ’ } 12 e Solar Neutrino Problem
e A R L s

Cosmic ray T L T T T T T .
muons e Atmospheric Muon
t ] W wax gy 000 Neutrino Deficit
2"' Ve N PRD 18 2239 (1978)
10 | . ' Neutrino
- s, | (MiRGUCEC
T / MAXIMUM-LIKELIHOOD FIT ] muons
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Neutrino Oscillation

Pontecorvo, Maki, Nakagawa, Sakata

If neutrinos have mass...

a neutrino that is produced as a v,

g}b‘jvﬂo mﬂ‘m‘u{aﬁv&% ® (eg J-[;+ — M+ VIJ)
might some time later be observed as a v,

e (e.g.v.n—ep)

v detector
VvV source

M.O. Wascko APS 2009
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Neutrino Oscillation

(Vu) B ( cos 0. sin@) <V1>
Ve —sin cosO / \ v e Consider only two types of

v, v neutrinos

Vv, e |f weak states differ from
mass states

® i.e. (vuve)=(viVv2)

® [hen weak states are
mixtures of mass states

2 e Probability to find ve when
POSC(VM — Ve) — ‘ < Ve‘Vy(t) > ‘ you started with v,

M.O. Wascko APS 2009
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P(v, —V,) = sinzzelzsmz(Lzmm%ZE) :
R }

e 2 fundamental parameters 08 -

e Am?12 (=m1%-m2?) <= period 0.45— —

e 0> <= magnitude 0_23_(Vu—>"e) -

e 2 experimental parameters R B e R

e | = distance travelled
e E = neutrino energy

e Tune L&E for Am? range,
uncertainties determine 6
sensitivity

® Neutrino disappearance and
appearance

M.O. Wascko APS 2009 10
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Probability

L
P(V,—V,) = sin*28), sin2(1.27Am%ZE)

¢ 2 fundamental parameters "o _
® Am?Z12 (=M42-m2?) <> period 0.4 .
e 0, <= magnitude ozi_(Vp—We) -
® 2 experimental parameters °o‘/o's—4\15/éz‘s\?:
e | = distance travelled Ex103
_ : "goooo -
® E = neutrino energy $
EBMU
H
e Tune L&E for Am? range, =
- - - 6000
uncertainties determine 6
sensitivity 4000
® Neutrino disappearance and -
appearance

O 0 025 05 075 1 125 15 175 2
E, (GeV)
M.O. Wascko APS 2009 10
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® E = neutrino energy
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2 fundamental parameters
® Am?12 (=m1?-m2?) <> period

® 0, <= magnitude

2 experimental parameters
e | = distance travelled
e E = neutrino energy

Tune L&E for Am? range,
uncertainties determine 6
sensitivity

Neutrino disappearance and
appearance
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_ —+ Expected Signal+BG
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e Super-Kamiokande @ Neutrino 98

Discovery

Zenith angle dependence
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e Difference in observed atmospheric
muon neutrino fluxes

® Depending on zenith angle!
e 5x10% eV? < Am?< 6x10-3 eV?
PRL 81, 1562 (1998)
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_ SNO
NC: vxtd—p+n+e o5 = 0.301 = 0.033(total)
ES: vxte—vxte NC
600 ‘ .....
e Sensitive to all flavors =~ 500 _
e e R\ -
e CC and NC channels £ a0 -
e Neutrinos transform flavor! 2 ,E = © AN
e Electron flux = 30% of ¢ o
total neutrino flux =
100
o Am? =4.6*%841x10°eV?
OO 50 100 10 200 250 300 350
PRL 101, 111301 (2008) o (x 10* cm2sY)

See [. Vahle’s talk for more information on mixing

M.O. Wascko APS 2009 12
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Confirmation

Lake
Superior

= -

=
. _Super Kamiokande
i £ (Eamioka cho)

Madison ——

Fermilab 110 Noudan
730 km —] \
sl T e Need same L/E to probe same

; J MINOS FarDetector Am?2 region as atmospheric
. * Far detector dat . .

> [ | e e Confirmed with accelerator

) 1001 — No oscillations | _

9 - — Best oscillation fit nelJtrInOS

g I 'TL [ NC background | e K2K and MINOS

O] : i

o 50F - e Am2=2.43+0.13x103 eV?
i K2K: PRL 98, 081802 (2005)

0 T T MINOS: PRL 101, 131802 (2008)

Reconstructed neutrino energy (GeV)

M.O. Wascko APS 2009
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Confirmation

Lake
Superior
Soudan L2

Duluth =

Madison

x
&
— (=
“

Fermilab 110 Noudan
// 730 km _._I \
R e Need same L/E to probe same
sl = Am? region as atmospheric
~ 30f ) e Confirmed with accelerator
5 P neutrinos
< 2.51 Cd
< | NS o K2K and MINOS
=1 2.0:— ®  MINOS best oscillation fit ”h'mw"""‘3"""‘::‘:»/..:,;;):...::“_‘: PY Am2 — 243i0 1 3)(1 0-3 eV2
[ —— MINOS 90% ---- Super-K 90% .. i
1.5 —— MINOS68% o Super-K L/E 90% ]
o MINOS 2006 90% - KIK 50% 1 K2K: PRL 98, 081802 (2005)
1ot 11 1 ] MINOS: PRL 101, 131802 (2008)
0.6 0.7 0.8 0.9 1
sin%(20)

M.O. Wascko APS 2009
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vetp—e*+n
e Solar oscillation confirmed with
reactor antineutrinos
" . Data-BG-Geo¥, o KamLAND experiment sensitive
- — Expectation based on osci. parameters : :
1~ determined by KamLAND to antineutrinos from several
2 + reactors
% 0.8~ . .
s I ® Similar mixing angle
A& 0.6
E — e Am? =7.58%0-2145,x10° eV?
g 04 1
i . 23_ PRL 100, 221803 (2008)
Ou:.l....I....l....l....I....l....l....l....l...
20 30 40 50 60 70 8 90 100
Ly/E_ (km/MeV)
M.O. vvascko ¢ Ar> 2009
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Confirming Solar

vetp—et+n

® Solar oscillation confirmed with
reactor antineutrinos

KamL AND e KamLAND experiment sensitive
- % CL. to antineutrinos from several
cod || mmpmeen reactors
o | e Similar mixing angle
g L
: e Am? = 7.58%0-21429x10~ eV?
i v solar
------------- 95% C.L.
------- 99% C.L. PRL 100, 221803 (2008)
— 99.73% C.L.
+  Dbest fit
. [ R S R R
10 1

tan20®
M.O. Wascko APS 2009
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Open Questions

Mass
Mass

Normal Inverted

Mass
Mass

!

Quasi-Degenerate  Hierarchical

M.O. Wascko

APS 2009

What is the mass hierarchy?

What is the absolute mass
scale?

What is the nature of
neutrino mass?

® Dirac or Majorana”

Answers important for
theories about origins of
neutrino mass

e Relations to flavor? GUTs?

Cosmological and
astrophysical implications

16
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entire
spectrum

2 6 10 14 18
electron energy E [keV]

e Sensitive to <mg> = V(3 |Uei|?mi?)

APS 2009
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rel. rate [a.u.]

02 f

region close to 18 end point

m(ve) =0 eV

’

only 2 x 10713 of all
decays in last 1 eV

E-E,[eV]

18
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Tritium Decay

., Spectrometers

Source =
/ <
high activity ~high energy resolution = high efficiency
=integral spectrum: select E_, > E;; = low background

e Tritium has short half life but high Q value (18.6 keV)

® Previous measurements
e Troitsk: mg <2.05 eV (95% CL)

e Mainz: mg<2.3eV (95% CL)

Nuclear Physics A 719 (2003) C153

M.O. Wascko APS 2009
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KAT R I N Detector
N\

e v

Source Pre-Spectrometer Spectrometer
< 7/0m >

e Powerful T2 source (1.7x10" Bq!)

e Pre-spectrometer removes all s with no m,
information (107 reduction!)

e Excellent energy resolution (0.93 eV)
e Sensitivity: mg < 200 meV (90% CL) (1000 days)

e Discovery potential: mg = 350 meV (50)

The ultimate tritium decay experiment

http://www-ik.fzk.de/tritium/

M.O. Wascko APS 2009 20
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Physics Reach

s e__V/ ¢t Assuming normal hierarchy
- lMamz & Troitskl
10° &
: |KATRIN | \
\
- mx (~ 55 meV/c? .
‘ E 9 ( /e Quasidegenerate
- V masses
- m, (~ 8 meV/c?)
! 102
? \ Hierarchical
- V masses
'10—4 1 L1 1l 1 L1l 1 Ly ol 1 L1l 1 L1l
10—4 10—2 100 Yad Fiz 67, No. 11 (2004),
pp. 1977-1982
nmi, CV/C2

APS 2009 22
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Rhenium Decay

Bolometers

high energy resolution
differential spectrum: dN/dE

Source = !87Re

Y, bolometer

When in presence of decays to

excited states, the calorimeter

measures both the electron and
the de-excitation energy

excitation

electron energies

/ N(E)

PEF(Z,E)S(E)
(SIS NG )
© o oo o

@ Rhenium has long half life and low
' Qvalue (2.47 keV)

‘e MIBETA (AgReO4); MANU

o T b ikis  (metallic Re)
2.35 . 2.I40 ‘ 2.145 2.50 2.55
energy [keV] ® mﬁ < 1 50 eV (90% CL) ;iLRZ1;DZO6p1O8S%2I (2003)
M.O. Wascko APS 2009 23
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MARE

New collaboration: e Phase 1: Improve by factor 10
MANU + MIBETA + US groups 4 i <2ev
e 1070 8 decays
e Exploring detector options

® Phase 2: Another factor 10
e mg<0.2eV
e 1074 B decays

Genova: Re metal  Milan: pixel arrays of AgReO, |

e R&D for new detector
technology

® Magnetic micro-calorimeter
with SQUID readout

e Goal: 2015

thermal link

thermal bath

Scalable technology

M.O. Wascko APS 2009 24
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Cosmology

e mv can be inferred from

cosmological data +
cosmological assumptions

e Smi<(0.17 - 0.32) eV

JCAP 0610:014, 2006, astro-ph/0604335

® Degeneracies between
some parameters

e Hoand m,

e Best approach:

e Observe neutrino mass,
then use as cosmological
input

APS 2009
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) 2 Bp b)  ovpp
v ) eX v v . e Can happen if single £
V v \/\/ decay is energetically
N .
/ F\ N/(A %\ forbidden
o (AZ)>(AZ+2)+ 2 + 2v
2.0 S e 20 e If v=v, then can have
o A LR I Ovpp decay
Q@ " %.90'1.5;)'1.110 o (AZ)—(AZ+2) + 2e
K
T 10 - e Best way to search for
% | . Majorana particles
assumed 2%
0.5 - resolution
/Ovv\ o 1/t =G(Q,Z) M2 <mps>2
0.0 | I | | ................. | — 12AA.2 .
00 02 04 06 08 10 e Mg = 2 |Ueil“mice;
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~ Experimental techniques

Technique Nuclel Experiments
CUORICINO
130
Bolometers Te —CUORE
. GERDA
76 ) y
Semiconductors Ge MAJORANA COBRA
Scintillators 48Ca,116Cd, MOON, CANDLES,
150Nd ELEGANT, KIEV, SNO+
Xenon 136X e EXO, XMASS, NEXT
Tracker/Cal Ca, Cd, 199Mo, NEMO3
acKer.alo Nd, Se, Te, %Zr —SuperNEMO

More detailed info in Session D.10

M.O. Wascko APS 2009 Sat 3:30 pm, Governor’s Square
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Current Limits

Experiment Nucleus Mass Limit

CUORICINO 130Te mgp < (0.2-0.68) eV
NEMO3 100Mo mgps < (0.8-1.3) eV
NEMO?3 82Se mgs < (1.4-2.2) eV

ELEGANT V 100Mo mgs < 1.7 eV
NEMQO3 150Nd mgp < (1.7-2.4) eV
NEMO3 967y mgg < (7.4-20.1) eV
NEMO3 48Ca mgs < 29.6 eV

M.O. Wascko ws200  R@NGeEs due to nuclear matrix elements
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Future Mass reach

Not a complete list!

Experiment Nucleus Mass Limit
GERDA °Ge m, < 0.11-0.27 eV
MAJORANA °Ge m, < 0.12 eV
N4 136X e m, < 0.06 eV
SNO+ 150Nd m, < 0.04 eV
CUORE 130Te m, < (0.014-0.047) eV
SuperNEMO | 82Se or 1°°Nd m, < (0.04-0.11) eV
EXO 136Xe m, < (0.005-0.007) eV
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Observation?

2039 keV

e |n 2001, a subgroup of the
Heidelberg-Moscow experiment
("°Ge) released a discovery
claim

® Somewhat controversial

| ‘
¥ )
!
’
—_—— - —_—

0 |
2000 2010 2020 2030 2040 2050
Energy, keV ® T1/20V — 1 2)(1 025 y

Klapdor-Kleingrothaus H V, Krivosheina | V, Dietz A and
p y ' e mgs = 440 meV (4.20)

Chkvorets O, Phys. Lett. B 586 198 (2004).

M.O. Wascko APS 2009
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Observation?

e |n 2001, a subgroup of the
Heidelberg-Moscow experiment
("°Ge) released a discovery
claim

® Somewhat controversial

’ 5 N ’ {

Ql——la LI LI PId LG RLI I LI LTI LT IR AS]
2000 2010 2020 2030 2040
Energy, keV ® T1/20V =1 2x1 025 y

Klapdor-Kleingrothaus H V, Krivosheina | V, Dietz A and
p y e mgs = 440 meV (4.20)

Chkvorets O, Phys. Lett. B 586 198 (2004).

M.O. Wascko APS 2009
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Mass Reach

1000_' | |_|_|_|_|_u] | llllull L1 11
Degenerate

DISCOVERY CLAIM REGION

o
S
l

Inverted

Effective BB Mass (meV)
S
|

0.1 = LRI LRI T TTTIT]
2 4 2 4 2 4
10 100 1000
Minimum Neutrino Mass (meV) see Engel’s talk in session Q.2,

Avignone, Elliot, Engel arXiv:0708.1033 (2007 :
M.O. Wgscko g ( ) APS 2009 MOnday 10:45 In Plaza D

32



Imperial College

Mass Reach &5

All planned experiments can test the 440 meV claim
1000 _| ] |||||||| ] ||||||1| L1111

D ner

EOShSans DISCOVERY CLAIM REGION
<

Inverted

\\

o
S
I

Majorana (30 kg, 3 yr)

SuperNEMO (~2016)

SNO+ (10 years, enriched)

i

i

CUORE (5 year, low background)

Effective BB Mass (meV)
S
I

O‘I —l 1 lllllll | lllllli T TTTIT]
2 4 2 4 2 4
T 10 100 1000
Minimum Neutrino Mass (meV) see Engel’s talk in session Q.2,

Avignone, Elliot, Engel arXiv:0708.1033 (2007 :
M.O. Wgscko g ( ) APS 2009 MOnday 10:45 In Plaza D
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Summary: Open Questions

Mass (eV) ¢ Neutrinos have mass!
B m—\3 ® Moving from discovery to precision era

0.05 [atmospheric
e \What is the mass hierarchy?

sV
0.009|solar ™ V? e What is the absolute scale?
?

! e Are they Majorana or Dirac?
e \Why are they so small?

Worldwide program of experiments to answer these!

M.O. Wascko APS 2009
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Sign of Am?

o AmZ;= m;?-mj?

Far detector

M sl ® Solar experiments explained
’ Mid Hall s by MSW (matter) eﬁeCtS

® Resonant enhancement of
oscillation = sun emits v»

® M2> My

® No such information (yet) for
Am?23

® Need to observe matter
effects in 613 measurement

v and v to sort that out

= NOVA + T2K + Reactors
See 1. Vahle’s talk for more information
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