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Overview

e Intro
* Neutrinoless double beta decay
« Single beta decay
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How can | detect
neutrinos from

RS 1969: ,

’ Ray Davis is swimming in-
the water shield of the
Homestake experiment in
South Dakota, USA




Neutrinos from the sun

Remember:

pp: é/\: pep: [))_ — decay
pip e ey, | 0.23% - ;

e — —
—
Y y 10°% hep: n p + e + Ve
8452 3H—p‘—>3He-—',-' .
15.08%
- 0.1%
He +“He — Be +v >
) ; * —deca
3He +3He — ‘He + 2p* 8Be* — 9He ~ 4He [)) y
& ol p—n+e +v
e

* Nuclear fusion processes produce proton-rich nuclei Electron capture

*  On earth 60 Billion neutrinos per cm? and second pte —n+v,
« Only electron flavor neutrinos are produced
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Why is it so hard to detect them?

AY >V
AY > V
AY > V
AY > V
AY >
N A%
>
A% A%

«  With E, = 11 MeV the mean free path in lead is 350 billion kilometer
* In earth ~3 out of 1 billion neutrinos would interact

Susanne Mertens 6



Inverse beta decay 0

Can we built a
detector from
neutrons?

V. +n—=>p+e

|s that possible?
* Yes, this reaction is allowed
* But free neutrons only live for 15 minutes...

Susanne Mertens




Inverse beta decay

... A detector

made of

20 neutrons 19 neutrons Chlorine?
17 protons 18 protons

v+ 'Cl—="Ar + e

|s that possible ?

 Yes.

 The electron is too low energetic to be detected.

« But the nobel gas argon can be deteted through its decay.

Susanne Mertens



Radiochemical Neutrino Detection

v,+ Cl—"Ar+e

e+’ Ar— v, +°"CI* + Auger electrons

1 neutrino every 2 days }

/615t

perchloroethylene

~
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Solar Neutrino Problem

.
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
Prediction of 01
John ° e <« A4 o & <
Bahcall A
° 4_@6\

* ...All experiments measure less neutrinos than expected
 What is wrong? The expectation? The measurement?

« Or did the neutrinos change their flavor on the way from the sun
to the earth?

<
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Neutrino Flavours und Masses

A neutrinos with a specific mass (
has no specific flavour \

... a neutrino with a specific
flavour has no specific mass

Susanne Mertens 1
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Neutrino Flavours und Masses

_ | t3 Flavour
A flavour eigenstate is a T
quatummechanical 0| Mass
superposition of mass
eigenstates

Pontecorvo—Maki—Nakagawa—Sakata
Matrix describes the rotation:

Ve Uel Ue2 Ue3 1/1
vV, |= U ul U w2 U 3 || V2
V‘L’ Url U172 U173 V3
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Neutrino Oscillations

Electron Neutrino v, Ue1 Ue2 Ue3 Vv,
v, |= U ul U w2 U 3 || V2
Vr Url U‘L’2 Ur3 V3

t=0 ‘Ve>=Ue1"V1>+Ue2"v2>+Ue3"V3>
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Neutrino Oscillations

Electron Neutrino

t=0 Ve>=Ue1' V1>+Ue2"v2>+Ue3"V3>
>0 e-iﬁz/h Ve> _ Ue1 .e—iﬁz/h V1>+Uez _e—iﬁt/h V2>+Ue3 e-iﬁt/h V3>
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Neutrino Oscillations

Electron Neutrino

ve> = Uel )

t=0 V1>+Ue2"v2>+Ue3"V3>

—iHt/h
e l

ve>=U

el

| -iEj/n | —iEst/h > . —iE3t/h| >
e |vl>+Ue2 e vy +Ute V,
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Neutrino Oscillations

Electron Neutrino ??7?? Neutrino

_ | —iEt/h |, —iEst/h | —iEst/h >
vx>—U1 e vl>+Ue2 e 1/2>+Ue3 e v,




Neutrino Oscillations (for 2 Flavour)

Pv,—v,)= sin’ 260tsin”(Am’- L, / E,)
Amplitude Frequency

Susanne Mertens




Neutrino Oscillations (for 2 Flavour)

cos 6

Neutrino oscillations
are only possible if at
least one neutrino
has a mass

J

Pv,—v,)= sin® 20} sin”(

Am* =m’ -m’
Amplitude Frequency 1 2

Susanne Mertens

BERKELEY LAB



mm;-—w;,_,,e,.hgayy Watef‘—‘ '
2 % Deuterium

How can we test
that the neutrinos
change their
flavour?




Inverser beta decay

1 neutron
1 proton

v.+D—=p+p+t+e

|s that possible?
* Yes.

e ... and in this case the electron gets so much energy that it can
be detected

Susanne Mertens




SNO Phase 1: only heavy water

~

Photomultiplier S
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Idea!

charged current (CC)

VGV e_

|
|
oo ¥ w*
gutron | Proton
d u
d — { d
- _Proton . &
u . [ u
d g
Deuteron Proton
Only v,

neutral current (NC)

’
>0
|
Neutron Y Z

' Neutron

: :
_
- | _Proton u+
u [ u
d Cd
Deuteron Proton

All Flavours

elastic scattering (ES)
I z0

— T

Electron Electron
fw*
/”L\
Ve \
Electron

mostly v,

« Scattering via neutral Z-Boson is flavour independent
 This reaction channel measures the entire neutrino flux

Susanne Mertens
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with 2t NaCl (Salt)

SNO Phase 2
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...and what did SNO find?

So my
calculations
were right...

SSM prediction (BPB 2000)

- 1.0

... and my
measurements,

fraction of SSM

- 0.5

neutrino flux (x10% cm™ sec™!)

- 0.0

cC ES NC

Only v, Mainly v, All Flavour

Susanne Mertens

2001 (30 years later)...



Determination of osc. parameters

« 3angle (0, 0,3, 0,,)
+ 2 mass differences (Am2,,, Am2,,)

For two flavour

Py, —v )= sin” 20 -sin*(Am* - L,/ E,)

e Data-BG-GeoV,

~_ — Expectation based on osci. parameters

]: l determined by KamLAND
£ ot
ég 0~6:——+— +| & o :
R | |  Position detector at distance
g | L from neutrino source

0.2~
:  Measure P (L/E)
05650 40 50 60 70 80 90 100 e Extract ® and Am?

Ly/E, (km/MeV)
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Determination of osc. parameters

Double Chooz, FR
(Reactor)

« 3angle (0, 0, 0,,)
. 2 mass differences (Am,, Am.,,)

Super K, Japan

SNO, Kanada (Atmosphere) Daya Bay, China
(Sun) T2K, (Accelerator) (Reactor)

Minos, USA RENO, Korea
(Reactor) (Accelerator) (Reactor)

Bl AEE

=
A
rrrrrrr ""l
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What do we learn about the v-mass?

Normal hierarchy Inverted hierarchy

§ —m (m.) —— we don’t
we know that I Am%, know if m; is
there is a (m,)? s = heavier or
large and a lighter than
small Am? Am2, m, and m, ?

Am?,
m V.

we know m, we don’t
is heavier . (M) know the
than m, 1 Am?,, absolute
(from matter ) (M ) (m.) I— mass scale
effects!) | i
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How to incorporate a v-mass to the SM

Leptons

Standard Model (SM)

2.4 MeV 1.27 GeV 171.2 GeV
2/3 u 2/3 C 2/3 t

up charm top

4.8 MeV 104 MeV 4.2 GeV
-1/3 d -1/3 S -1/3 b

down strange bottom

<1eV <1eV <1eV

"V "V V.

e w T

0.511 MeV 105.7 MeV 1.777 GeV
-1 -1 -1 I

electron muon tau

Susanne Mertens

Neutrino mass is not
forseen in the SM

No right-chiral
component of the
neutrino in the SM

This right-chiral
component would not
even interact weakly




No neutrino mass in the SM

L R
S
e
s _*{LF —
w
u L ML MR
tL tR
t . Higgs Field
R %%
L
A
v >
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How to incorporate a v-mass to the SM

e e
L R
S
e
€r % >
w
u L ML MR
tL tR
t Higgs Field
L . Not in the SM
L . \
L Y v,
v ' » —>
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But maybe neutrinos are different...

fermion masses
dre s@ be

U e Ce te

V1|._..|.V2QV3 ceo Ue Te

Y AN N N N (NN NN (NN N N (NN N (NN NN (NN NN (NN BN M
ueV meV eV keV MeV GeV TeV

<
A
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But maybe neutrinos are different...

fermion masses

The Yukawa coupling to the Higgs dre se Dbe

would have to be tiny to explain the
smallness of the neutrino mass

V1|._..|.V2QV3 ceo Ue Te

U e Ce te

Y AN N N N (NN NN (NN N N (NN N (NN NN (NN NN (NN BN M
ueV meV eV keV MeV GeV TeV

<
A
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An alternative solution

fermion masses
dre s@ be

U e Ce te

Vi —eieVyeV3 €eo Le Te

Y AN N N N (NN NN (NN N N (NN N (NN NN (NN NN (NN BN M
ueV meV eV keV MeV GeV TeV

<
A
rrrrrrr |"'|

Susanne Mertens 34
BERKELEY LAB




Possible in an effective theory

See Saw Type 2:

See Saw Type 1: fH|ggs triplet \

Heavy right-handed v

7 e o ) SO
I I A
/VI_><_IV\

v Ve (Z)
J

Susanne Mertens




The See Saw Mechanism (type 1)

C
L,=M,, vpv,

* Right-chiral neutrino state carries
no charge at all, not even weak

charge Mo
« S0 we can simply “connect” the . 3¢ >
right-chiral component with its Ve Vp

charge conjugate, i.e. introduce a
Majorana mass term

* This mass term does not require
a higgs mechanism

* This mass could be arbitrarily
heavy

Susanne Mertens




The See Saw Mechanism (type 1)

I |
— . s 14C 1€ c ¢I I¢
Lyy=mv,vp+m-v, vy +M vy, | e

. ( )( O m )(VL ) / VR VIC;
VisVr e
m M, \v, Vi L

Two mass eigenstates:

Susanne Mertens




How to incorporate a v-mass to the SM

fermion masses
dre s@ be

U e Ce te

Vi —eieVyeV3 €eo Le Te

(e
ueV meV eV keV MeV GeV TeV

~
I/ S C
v m m \ VL
L | e 1
v ‘\ / —
« 1I/M ,
_________________________________________________________________________________________________________________________________ N o
=~
Susanne Mertens e I
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Open Questions

 What is the absolute neutrino mass scale ?
« What is the hierarchy of the different mass eigenstates?
» Do neutrinos have Dirac or Majorana nature ?

Susanne Mertens




Why does it (anti-) matter?

* What is the absolute neutrino mass scale ?
« What is the hierarchy of the different mass eigenstates?
* Do neutrinos have Dirac or Majorana nature ?

- What is the fundamental mass creation mechanism for
neutrinos?

- What is the impact of neutrinos on small scale structure
formation in the early universe ?

- Is lepton number violated - Why is there more matter than anti-
matter - why do we exist ?

<
A
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Overview

e Intro
* Neutrinoless double beta decay
« Single beta decay
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Neutrinoless double beta decay

Why do we care How to test the When does 0vfpf

whether the neutrino is Majorana vs Dirac happen?

Dirac or Majorana? nature?

How often does it How often does it need What can we say

happen? to happen so we can about the neutrino
say that we found it? mass?

Where do we stand What causes How to realize an

experimentally? background? experiment?

Susanne Mertens
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Why do we exist ?

0 T R Particles and Anti-

SRR T R R particles are produced
and annihilated in
pairs




Why do we exist ?

10 s after the Big
Bang production
freezes out

Expected baryon to
photon ratio: 1018
But observed: 10-1




Why do we exist ?

Matter assymetry can T & p
dynamically be produced if: - -

... there are processes - -
which violate baryon '
number

... Sphaleron processes

connect lepton and baryon
number violation

A. D. Sacharow, 1967



Neutrinoless double beta decay

Why do we care How to test the When does 0vfpf

whether the neutrino is Majorana vs Dirac happen?

Dirac or Majorana? nature?

How often does it How often does it need What can we say

happen? to happen so we can about the neutrino
say that we found it? mass?

Where do we stand What causes How to realize an

experimentally? background? experiment?

Susanne Mertens
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helicity:
projection of

= n in ont
Dirac vs Majorana _Spinon o <

Experiments, so far, tell us:
* Neutrinos have left-handed helicity
« Antineutrinos have right-handed helicity ——>n—=p+e +v.

+
s p—>n+e +v,

Dirac: Majorana:
“There is a more fundamental “That’s the only difference”
difference between the two” e

‘
o
rrrrrrr||
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Gedankenexperiment

Neutrinos have mass, so they can’t go as fast as light

Left-handed neutrino , ,
Right-handed neutrino

Slow car Fast car

What happens when we flip the helicity of the neutrino?
« The neutrino is not identical to the known antineutrino (Dirac)
« The neutrino is identical to the known antineutrino (Majorana)

~
A
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Dirac vs Majorana

Dirac:
- 4 neutrino states

Majorana:
- 2 neutrino states

AN A
\ v

Susanne Mertens




How can we test which one is true?

If neutrino is a Majorana particle (its own antiparticle) then the
neutrino emitted by one neutron in a nucleus should be able to
interact with another neutron in the nucleus...

Susanne Mertens



Paradox?

Why — even if they were Majorana particles —
do the neutrinos not like to do that ?

Susanne Mertens



Helicity vs Chirality

Helicity Chirality

S5 5

7] 2

Weak interaction does not know Weak interaction projects out a
about helicity chiral component of the field
Helicity of massive particle Chirality is frame independent
depends on reference frame
Physical particles occur with a Physical particles have no defined
definite helicity in nature chirality
Property of particle Property of interaction

Susanne Mertens



Helicity vs Chirality

n p
- >
W c
v
v
nW D e
- -

* Projection on right-chiral
component of neutrino- (and
electron-) field

Massless case:

The right-chiral component
happens to be identical to the
right-helicity component of

the field

* The physical neutrino
appears only with right-
handed helicity




Helicity vs Chirality

* Projection on right-chiral
component of neutrino- (and
electron-) field

Massive case:

* The right-chiral component in
no longer identical to the
right-helicity component of

the field

* The physical neutrino
appears mostly with right-
handed helicity

« and a bit O(m/E) of left-
handed helicity




Helicity vs Chirality

 Neutrinos from one neutron
- > are mostly right-nanded but a
little bit left-handed

Massive case:

« At the other interaction vertex
the weak interaction projects
out the left-chiral component

of the field

n p * The vertex will absorb with

=> => almost no suppression the
left-handed helicity neutrino

If the neutrino is a Majorana particle: and a O(m/E) fraction of the

The amplitude is suppressed with right-handed helicity neutrino
the small mass of the neutrino




Neutrinoless double beta decay

Why do we care How to test the When does 0vff

whether the neutrino is Majorana vs Dirac happen?

Dirac or Majorana? nature?

How often does it How often does it need What can we say

happen? to happen so we can about the neutrino
say that we found it? mass?

Where do we stand What causes How to realize an

experimentally? background? experiment?

Susanne Mertens
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Neutrinoless Double Beta Decay

Ve Ve
33 e

2vBp

2V[3P:
« Two neutrons in one nucleus decay simultaneously
« This has been observed in 11 isotopes

'|'1/2 ~1(18-24

Susanne Mertens




M ass excess (MeV)

Double beta decay (when does it happen?)

Semi-empirical mass formula (Bethe-Weizsacker formula):

2(z-1) _ (A2-2Z)?

E(AZ)= a,A —asA?® g3 a +6(AZ

(A,Z) v s T gim o (A,Z)
Vol Surf ~~ ~ iri

olume uriace Coulomb Asymmetry Pairing

55 |

65 |

even-even |

28

29 30 31 32 3 34 3 36 37 38 39
y4

T

—d0 Z,N odd

even-even nuclei are

\energetically preferred

+do Z,N even
(A Z)=4¢ 0 A=Z+4+ N odd

/




M ass excess (MeV)

Double beta decay (when does it happen?)

Semi-empirical mass formula (Bethe-Weizsacker formula):
2(z-1) _ (A2-2Z)?

E(A.Z) = a/A —aA2/3—a a —|-5AZ

( 9 ) "4 S N C 11/3 . N A A ) ( 9 )
Volum Surf v~ v Pairin

© © race Coulomb Asymmetry alrmg

S /In some cases, the single \
beta decay is energetically

—60 | forbidden.

651 1~ Then double beta decay
becomes relevant

Beta decay /\
0T n>p '_ /
—7/5  Double beta decay

28 29 30 31 32 3 34 35 36 37 38 39
y4



Neutrinoless Double Beta Decay

Ve Ve
33 e

2vBp

If OvB[3 is discovered:

 The neutrino is a Majorana particle
 Lepton number is violated

* Measure of the neutrino mass

Susanne Mertens



The signature

! _ * 2vpp: neutrinos and
' ' electrons share the
energy

* 0Ovpp: the electrons get
all the energy

dN/AEB/ Q)
o

Il L 1 l L L 1 I 1 ] Il l 1 Il ]

0 0.2 0.4 0.6 0.8

I
E/Q. = Energy of the two electrons/
total energy released in the decay

Susanne Mertens 62




Neutrinoless double beta decay

Why do we care How to test the When does 0vfpf

whether the neutrino is Majorana vs Dirac happen?

Dirac or Majorana? nature?

How much mass of an What can we say Where do we stand

isotope do we need? about the neutrino experimentally?
mass?

How to achieve low Which technology to

background choose?

Susanne Mertens
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The isotopes of choice...

Isotope Tin (2) () 1 ( Current best limits on )
©Ca (44 +06)- 107 these three isotopes
6Ge (1.5+0.1)-10% Isotope T2 (0v) (y)

BSe (092 £ 007)- 102 76Ge ~3. 0%

%Zr  (23+02)-10"° 130T ~3. 0%

'OMo (7.1 £04)-10'8 136%e > .02

6Cd (28 +02)-10"°
8Te (19 +04)-10% | -
30Te (154 0.1)- 102
SONd (82 +0.9)-10'8
28 (20 +0.6)- 102
36Xe (2.1 £02)- 102

<
A
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How many Ovfp decays occur...

« for 1t of Ge enriched to 86% "6Ge

 in1year
« and if the lifetime of Ge was 1027 years

Susanne Mertens



Radioactive Decay

The probability to decay attime tis

p(t) =~ "
T

The probability to decay after a time period t,, is

P(t

Il
%
|

|
=
)
p—a
QU
o~

exp)

I

[
I

N

Susanne Mertens




Radioactive Decay

The probability to decay attime tis

|
pt)y=—e"" |

T QQ

It's most likely for
the nucleus to
decay

The probability to decay after a time period texp 1S immediately...why
is that, actually?
t=texp
P(t,,) = f 2 o) g
=0 U
=1-¢ "7
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Coins...

Suppose you have a coin

« The probability for head is p = 50% every time you try

« The probability to through “head” at exactly the first try is
p(0) =p =50%

« The probability to through “head” at exactly the second try is
p(1) = (1-p)*p = 50%*50% = 25%

Suppose you all through a coin

*  50% of you will get head the first time

« 25% will get head with the second trial
« 12.5% will get head with the third trial

A
Susanne Mertens 68
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Radioactive isotopes...

Suppose you have one radioactive isotope.
* |t has the same probability to decay in every second. That means:
— It has some probability p to decay in the first second.

— If it does not decay, then it has again the same probability p to
decay in the next second

Susanne Mertens 69



How many decays do we observe...

[ (/) =T, /In(2)
— — eX 1/2
Nsig _ gdetNa \1 € /
m
( - ln(z)(texp/Tl/Z)) N == fot o
=ec. N |[l-e | a
det” ' a \ ml.so
m - ln(2) tex T
_ gdet tot 05(1—6 ( ( p/ 1/2)))
Y
mtot teXP '
= £ —aln(2) N,: number of isotopes
det | T e.  detection efficiency
iSO 1/2 m,: total mass
m.,. mass of atom

o enrichment factor
t.... measurement time
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How many decays do we observe...

r_neasurement
detection  total mass time rs]::‘;r:;eer\gnts
efﬁmency / \
1000 ¢
Nsig~0.99 75 0 ) 0.86-In(2)- 1027 Sdecays
6-107° N

e

mass of enrichment factor half-life
germanium atom

Susanne Mertens




Signal events vs background events

Number of signal events: m I,
N. ~g, — qln(2)=2

g et T
Mo 1/2

Number of background events:

ROI

N, .=bAE-m_t

tot" exp

dN/d]i(E / Q[i B)

b: background rate / energy

j\ Region of interest AE: energy resolution
| m,: total mass

wo. ROl =AE _ .
» t: measurement time

Susanne Mertens 72 BERKELEY LAB



Discovery/Evidence

We have an discovery (evidence) if Ny, is more than 5 (3) sigma away
from the expected number of background events

0.14

0.12

0.1

0.08

0.06

0.04

0.02

OO
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Discovery/Evidence

We have an discovery (evidence) if Ny, is more than 5 (3) sigma away
from the expected number of background events

0.14

With 3 sigma significance
we have found Ovp !!!

012 We measure N = 18

o What can we say?

0.08
0.06
0.04

0.02

IIIIIIIIIII|IIIIIIIIIIIIIII

OO

<
A
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Exclusion

We can set a 90% exclusion limit if N is less than 3 sigma away from the
expected number of background events

0.14

We measure N =9

0.12
What can we say?

0.1

0.08

0.06

0.04

0.02

OO
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Exclusion

We can set a 90% exclusion limit if N is less than 3 sigma away from the
expected number of background events

0.14
We measure N = 9 We need find the

What can we say? Ngo = Ngig.g0 + Npack
for which we would have
found N in less or equal

than 10% of the cases

0.12
0.1
0.08

0.06 :
We can exclude N o With

0.04 90% confidence level

0.02

IlllllllllllIIIIIIIIIIIIIII

OO

Susanne Mertens 1 O% s e [l
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Exclusion

We can set a 90% exclusion limit if N is less than 3 sigma away from the
expected number of background events

0.14

_ We need find the
We measure N = 15 _
What can we say? Ngo = Ngig.g0 + Npack
for which we would have
found N in less or equal
than 10% of the cases

0.12
0.1
0.08

0.06 :
We can exclude N o With

0.04 90% confidence level

0.02 The exclusion limit depends

on what we measure

OO

Susanne Mertens
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Which exposure do we need to
discover/exclude a half-life ?

Number of signal events: m I,
N. ~g, — qln(2)=2

g et T
Mo 1/2

Number of background events: Nback ~b-AE-m .t

tot" exp

Discovery/Evidence

Nsig > 3 Nback

Susanne Mertens




Which exposure do we need to
discover/exclude a half-life ?

Number of signal events: m I,
N. ~g, — qln(2)=2

g et T
Mo 1/2

Number of background events: Nback ~b-AE-m .t

tot" exp

Discovery/Evidence

m

[
I,,(30 DL) x gdet\/ Z?Ag

Susanne Mertens




Discovery/Evidence at 3 sigma

10%

For 1 ton-year exposure
and 10 counts/ROI/t/
year background, we
expect to see Ovfp if the

—

o
N
©

%) . .
5 10° - halflive is > 2x10% years
2 B
J B .
@] B ignore blue
c% 10?7 = lines for now
N ~
=
2 26
S 107
— Background free
B - - = 0.1 counts/ROI/tly
o5 A 7 e 1.0 count/ROl/tly
107 E —.—.- 10.0 counts/ROl/t/y
1024 | | IIIIII| | | IIIIII| | L 1 1111l | | IIIIII| | | IIIIII| | L 1 11111
107 1072 107 | 10 10? 10°
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Exclusion at 90%

10%°

If we don’t find it with
1 ton-year exposure and
10 counts/ROl/t/year
background:

we can exclude Ovpf with
a half life of 4x102% years

-

o
[\
©

—

o
™
®

- ignore blue
_____ e lines for now

-

o
\S]
[e]

Background free

- = = 0.1 counts/ROl/tly
......... 1.0 count/ROI/tly
-.=--10.0 counts/ROl/tly

o
™
a

1

®Ge T, ,, 90% Sensitivity [years]
2
I |||||||| I |||||||| I ||||||||\l I ||i||'||||
1
\

1024 1 IIIIIII| 1 IIIIIII| 11 111111l 1 IIIIIII| 1 IIIIIII| 1 1 111111

107° 1072 107 1 10 10? 10°
Exposure [ton-years]
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Neutrinoless double beta decay

Why do we care How to test the When does 0vfpf

whether the neutrino is Majorana vs Dirac happen?

Dirac or Majorana? nature?

How much mass of an What can we say Where do we stand

isotope do we need? about the neutrino experimentally?
mass?

How to achieve low Which technology to

background? choose?

Susanne Mertens
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What do we learn about the v-mass?

1
Tf/g = G,, '|M0v|2'm/§/3

« This is true, if the particle exchanged was only a Majorana neutrino
(model-dependence)

+ G,, = Phase space factor
* M,, = nuclear matrix element (large uncertainties!)
* My, = Majorana mass

3
m,, = U-m
Bp ej J
J=1
=~
Susanne Mertens s e [l
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Majorana Mass
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Majorana Mass
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Majorana Mass
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1 [ T LR | T T T T

Majorana Mass

Current Bound

- e . -

|mgg| [eV]
S

Im(m,)

E;l
w
1w jesibojowson

! H
: —_— 1o |]
|| - 20_

1
l X 30
1111 1T I T T TT
n

< = —r Degenerate regime
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Majorana Mass

Current Bound

|
N |
|

|mgg| [eV]
S5

Im(m

Cpwr ﬁe’o’géé{oh]éé’gl '

»
»

-

O'
w

l
I
l
I =
I 1
L=
A==
107 107 1072 1d™ 1
Mmin  [eV] l
I
M U,[ ~m e I
<—2>< < > > Degenerate regime
2
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Majorana Mass

—
o

|mgg| [eV]
S5

"W feaibojowso)

4 107 §

! H
: —_— 10 |
| =—— 20 L]
3o

Hierarchical regime
Normal hierarchy
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Majorana Mass - urentBound

—
o

Imgs|  [eV]
S

"W feaibojowso)

A | 0—3

! H
| = 1o
i| = 20|
3o

w

10

Hierarchical regime
Inverted hierarchy

e
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Current Bound

|
|
Majorana Mass d S Pan——

—
o

|mgg| [eV]
S5

E;l
"W feaibojowso)

! H
:—1(5“
| = 20|
30

10
10

V)
8
0
| —_— — [r—

> Very small lightest
neutrino mass
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Neutrinoless double beta decay

Why do we care How to test the When does 0vfpf

whether the neutrino is Majorana vs Dirac happen?

Dirac or Majorana? nature?

How much mass of an What can we say Where do we stand

isotope do we need? about the neutrino experimentally?
mass?

How to achieve low Which technology to

background? choose?

Susanne Mertens
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Where do we stand experimentally?

1 F T [
r ________________________________
" Claimed signal in 76Ge:
10~ _Mod. Phys. Lett. A 21 (2006) p 1547.
e
3 9
2 ' B
i : 3 1
E ‘@
L O
8
-
107 3. 3
E — T
1 26
: 3c
107 :
107 107° 1072 107" 1
Mmin  [€V]
=~
Susanne Mertens o | |
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Heidelberg-Moskau Experiment

« 1990-2003
« M =10.96 kg of Ge detectors

« 7°Ge — ®Se + 2 e- %25 )
« Q=2039 keV & 20l : -
- 15! : . _-__ N _"_ ML ¢
10 —— i . ____ _—_— il
NN

2000 2010 2020 2030 2040 2050 2060

Energy (keV)

=
A
rreeeee ""l
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Heidelberg-Moskau Experiment

* 1990-2003 Controversal data analysis by H.V.
« M =10.96 kg of Ge detectors Klapdor-Kleingrothaus

21I4 i
° 76Ge RN 76se + 2 e- Bi OvRR? 214gj

« Q=2039 keV 20| \A\j; ?x X X

Events

15+

_-4‘.

10

il

2000 2010 2020 2030 2040 2050 2060

Energy (keV)

-
A
freeeee |"'|
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Where do we stand experimentally?

" Claimed signal in 76Ge:
107" __Mod. Phys. Lett. A 21 (2006) p 1547. .
]
e
3 '8
-2 ' B
_ 10 : a .
£ ‘&
)
A
Vo
107° L 3. =
E — T
)| - 2C
: 3c
10—4 | 1
107 107° 1072 107" 1
Mmin  [€V]
=~
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Where do we stand experimentally?

future generation of
experiments

Imgp| [eV]

= A
,,,,,,, |"'|
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Testing the inverted hierarchy

/The blue lines correspond to the

10%°
— IH minimum m,: minimum mass of the IH band for
— —— QRPA . .
— -~ SM different matrix element

10 e IBM-2 calculations
= -.- EDF

o e , Tt - B

10 E- —— ety T - —-‘—“:—‘-—-—-_._.’_‘y.-f_‘f_.

an pATa

"®Ge T,,, 30 DL [years]
)

.
ot
.
ot
o

ot
o
ot
o

.
.
o

........ - . N
10 s To cover the inverted
= ST T hierarchy we need at least
oL "-"‘ 1 tonne-year of Ge
2 N /
1024_ 11 IIIIII| 11 IIIIII| 11 IIIIII| ] ] IIIIII| ] ] IIIIII| ] L 111111
107 107 107 1 10 10 10°

[ (OV)]—1 GOV

Exposure [ton years]

IMO”I2 (m vﬁﬂ)
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Testing the inverted hierarchy

—

o
w
=}

= =IH mg‘ﬁi” ranges
v | — "®Ge (86% enr.) _
107 - — "%e (90% enr.) Pt
= 1%0Te (nat.) I
28 | St e e T
'@10 = S SR A R AMENTAN L
o = T T e e
) — R PP LR
= = PR O
1 N P g AL N
a 1027 = S T e
0 = L T e e
o™ - 2T e
X L
= 0% e
- L7 — Background free
- B G - = = 0.1 counts/ROI/tly
107 E =4 --=+- 1.0 count/ROI/t/y
2T T 10 counts/ROI/t/y
1024 | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | 1 1 11111

107 1072 107 1 10 10? 10°
Exposure [ton-years]
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What is needed?

Large mass

— High isotopic fraction
Low background

— Good energy resolution

T,,(30 DL) x ¢, (=8

Susanne Mertens 100



Neutrinoless double beta decay

Why do we care How to test the When does 0vfpf

whether the neutrino is Majorana vs Dirac happen?

Dirac or Majorana? nature?

How much mass of an What can we say Where do we stand

isotope do we need? about the neutrino experimentally?
mass?

How to achieve low Which technology to

background? choose?

Susanne Mertens
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What causes background ?

where do they

* Anything that deposits energy in the region
come from?

of interest (ROI) and is indistinguishable
from a Ovfpp is background

e can be alphas, betas, gammas, neutrons, QQ
muons, neutrinos or combinations

\ \
aQa & — ‘
B o -
VAVAVAVAUA TAVAVAVARER VAVAVAVA
Y SR ARRR RARAR e
Paper Aluminium Lead

Susanne Mertens




1) Natural Radioactivity

200 — . .
N * Primordially created,
pes . I
180 - t,,,=350years-46 billion years (elae g ieipatili i |Ong_llved (~age Of
=12 days-350 years . .
160 — ° t1/2:1second—12 days :z?)‘:io();ecstive unlverse) ISOtOpeS,
® t,,<1second U-235, U-238, Th-238’
O Predicted to exist .
e K-40 present in rock etc.
“Sea of instability”
2 120 —
o
5
2
% 100 —
g
§ 80 — “Peninsula of stability
60 —
40 —
3. .
gii i:
20 !;“ s;},t
,ii”L it
e
0 [ \ \ I [ I
20 40 60 80 100 120
Number of protons
= A
|
Susanne Mertens 103 e |

BERKELEY LAB




1) Natural Radioactivity

* Primordially created,
long-lived (~age of
universe) isotopes,

U-235, U-238, Th-238,
K-40 present in rock etc.
Radon is everywhere in
the air (especially
underground)

34m)|
CEl ot~ |
1.17min

~

A
freeeee |"'|
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1) Natural Radioactivity

ZggTh Thorium
14.1Billion J 232
Yr

2§g R Radium
1,602Yr g 22

o

222
86R n Radon

3.8day 22

218 tati
o W At 158a ine

210 i
81 TI ;r;lllum
1.3min Q,
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Primordially created,
long-lived (~age of
universe) isotopes,

U-235, U-238, Th-238,
K-40 present in rock etc.
Radon is everywhere in
the air (especially
underground)

e - alphas, betas, and
Popa=[iPok:( (UPf:y-gammas are produced in
o (Bif)i  (emip the decay
2P (@Pb) | (SPb):

206 hallium
AL %

06

ercury

~

A
||||
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1) Natural Radioactivity - Countermeasures

* Cleanliness
« High purity material
« Shielding

Analysis cuts

(

Susanne Mertens




2) Cosmogenic activation

« Cosmogenic activation of
medium long lived radioactive
isotopes :

* ... high energy neutrons and
muon break up copper, lead, etc.
and make radioactive isotopes
(e.g. Ge-68, Co-60)

* ... they decay and produce betas
and gammas in the ROI

Mitigation:
* Minimize time on surface
* Analysis cuts

Susanne Mertens 107
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3) Muon / Neutron — induced
background

« Muon direct hit (not so critical)

* Muon creates high and low
energy neutrons in the rock,

— Neutron excites lead, copper,
etc. de-excitation produces
gammas

— Neutron is thermalized and
captured (excitation and
decay of daughter)

— Elastic scattering off atoms in
detector

<
A
rrrrrrr |"'|
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3) Muon / Neutron — induced
background = (countermeasure)

— | . 77
* Go underground | |
« Use a muon veto =AY SN O '.\
»  Use Poly-shield to stop/slow down fast | = SRS
neutrons (CH,, low Z) g e B
Veto panels Poly shield g‘
) o |

,,,,,,,,, : *
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Neutrinoless double beta decay

Why do we care How to test the When does 0vfpf

whether the neutrino is Majorana vs Dirac happen?

Dirac or Majorana? nature?

How much mass of an What can we say Where do we stand

isotope do we need? about the neutrino experimentally?
mass?

How to achieve low Which technology to

background? choose?

Susanne Mertens
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Detection Techniques

( )
lonization
Tracking & Cal: HPGe Crystals:
SuperNEMO GERDA
L MAJORANA )

( D
n. Bolometers PhOnOnS
PID (LUCIFER Bolometers:
MINEU, ...) CUORE
\ y,

~
A
rrrrrrr ""l

Susanne Mertens
BERKELEY LAB




Three Technologies

Bolometer Detector Time Projection Point Contact Detector
130Te — 130Xe + 2 ¢ Chamber 6Ge— 6Se + 2 e
e.g. CUORE 136Xe— 136Xe + 2 € e.g. MAJORANA

e.g. EXO

— !.- & T gp—
FZrnes
= :!‘L' —
e e
i e T
A

=fRi——-—_ 2
———————
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Bolometer Technique (how does it work?)

T

a

- TO2 ™09

.E AT
e s

o)

© i T:. Neutron Transmutation Doped (NTD) germanium thermistors
H: Heater (for test signals)

hermal link

Heat bath
=
5cm

— ¥

» Electrons create phonons/heat in the tellurium oxide detector
* Heat capacity

Specific heat or heat\
capacity is the

amount of energy
needed to raise the
temperature by 1 |
degree Celsius.

Susanne Mertens 13




Bolometer Technique (how does it work?)

T
750 g 1
] TO2
< AT
: & (]
O - .
- OThermaI link
®© = .
) 3] >
T % o t
630
© i T:. Neutron Transmutation Doped (NTD) germanium thermistors

H: Heater (for test signals)

» Electrons create phonons/heat in the tellurium oxide detector
« Small heat capacity: ~(T/Tp) * (Debye Law)

« Super cold operating temperature: 10 uK

« Temperature change per energy: 10 — 20 uK/MeV

© AtQp; =2.5MeV > AT =50 uK

Heat capacity is the amount of
energy needed to raise the
temperature by 1 degree
Celsius.

Susanne Mertens 114



Pros and Cons of TO, crystals

« High natural abundance of 34.3 % ’

« Can be enriched . Large mass ‘/

 Bolometers have very good energy . High isotopic »/

resolution '« Low background
FWHM =5 keV @ Qg = 2.5 MeV + Good energy
resolution

« Ultra-cold (difficult technology)
« Alpha-background

Susanne Mertens




Cryogenic Underground Observatory

CUORE

for Rare Events

19 towers
988 detectors

= 13 units

1 tower
Cuoricino
CUORE-0

1 unit = 4 detectors

CUORE

Susanne Mertens
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4 )

CUORE Backgrounds (~55%) degraded

alphas from 238U
and 232Th on
copper surfaces )

"J‘
A
-

4 )

(~35%) Compton ~
gammas from ) (~10%) degraded
208T|, from 232Th X

alphas from 238U
and 232Th on
crystal surfaces V.

ENEZEA
\_"g»;s_f_gx;_n \

in cryostat

A\

c

-
A

o cl:-nz:‘ ‘—’v

IS
]
A
A

77

)
.| -
|
| L
]
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CUORE-0 Results

« 32 kg (total)

O
E - 11 kg (effective mass)
: . 300 counts/ROl/tly
R 0 5 * no Ovpp found
> =8
g - « T,,>2.7x10% years
i o 45

4 0.05 §

; g

0

2470 2480 2490 2500 2510 2520 2530 2540 2550 2560 257
Reconstructed Energy (keV)
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CUORE Sensitivity

1 - T LR T LR | T 1 T

Current Bound CUORE-0 current limit

CUORE future goal

1 1w reoaibojowson

: — 20 |
3o
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Three Technologies

Point Contact
Detector
Ge-76

Time Projection
Chamber

Bolometer Detector

Te-130

e.g. CUORE

e.g. MAJORANA

<= __
-
-
-
oI -
-
-
-

Susanne Mertens
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-
>
w
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Time Projection Chamber

IRt

Avalanche
Ground -75kV Photodiodes

Electron interacts and ionized LXe - creates secondary electrons
Electric field guides secondary electrons to wire grid

Some secondary electrons recombine with the Xe - excited Xe state
—> scintillation light

Scintillation light measured by avalanche photodiodes

Susanne Mertens



scintillation (keV)

lonization + Scintillation

Readout of both scintillation and ionization signal = better energy

resolution

Reject background events characterized by different charge to light

collection ratio.

Position reconstruction through difference in the arrival time between

the scintillation and ionization signals

3500

3000 .

N
[2]
[~
=]

Illllllllllll

< 1
1000

1 1 1
1500 2000 2500 3000
ionization (keV)

11
3500

14

12000

[
>
(=
>

scintillation (keV)

80001
6000
4000[-

2000,

zoomed-out,”
4

\ /),-
V4 P -~ 12

poo

vl b by P by Py |

|
2

1
000 4000 6000 8000 10000 12000 14000
ionization (keV)
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Pros and Cons of TPC with Xe-136

« Liquid Xenon is easy to purity ’

° 136 i
The 13Xe isotope can be . Laa V4
enriched = : /

e . High isotopiC

* Nobel liquids like liquid Xenon .o background‘/
are natural radiation detectors . Good energy

« Liquid scintillators provide resolution
self-shielding

 TPC provides ionization and
scintillation signal

« Poor energy resolution of
90 keV @ 2 MeV

Susanne Mertens




EXO Experiment: Setup/Location

WIPP: Waste Isolation Pilot Plant

HV FILTER AND
FEEDTHROUGH
VETO PANELS

DOUBLE-WALLED

FRONT END CRYOSTAT

ELECTRONICS

.\ <77’77>7<7i/77>7‘> A
VACUUM PUMPS - M i

LEAD SHIELDING

A
||||

BERKELEY LAB

freeeer
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EXO Results

=

T

log,,(Counts/14 keV)
N

" 2250 2300 2350 2400 2450 2500 2550 26005
v Energy (keV)

E 4 Data - 27Th (far) 50 '
aL (b) MS —— Best Fit Vessel (*'K, % Co, 40

; E Rn 57n, 22Th, 28 U) 230 +
§2| F —= WiXe WXe —— 0u383 < 1 P {
< 3k n-capture 2033 S 20 + + +++ HJ""—-‘_ "

[ l
'_m' h j.-'-—-—_, s - _{4 o

N ' T T (. A =
‘E’ 2 5T o " o0 i, " o
] E -y > [ 2100 300 2400 2500 2600
8 oot - " % ergy (keV)
) 1 g=-- - ik + e DY
e LTI W

......... - s
S Al N g l]['[ITlee | |l
= 0f : B .
I

27007

2500
Energy (keV)

3000

« 170 kg (total)

« 76 kg (effective mass)
« 130 counts/ROl/t/lyear
* no Ovpp found

« T,,>1.1x10%° years

232Th (16.0 counts)
2381 (8.1 counts)
137Xe (7.0 counts)

Susanne Mertens

126

BERKELEY LAB




EXO Sensitivity

1 : T !ll’llll T L IIIITW' T L lII|1l| II
- Current Bound : CUORE-O0 current limit
: EXO current limit
107"
CUORE future goal
]
e
s g
— ' nEXO future goal
107 '3 E
= 1 O ]
£ S
o)
D
o
107° =} =
E —
)| - 2C
: 30
10'41’ III 1
107 107° 1072 10 1
Mmin  [eV]
o
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Three Technologies

Point Contact
Detector
Ge-76

Time Projection
Chamber

Bolometer Detector

Te-130

e.g. CUORE

e.g. MAJORANA

<= __
-
-
-
oI -
-
-
-
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Semiconductor detector

wo /
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Semiconductor detector
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High purity (HP) P-type point contact
(PPC) detector

0 kV

Depleted area

_PN Junction

n+ contact
Lithiated

germanium

Electrons

- p-type material

0 kV\ Germanium

p+ point contact
Implanted with boron

Susanne Mertens




High purity (HP) P-type point contact
(PPC) detector

0.5 kV - reverse biasing

Depleted area

n+ contact
Lithiated
germanium

- p-type material

0 kV\ Germanium

p+ point contact
Implanted with boron

Susanne Mertens




High purity (HP) P-type point contact
(PPC) detector

1 kV - reverse biasing

Depleted area

n+ contact
Lithiated
germanium

- p-type material

0 kV\ Germanium

p+ point contact
Implanted with boron

Susanne Mertens




High purity (HP) P-type point contact
(PPC) detector

2 KV - reverse biasing

Depleted area

n+ contact
Lithiated
germanium

- p-type material

0 kV\ Germanium

p+ point contact
Implanted with boron

Susanne Mertens




High purity (HP) P-type point contact
(PPC) detector

3 kV - reverse biasing

Depleted area

n+ contact
Lithiated
germanium

- p-type material

0 kV\ Germanium

p+ point contact
Implanted with boron

Susanne Mertens




High purity (HP) P-type point contact
(PPC) detector

3 kV

n+ contact
Lithiated
germanium

- p-type material

0 kV\ Germanium

p+ point contact
Implanted with boron

Susanne Mertens




A1 =E1h

Why Point Contact? A2 = E2/t

Weighting Potential single-site event
—_ —_ — 1.2
50 . .
é 00.’ z =t :
g , oV T T 1 e,
- | Event 2 - s | event 1
° 40 = ;,‘ o 1__ event 1: current
+ o T N
o o7 & o B “reren event 2
8 8 o o8-
2 u A SREREE event 2: current
N30 > 5 L
b R
he 0.6/
N R
| -
20 o4 @ i
04—
10 B
0.2—
ol | ) SO oy | S BTSSR TR PRCITES L2 o (PP I PPN I I
0 5 10 15 20 25 30 0 50 100 150 200 250 300 350 400
r-position [mm] timestep [a.u.]

* The charges are only “seen” when they are very close to the point
contact

« The rise time of the signal is independent of the creation location

» The ratio of the maximum slope (current) A to the amplitude (charge) E
is constant

o 1l
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Why Point Contact?

single-site event

Weighting Potential — 12
=}
g 0 = s [ — charge
= % c c 5 - I _
c Single-site event ; ~ 3 cumront
. N 3
e} 03 . e v o
o 40 ; B ‘;L 08—
- » [}
(0] - + 5 B
o] 5 O -
a . & 0.6
v : : £ i
.~ 3 = 04
* taa, el -
* - -
20 o 02—
Multi-site event g
| T [ ST RS L VIS A A | IR

1 1 1
50 100 150 200 250 300 350 400
timestep [a.u.]

OO

multi-site event

R i ==
r-position [mm] : — current
« AJE is different for multi-site events £ o

« Multi-site events are background events

0.1

1 | RNPETES IETArrS B
150 200 250 300 350 400 450

timestep [a.u.]

OC’
o
o
-
(=]
o

~

A
freeeee |"'|
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Pros and Cons of ’Ge detectors

* Very good energy resolution: ’
4 keV @ 2.039 MeV ok
* Pulse shape discrimination e :
. C
capability High sotopic. ¥

« Low background

« Good energy
resolution ‘/

 Enrichment to 87% is possible

e (Ge and the enrichment is
expensive

Susanne Mertens




'MAJORANA Demonstrator ~ °

Sanford Undergr
oun
‘ReSearch Fac,-g ‘ d

Low |
background
electronics

2 qryostats of uItra clean
electroformed Cu







Experimental setup

Radon enclosure Veto p;anels Poly ghield

*
-
-
03
3
.
3
*
.
-
.0
.

Lead shield e-... --=-::@ Cryogenic

system

QOuter copper
shield Lo Calibration

system

Inner copper
shield

L

~.
g A
]

rrrrrrr
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Lead and Copper Shield

Lead shield 29 detectors at the moment
» running

Susanne Mertens 143
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MAJORANA Goals

« 30 kg (total)
« 24 kg (effective mass)
Background Rate (c/ROI-t-y)
* 3 CO u ntS/RO I/t/yea r 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Electroformed Cu 0.23
° T1/2 > 23X1 026 yea 'S OFHC Cu Shielding
Pb shielding
Cables / Connectors
Front Ends 0.60
Ge (U/Th)
Plastics + other
Ge-68, Co-60 (enrGe)
Co-60 (Cu)
External y, (a,n) Natural Radioactivity
Rn, surface a u Cosmogenic Activation
Ge, Cu, Pb (n, n'y) 021 . External, Environmental
Ge(n,n) u p-induced
Ge(n,y) . neutrinos
direct p + other
v backgrounds Total: 3.1 ¢/ROI-t-y
0
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Ge Detector sensitivity

1 I LI L L R | U U LB I B L]
i Current Bound CUORE current limit

EXO current limit

| Majorana goal

CUORE future goal

| Ge tonne-scale goal EXO future goal

<
A
rrrrrrr |"'|
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CUORE-0 EXO200/ MAJORANA
CUORE nEXO Demonstrator/
1T Ge
|sotope 130Te 136Xe 76Ge
Background 300 c/t/ly/ROI 130 c/t/y/ROI 3 c/t/y/ROl /
50 c/t/y/ROI <1 c/t/ly/ROI
Energy SkeV @ 2.5MeV 88keV @ 2.1MeV 4 keV @ 2.1MeV
resolution
Mass (total) 32 kg/ 170 kg/ 30 kg/
206 kg 5000 kg 1000 kg
Enrichment 34% 80% 87%
Lifetime Limit 270 102° 1.1 1020 0.23 10%°
1026 1027 1027
Critical Point  Alpha Energy resolution Price of
background Germanium
Upgrades Second signal/ Ba-tagging Combine with
enrichment LAr shield
........................... (Gerda)
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Collaboration

AMORE

CANDLES

CARVEL

GERDA |

GERDAII

MAJORANA DEM

1T Ge GERDA+MAJORANA
NEMO3

SuperNEMO Demonstrator
SuperNEMO

MOON

CAMEO

COBRA

CUORICINO
CUORE-0

CUORE
KamLAND-ZEN f
KamLAN

NEXT-10

EX0-200

nEXO

DCBA

Isotope
Mo-100
Ca-48
Ca-48
Ge-67
Ge-67
Ge-67
Ge-67

Mo-100,
Se-82

Se-82
Se-82
Mo-100
Cd-116

Cd-116,
Te-130

Te-130
Te-130
Te-130
Xe-136
Xe-136
Xe-136
Xe-136
Xe-136
Nd-150

Technique

Mass

CaMoO4 bolometers + scinillation 5

CaF

48CaWoO

Ge diodes in LAr

Point Contact Ge in LAr
Point Contact Ge in LAr

Best of GERDA + MAJORANA

Foils with tracking

Foils with tracking

0.7
16
15
20
26
~1(

“) 6.9,0.9

Foils with tracking ILCklllg

Mo sheets Extra

— observables
CdZaTe detectors

TeO bolometer 11
TeO bolometer 11
TeO bolometer 206
2.7% in liquid scint. 370
2.7% in liquid scint. ~1000
High pressure Xe TPC 10

Xe liquid TPC 160
Xe liquid TPC ~5000
Nd foils & tracking chambers 30

Status
Construction

ling

ate
Jction
Iction

Complete

Construction
R&D
R&D
R&D

Operating/
Construction

Cﬁplete

Liquid

Scint:
Self-

scalability

——

R&D
R&D



Neutrinoless double beta decay

Why do we care whether
the neutrino is Dirac or
Majorana?

—~>Lepton number
violation - Matter-
antimatter asymm.

How much mass of the
isotope do wee need?
- 1 tonne-year
exposure and

< 1 clt/lyear/ROI

background to cover IH

What causes background?
—> natural radioactivity,
cosmogentic
activation, muons/
neutrons

How to test the Majorana
vs Dirac nature?

—> Discovery of 0vff
proves the Majorana
nature of neutrinos

What can we say about
the neutrino mass?

- model dependence,
nuclear matrix
elements, complex
phases

How to realize an
experiment?

- lonization,
Scintillation, Phonons
CUORE, EXO,
MAJORANA

148

When does 0vp happen?
- only possible in 11
isotopes where single
beta decay is forbidden

Where do we stand
experimentally?

> T,,> 102° years
2 Mg < 300 meV



Helicity confusion

Suppose you want a coffee

“‘weak interaction
force” checks for

opacity
C
ATM only gives er0pp vending machine
you transparent coin only takes opaque
coins < — coins

<
A
rrrrrrr |"'|
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Helicity confusion

The coins have some feature

Copper coin

O

<
A
rrrrrrr |"'|
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Helicity confusion

... with ~1% probability you will get one.

“‘weak interaction
force” checks for

opacity
Copp
returns: er accepts:
99%: glas coin 99% of copper
1%:copper . o e 1% ofglas

<
A
rrrrrrr |"'|
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Overview

e Intro
* Neutrinoless double beta decay
« Single beta decay

Susanne Mertens




Single Beta Decay
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General Idea

region close to 8 end point
08 f
5
10 -
entire S, 06 | -
spectrum Qe [ m(ve) =0 eV
08 ® _
— 04
9 b
06 [ only 2 x 10°13 of all
02 / decays in last 1 eV
0.4 : /
m(ve)=1eV
0.2 0 i
P " | 1
o L ] L | J -3 =2 1 0
2 6 10 14 18
electron energy E [keV] E-EyleVv]

* The electron cannot take all energy that is released in the decay..
« ... the neutrino takes at least some of the energy
* Note: signature is the spectral distortion. Endpoint is a free parameter
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Single Beta Decay
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Fermi Theory

%=[F(E’Zﬂ[p (E+m,):(E,~E)-\(E, - E) —mi]

C: Phase Space Factor: \
Constant, p: Momentum of electron
includes E + m, : Total energy of electron
Matrix sqrt((Ey-E)?>-m 2 : Momentum of neutrino
element, _ _ ™\ | Eo-E: Total energy of neutrino
Cabibbo F: Fermi Function,
oo T || s | s Ensontonorey €, -t -my)
electron with the
daughter nucleus
N /
Susanne Mertens T, |Iﬁ|
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Fermi Theory

Uei

dI’
d—E=C’F(E,Z)°p°(E+me).(E0_EEE

-y -]

l

The beta spectrum is a superposition of spectra

Susanne Mertens




dl’

| = =C-F(E.Z) p(E+m) (E,—E)YU..| J(E, - E) —m?
| dE p ( 0 Z ( 0 ) i
‘ i
“!% 60.:} difference in
s : endpoints not visible
*“F to any experiment at
| sof- the moment
1:. 205— N
! E R

| 18597 18598 18599 18600 (eV)




What is measured instead?

The formula for 1 mass
X FE2)p-E+m )-(E —E)-\/(E ~E) —m;
dE ’ AN " k

The formula for an effective mass

d_r=c-F(E,Z)-p-<E+me>'(Eo-E)\/<E“_E)2_E

dE

.. an effective electron anti-neutrino mass or...
.. a weighted average of the three neutrino masses or...
... an incoherent sum of neutrino masses

.. this is different from 0vpf
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Single Beta Decay
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Comparison to 0vff

2
m’%e - Z |Uei|2 ' m12/i mpgp = Z U - mu,
3 i ! 1 = LN LR | T T T T TT"I”‘I 17 T i
U . CumentBound = i
> Current Bound :
o | | .
~—" : . 10
(7)) |
O 03] | =
s O . e
: n
> 01} ) 9(? 0 10°
) - Am3; <0 |5 S
T 003} =S =l
ooy , '8 o
' g 10

QL o0} 3
=2 : !
£ i !

. . 1
O 003 L2% CL (1 dof) | o o

1073 001 0.1 1 107 107 107% 107 1

Lightest neutrino mass (eV) Lightest neutrino mass (eV)

~

A
||||

BERKELEY LAB

freeeer
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Comparison to 0vff

2 — 2.
m,% = E |Usi m,zj mpgp = E :Uel My,
e 1 R

: 1

1
3 | g |

o i Current Bound

] Current Bound

technologically challenging
model independence

good scalability
model dependence

(

OvBp mass (eV)

\& A

2 ! ! L : — T

5 H | )| — 20 ||

[99% CL (1 dof) | e L%
o™ 107° 1072 107"

Hw

Single -decay mass (eV)

0.003 - 107"
107 001 0.1 1 1

Lightest neutrino mass (eV) Lightest neutrino mass (eV)
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Single Beta Decay
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Where do we stand experimentally?

 Neutrinos excluded as

I
1

AN

003}

Beta decay mass (eV)
t

001

0.003 [ 99% CL (1 dof)
"~ 103 001 0.1 1

Lightest neutrino mass (eV)

V.N. Aseev et al., Phys. Rev. D 84 (2011) 112003 =
C. Kraus et al., Eur. Phys. J. C 40 (2005) 447 164 BERKELEYLM




Where do we stand experimentally?

* Neutrinos excluded as

I

S 1 * Distinquish between
) Next goal of future . .
o5 experiments hierarchical and
é | degenerate scenario,
= O] S impact on structure
8 o003 . formation
°
o 001¢
m

0003 L 99% CL (1 dof)

107 0.01 0.1 1
Lightest neutrino mass (eV)

=
A
rreeeee ""l

Susanne Mertens 165 BERKELEY LAB




Where do we stand experimentally?

* Neutrinos excluded as

I
S 1 * Distinquish between
) Next goal of future . .
o5 experiments hierarchical and
é , degenerate scenario,
>, O New ideas impact on structure
8 - Ami; <0 . .
D 003 | formation
< ool « Resolve neutrino mass
m : . :
- hierarch
0.003 L 99% CL (1 dof) y
1073 001 0.1 1
Lightest neutrino mass (eV)
Susanne Mertens 166 _— ﬂ
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Single Beta Decay
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Experimental aspects

High statistics
Low systematics

region close to 8 end point
0.8 |
s
1.0 :
entire S, 06 B
spectrum [ i m(ve) =0 eV
08 @ L
— 04
9 b
06 I only 2 x 1013 of all
02 decays in last 1 eV
0.4 .
m(ve) =1eV
0.2 0 P
L 1 |
0 3 -2 1 0
2 6 10 14 18
electron energy E [keV] E-EyleV]

Susanne Mertens
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Experimental aspects

Key requirements High statistics
Low systematics

» Source isotope
— short half-life
— low endpoint

region close to 8 end point
08 |
* Instrument ER
10 entire S, 06 _
— Excellent energy N spectrum e | m{ve) =0 eV
resolution 204
06 = i only 2 x 1013 of all
— Low Background 02 | decays in last 1 eV
04 L
m(ve)=1eV
0.2 0 L
0 3 -2 1 0
2 6 10 14 18
electron energy E [keV] E-Eq[eV]

Susanne Mertens
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Experimental aspects

Key requirements Experimental options
Source isotope °H '®Ho
— short half-life T 12.3 years 4500 years
— low endpoint E, 18.6 keV 2.5 keV
* Instrument
B Excelllﬁnt energy technique spectrometer bolometer
resolution frequency

— Low Background

Susanne Mertens
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Experimental aspects

Key requirements Experimental options
«  Source isotope °H "®*Ho
— short half-life T 12.3 years 4500 years
— low endpoint E, 18.6 keV 2.5 keV
* Instrument
a Excellgnt energy technique spectrometer bolometer
resolution ¢
requency
— Low Background »IR, EC@
&y 2
H@{.MES
NUMECS

Susanne Mertens



3 Experimental Efforts

A0S P
e i A
& RS oo B O\

~
A
rrrrrrr |"'|

Drexlin, V. Hannen, S. M., C. Weinheimer, Adv. High -
Energy Physics 2013, Article ID 293986, (2013)
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3 Experimental Efforts

—> Spectroscopy
» (KATRIN)

A
frereer |"I|
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3 Experimental Efforts

—> Spectroscopy
» (KATRIN)
Frequency
(Project 8)

Susanne Mertens
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3 Experimental Efforts

—> Spectroscopy
» (KATRIN)
Frequency
(Project 8)

Calorimetry O

(HOLMES, ECHo
&NUMECS)

= A
rrrrrrr |"'|
Susanne Mertens
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KATRIN Overview
&

Gaseous molecular
tritium source of
high stability

and luminosity

(1@5 decays/sec) w
. : W

Windowless
Gaseous
Molecular
Tritium Source



vacuum like on the moon
10-""mbar

KATRIN Overview
'

Tritium flow
reduction by
14 orders of

magnitude ,/'/3//'3/'

~
— /
e

Differential and
Cryogenic Pumping
system



KATRIN Overview
&

MAC-E Filter with
<1 eV energy

resolution
and large angle

acceptance

Susanne Mertens
179 ‘
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KAT%N Overview

Integral
measurement
down to 30 eV
below the
endpoint
o —
z
® [
§ as00[ ¥
(@] i i
EoTymy OeV
30001 44
.+.
o
2500 |-
| +$
2oooi +#
r 1 endpoint energy
r m,=0.5eV 1# ;
1500 |- ﬁer
: Pty d A\t
AT B S A IS AME I
10000
18570 18571 18572 18573 18574 18575

retarding potential U [eV]

~

A
frereer |"I|
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MAC-E-Filter Principle

solenoic
- T b, \\ BN,

= detector
/ =

A

electro/ \
P <V

SOUI"CQ

'{

_—_”/

S~ \/

/ Y Oy

CDJ

u=E,/B=const.



Energy resolution of MAC-E-Filter

Transmission
TT f T T Probability
BcBm Bvr-'v Bm:u BD 4
T. source detector
/ %ol tev 100% 90°
0.5eV
45°
OO
Start energy (eV) _

Susanne Mertens




Energy resolution of MAC-E-Filter

angular
selective
e-gun
(B —— ]
.E ==
Energy resolution:
T T f T T 'Ff,ragsrgil_stsion maximal transversal energy
ropabpillil H :
. g 5 8 A Y left in the analyzing plane
\
T. source detector [ \
100%
Z ‘ézl 1eV 0 900
0.5eV
45°
AE _ B,
OO
E B max Start energy (eV) R

18000 18000.5 18001

<
A
rrrrrrr |"'|
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KATRIN Spectrometer measurements

2015: 2" measurement phase completed
» Spectrometer works as MAC-E Filter

Transmission Function at pixel 109
(Au photocathode, Mainspec at 18.6 kV / 3.8 Gs)

~ 10l . . ]
5 Preliminary
L
o 6l Different
o .
14 starting angles
&
S 06}
8 { 0°/0°
~ nu=-1.363(3) sigma=0.201(3)
L bz .
8 04l nu=-1.267(3) sigma=0.195(3) |
6°/0°
N % nu=-0.938(3) sigma=0.205(3)
© b
E nu=-0.454(3) sigma=0.209(4)
= 02p
5 p 3neo i
nu=-1.269(3) sigma=0.199(3)
Z * 6°/180°
nu=-0.929(3) sigma=0.213(3)
0.0} e—awa { 9°/180°
nu=-0.431(3) sigma=0.218(4)
—3 -2 =1 4] 1

Surplus energy (eV)

~

A
coeoceee] |

Susanne Mertens
BERKELEY LAB




ompensation of earth magnetic field
Fine shaping of low magnetic field




Electric shielding

Fine shaping of electric potential

186

=

I

e




KATRIN Source Status

Cryogenic pumping
Differential pumping section
section :

—> delivery this year

—> Delivery this year

Source System integrated
in mid-2016

Susanne Mertens




3
T

KATRIN Sensitivity

Excitation probability
3
I

[ 200 mev: 90% cL | I Y
| 350 meV: 50 : molecular  electronic
— — : : : : ' excitation excitation

....................... 2 10 el M PR | PR |
' ' ' : 1 10 10°

Excitation energy [eV]

=
o N
o O
o O

0("\v2) (J) ) | 100? ev?

|

a e s e % Stakistical

0 2 4 6 8 10 12 Final-state spectrum
full beam time [months] Mollm‘;“;\i"rs;‘ti‘:
Columi density

Background slope

HY variation

Potential variation n source

B-field variation i source

Elastic scattering in Tz gas

sensitivity 90% CL [meV]

rrrrrrr |"'|
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3 Experimental Efforts

A0S P
e i A
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Drexlin, V. Hannen, S. M., C. Weinheimer, Adv. High 150
Energy Physics 2013, Article ID 293986, (2013)
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A new kind of energy measurement

UW/Seattle, MIT,

» Use cyclotron frequency to UC/Santa Barbara
t t elect Yale, Pacific NW,
extract electron energy Livermore. NRAG.

 Non-destructive KIT

measurement of electron

energy
antenna array
>
electron
KK 5
VAVEVAY, B
wiy) =L - P e
e v K+ me

B. Monreal and Joe Formaggio, Phys.
Susanne Mertens 190 ReV D80051 301



M - Setup

Copper waveguide .,
L]
. .
Kr gas lines
L ]

L]
Magnetic bottle coil __I o I__

Gas cell oo

o|yoid desy pjei4-g

Test signal injection port —

Waveguide
Cut-away

Susanne Mertens 191
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Test measurement with Krypton

27.0
N 0.9459 T magnetic field
= 26.5 ar
~ ‘\\\\ 83mK + conversion electrons
2 26.0 NS
e
3 \
g 255
&
e
o 250 Wo eB
5 w) ==
2 v K +me
2,
@)

|
o

W

1 2 5 10 20 50
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First electron detection

25

N
o

15

10

Frequency - 2
Signal-to-noise ratio (linear)

D.M. Asner et al., Single electron detection and spectroscopy via
relativistic cyclotron radiation, )\Iﬁ
Phys. Rev. Lett. 114, 162501 (2015) —



First electron detection

25
792
790 Electron scatters of gas, P
— losing energy =
N - 3 (3]
= 788 and changing pitch angle Q
N = N
T o= —15 2
o 786 e > ©
N 2
! o
> 784 i =
= 10 £
= Energy loss increases I
o 782 frequency 5
L w

780 a"--

Onset frequency yields initial

78 kinetic energy

D.M. Asner et al., Single electron detection and spectroscopy via
relativistic cyclotron radiation, /xl
Phys. Rev. Lett. 114, 162501 (2015) —




First electron detection

Frequency (GHz)
25.6 25.4 25.2 25.0 24.8

o

&

=
L

60”;' 400 mA
s00- frap

15 eV

- (FWHM)

O

N

=]
N
(=)
=]

W
o
(=}

N
o
o

AN

30.1 30.2 303 304 305

Counts per 4 eV

o
-
o

—_

o

(=]

g
o
o

Counts per second per 40 eV
o
o
IIII|IIII|IIII|IIII|IIII|III

plelllyv o v 1y
32 34

0 | I I|II I L1 1 I L1 1 I 11 1 | 11 1 I 11 1 ||‘|IIIJ‘]
16 18 20 22 24 26 28 30

Reconstructed energy (keV)

D.M. Asner et al., Single electron detection and spectroscopy via
relativistic cyclotron radiation, )\In
Phys. Rev. Lett. 114, 162501 (2015) —



Project 8 Sensitivity

11 Illllll 1 IIllIIlI 1 lIIlIIII L llIIIlII L1 Illllll 1 Illlllll 1 IIllIIlI 1 llIlIlII L
100 3 10
] Ce
- S
o PRELIMINARY 4 -
% 10 TE -3 \J
N and optimistic L, © i
E 1 3 $ =
c 1= T,, 3x10" " molecules/cm [
£ E -1 O T
c - Ve r 3
o . C ~
= s 3
8 7 13 e L B
3 013 T, 3x10 Scattering limit [ @ =
© = =
gl E -2 g
| . - . .
S FSD limit ®
e - L
n = T —
. - L5 2
0.001 = ad 12‘—_ - ; 8
E Atomic T, 1x10 “atoms/cm? S
& T IlIII ] IIIIIIII 1 IIIlIIII 1 llIIIlII LI IIIIIII Ll IIlIlIII 1 IIIIIIII 1 lIIlIlII LI IIIIII’-z Q
10° 10° 10" 10° 107 10" 13 0° 10' 10° 10°
Effective volume, m
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3 Experimental Efforts

A0S P
e i A
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Drexlin, V. Hannen, S. M., C. Weinheimer, Adv. High 107
Energy Physics 2013, Article ID 293986, (2013)
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Electron Capture on Holmium

163 163 1. *
e7 HO—> Dy +V,
163

DY =6 Dy + Ep

Atomic de-excitation:
e X-ray emission
* Auger electrons

s
o
l'fl'l’l’l’l"|
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Holmium spectrum

8000 1 1 T

log(counts) [a.u.]

100 1 1 1 1 -L,- 0 1 1 \ —
0.0 0.5 1.0 1.5 2.0 2.5 2.52 2.53 2.54 2.55 2.56
Energy [keV] Energy [keV]

Susanne Mertens
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Holmium spectrum

Ol
oll
V- , , , : 3000 . . . .
10'° NI Mi N
NI Ml ' — =
2500 |\ m(v)=0eV -
108 - \ —-—-m(v)=10 eV
= 2 2000 - -
o 6 o
- 10° | i .
o o
» ~ 1500 |- -
S [
3" 1 & 1000} -
2
107 | - 500 L _
00 ] ] ] ] ] J 0 1 1 N |
00 05 10 15 20 25 3.0 276 277 278 279 280 281
Energy / keV Energy / keV
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Calorimetric measurement

T Advantages:
A
_ 10 keV i . ilcl)urce = d.et:ciort |
\ ATl G energy is detecte
G
‘ Challenges:
1 e AEqyu<10eV
Cio=1pJ/K AT=1mkK * Toeime < 1 s to avoid
o background due to pile-up
% - Sufficient isotope production
wa « Scalability
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Calorimetric measurement

- 10" , , , , Advantages:

2@ O =2800eV » Source = detector

T = « All energy is detected

32

> Challenges:

2 .0 ]

S B «  AEpyy< 10 eV

o *  Tisaime < 1 MS to avoid

® background due to pile-up
@ « Sufficient isotope production
©

n

ol | . « Scalability
1010 1012 @ 1016
Statist/®

104 decays in 1 year
100 per second per detector - 10° detectors
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Heidelberg (Univ., MPI-K),
U Mainz, U Tubingen, TU Dresden
U Bratislava, INR Debrecen,

EC 1 ITEP M _PNPI St Petersburg,
T h e @ Expe rl m e nt 10 Igz(;c;\livee, Saha Inset.e}zsollgar?a

« Metallic magnetic calorimeters ' ' ' . H

 Fastrise times (t = 130 ns),

good energy resolutions (7.6 eV
@ 6keV) demonstrated

o
w

800 | -

600 | -

400 | E
LH\ M1 40| M'r
‘ 200 -
L “ NIV s | Ml "

SQUID loop T > O ' A_N L‘*‘ ; ’J ™ A IL_
0.0 0.5 1.0 1.5 2.0
Energy E [keV]

v

thermal link

Paramagnetic sensor
thermal bath Au:Er @ 30 mK
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Single Beta Decay
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Sterile Neutrinos

Standard Model (SM)

Neutrino Minimal SM (nuMSM)

2.4 MeV 1.27 GeV 171.2 GeV 2.4 MeV 1.27 GeV 171.2 GeV
2/3 u 2/3 C 2/3 t 2/3 u 2/3 C 2/3 t
up charm top up charm top
4.8 MeV 104 MeV 4.2 GeV 4.8 MeV 104 MeV 4.2 GeV
-1/3 d -1/3 S -1/3 b -1/3 d -1/3 S -1/3 b
down strange bottom down strange bottom
<1eV <1eV <1eV <1eV [ ~keV <1eV [~GeV | <1ev [~GeV
v Y "V 'V./N,'V./N.I'V./N
n € u T e 1 u 2 T 3
c sterile sterile sterile
o) neutrino neutrino neutrino
'}
% 0.511 MeV 105.7 MeV 1.777 GeV 0.511 MeV 105.7 MeV 1.777 GeV
1 -1 -1 -1 T -1 -1 -1 T
electron muon tau electron muon tau
.......................................................................................................................................................................................................................................................... LCanettl,I\/IDrewes,and
M. Shaposhnikov, PRL 110 061801 (2013) )\IW
e pe 1l
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Sterile Neutrinos

Heavy sterile neutrinos (~GeV)

« Lightness of neutrinos via
See-saw mechanism

Light sterile neutrinos (~1 eV)

. meH HHW I \\HH‘ HHH‘ [
« Reactor anomaly, Gallium anomaly, 1 Tt
Short baseline accelerator P 1 T
results T

KeV-scale sterile neutrinos (~ 1- 50 keV)
« Warm and cold dark matter candidate
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Sterile Neutrinos

Heavy sterile neutrinos (~GeV)

« Lightness of neutrinos via
See-saw mechanism

Light sterile neutrinos (~1 eV)

« Reactor anomaly, Gallium anomaly,
Short baseline accelerator
results

KeV-scale sterile neutrinos (~ 1- 50 keV) o T e
« Warm and cold dark matter candidate

-> Accessible in tritium beta decay
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Imprint of sterile v‘'s on B-spectrum

2 )
Mg = E |U ei| My
i
g effective
4 neutrino
. x10"®
§ 25— e
L N
ke .
5 20~
15F
10F
5
0: | PP B | o b s by by s 1y
0 2 4 6 8 10 12 14
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Imprint of sterile v‘'s on B-spectrum

m[23 = E |Uei
i

)
mvi

g effective
4 neutrino
15 3 Mmass
. x10 :
S5 o 3 .. ——
S 2O e 2 -
5 L 8597 18598 18569 18600
5 20f
15
10F
New mass S
eigenstate -
0 | NP PR | Pl PRI BEPEETTEN A SNCENTE AU
0 2 4 6 8 10 12 14
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Imprint of sterile v‘'s on B-spectrum

o

3H

Ve (ve \ /Uel Ue2 Ue3 Ue4 \ /Vl \
& v, U, Uy, U,; 0 |v,

Url U1'2 Ur3 O V3
00 0 U,fv,

\

w
ol
(0]
-
“ S
N—

dr/dE, [
R
8 e
8
N
g

dI/dE, [

T
dr)
LI EAAE Y AR R R R Lt R L
/

E 10
3 es
E AN 8
E .
E 6
3 4
=P BT EPEPEPE EPEPEFN PN EPUPN SPRPEN EPEPIPE EPEPIP SPEP EEPEPE ST Bl AP |
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Imprint of sterile v‘'s on B-spectrum

Vv, cosd —smb\(V,u,
V. |sin@ cos@ Veavy

11111

dI/dE, [a.u]

dI/dE, [a.u.]

1/heavy

cos’ () + sinz(é’)
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Imprint of sterile v‘'s on B-spectrum
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Why eV-scale sterile neutrinos?
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Distance to Reactor (m)

Reactor anomaly:
6% deficit of measured events
compared to prediction

Galium anomaly:
~2.70 deficit of measured events
compared to prediction

G. Mention et al., Phys. Rev. D 83 (2011) 073006 B;\IU[I
P. Anselmann et al., Phys. Lett. B 357 (1995) 237
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eV-Scale Sterile Neutrinos

§102 = . .
> F Preliminary
= »
! ¥ 4
10 KATRIN probes
- Best fit the favored
- from reactor
i anomaly parameter space,
i ——— KATRIN (95% CL) without any
1
3 hardware
: ——— SOX (95% CL) modification
10-1 -'_l 1 1 L L L1111 I L L
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sin’(26)

J. A. Formaggio, J. Barret, PLB 706 (2011) 68
A. Esmaili, O.L.G. Peres, Phys. Rev. D 85, 117301
A. Sejersen Riis, S. Hannestad, JCAP02 (2011) 011
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Why keV-Scale Sterile Neutrinos

Sterile Neutrinos in the keVV mass Atoms
range are a candidate for both Warm
and Cold Dark Matter

In agreement with cosmological Dark Energy
observations from small to large ) -
scales

X. Shi, G. M. Fuller 1999 PRL 82

Recent indirect hint from satellite

experiments ?

E. Bulbul et al. 2014 ApJ 789
Boyarsky et al. 2014 PRL 113

A
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Cosmological constraints
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Cosmological constraints

Mass range accessible in
Tritium beta decay

Mass of sterile neutrino: mg (keV)

«-ray bounds

At most 1 out of
1 million jelly
beans is red !

1=
- Phase space bounds
b3 i s:;s;si i b3 s:s&ni b3 i 33&3)&; i b3 SO0 SO0 00
107" 10° 10° 107

10®

Active-to-sterile mixing amplitude: sin?(8)
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The challenge of sterile v search

T MaSS range acceSSible in
Tritium beta decay

«-ray bounds

« High statistics
« Small systematic

Mass of sterile neutrino: mg (keV)

uncertainties
1=
- Phase space bounds |
3 £ 3(333i§ £ 3 i(si(;i 3 £ 3353)&; 3 3 3 £ 3 £ £ ¢
10710 10° 10°® 107 10

Active-to-sterile mixing amplitude: sin?(8)

O. Ruchayskiy, A. lvashko
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Statistical sensitivity
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How to use KATRIN

Ultra-luminous tritium
source

10-13 of all electrons in last eV
SIEN AN |
S RN Signature of
«= . neutrino mass
3o~ N

18597 18598 18599 18600
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How to use KATRIN

Ultra-luminous tritium
source

‘> High count rates require
new detector system

Signature of
sterile neutrino

1012714 16 18 20

rrrrrrr |"'|
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Novel detector design

« Capability of handling high rates:
>108 cnts/s (>10 000 pixel)

« Excellent energy resolution:
FWHM of 300 eV @ 20 keV

° Large drea coverage.
>20 cm diameter
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Single Beta Decay
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Open questions

* Do neutrinos have Dirac or Majorana nature ?
- 0vpp is on its way to find out

 What is the absolute neutrino mass scale ?
- 0vpp and single beta decay are complementary probes

« What is the hierarchy of the different mass eigenstates?

- Future Ovpp and single beta decay experiments can help
answering this questions.

- Complementary with oscillation experiments

Susanne Mertens
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Backup
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Sterile Neutrinos and Particle Physics
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Radon-induced Background

t, »(21°Rn) = 3.96 s

~
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]
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Radon-induced Background

He?" Shake off electrons
-

Conversion electrons
v
*
4 Auger electrons u
N
Shell reorganization electrons |~

» = \
,,,,,,, |"'|
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Radon-induced Background
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Radon-induced Background

.0-;13 Aty

ary electrons

&

Single radon
decay can
produce an
enhanced
packground level

Susanne Mertens for up to several
hours !




Passive Reduction Technique
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KATRIN Spectrometer Status

2015: 2" measurement phase completed

» Liquid nitrogen cooled baffles
eliminate Radon-induced background
with an efficiency of ¢ = (971 2)%

» Remaining background is

under investigation at the moment

m
\% 12 __ ................................................................................................... NO bafﬂe ————
T e g
% 1_ -,r'_——— ...... 0 ..
o I 1 baffle I o
(@] R T Pt
~ L e e
f 8 0.8 __,—‘ ........... o s o
m O LT i 8
o d g 0.6 —"’ _________________________________ _+_ Background with warm baffles
D e Sge und = i 3 bafﬂe _+_ Background with baffle 2 cold
Y -9
b ac gr 0.4 __ 8‘ """" _+_ Background with baffles 2and 3 cold |7
rate " B E —+— Background with all baffles cold
— 10 mcps 02— 8 s e T
B o) """" Linear fit
o B 1 1 1 | 1 | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 0.1 0.2 0.3 04 0.5 0.6
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u
MAJORANA Backgrounds

Neutrons

; Origin: Muons, (a,n) reactions,
Uranium and Thorium i etc. in rock
Origin: Impurities in surrounding material Process:
Process: f  High energy n: Ge(n,n‘),
. 232Th chain — 298T| — 2.615 MeV y in « Low energy n: "6Ge(n,y)"’Ge
« 238 chain — 2"“Bi — >2 MeV y i - [S-decay
Mitigation: Low mass, clean material i Mitigation: Underground,
\_ e , \_shielding

60Co, 68Ge

Origin: Cosmogenic

activation

Process:

* Energy of 2 y's from
60Co-decay >2.04 MeV

« 5Ge — %8Ga + X-ray
(T,, =1h)— %8Se — -

Surface Alphas
Origin: Mainly from
radon daughters
Process: Penetrate
through passivated
surface or point

decay + vy’s N— - ' i contact of detector
....... Mitigation: Short eXpoSure Miti ation:
times, pulse shape analysis, Othlgrrse:ct LGNS Cleanliness
: : . | u ’
Qne correlation cut . Neutrinos Qloveboxes
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What do we learn about the v-mass?

~The larger the

Phase space factor (depends on isotope)
nuclear matrix element (depends on isotope, large uncertainties!)

majorana mass

matrix element, the smaller
the phase space factor

—> No big difference in the lifetime of the

different isotopes

Susanne Mertens
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X Specific Phase Space, Mg'1y'1ev‘2
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