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Questions from last lecture-1 Neutrino masses in the SM

Easiest way: Include right-handed neutrino singlets in SM

g i § B
Lvuk = —C,Upd! + h.c.
€L
vV _
=C vV Why is neutri h lighter?
v y is neutrino so much lighter
V2
u '(') t e L 7
d/, 8') ¢t v, Ve) /) L vr) L
UR dn SR CR bpr tp €R LR ™R-
Ay o ey ; ;
VsV uR Vo More symmetric solution
You have to explain why c, is so much smaller than the other couplings
r‘;
b

<l
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Neutrinos would be Dirac particles (4-state objects like the other fermions)

Kai Zuber
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Questions from last lecture-2

Versuch einer Theorie der g-Strahlen. I'). E. Fermi (1934)
Von E.Fermi in Rom.
Mit 3 Abbildungen. (Eingegangen am 16, Januar 1934.)
Kine quantitative Theorie des p-Zerfalls wird vorgeschlagen, in welcher man
die Existenz des Neutrinos annimmt, und die Emission der Elektronen und
Neutrinos aus einem Kern beim §-Zerfall mit einer dhnlichen Methode behandelt,
wie die Emission eines Lichlquants aus einem angeregten Atom in der Strah-
lungstheorie. Formeln fir die Lebensdauer und fiir die Form des emittierten

kontinuierlichen f-8trahlenspekirums werden abgeleitet und mit der Frfahrung
verglichen.

7. Die Masse des Neulrinos.

Durch die Ubergangswahrscheinlichkeit (82) ist die Form des konti-
nuierlichen #-Spektrums bestimmt., Wir wollen zuerst diskutieren, wie
dieso Form von der Ruhemnsse p des
Neutrinos abhiingt, um von einem Ver-
gleich mit den empirischen Kurven diese
Konstante #u bestimmen. Die Masso n
st in dem Faktor pl/v, enthalten. Die
Abhiingigkeit der Form der Energie-

verteilungskurve von u ist am meisten

Wig. 1.

susgepriigt in dor Nihe des Endpunktes
der Verteilungskurve. Ist Ey dic Grenzenergie der f-Btrahlen, so sicht
man ohne Schwierigkeit, dall die Verteilungskurve fir Energion E in der

Niithe von E, bis auf einon von F unabhingigen Faktor sich wie \
']
Po 1 q ll‘r [ N Y I, ‘
5 (ne* 4 E, ) V(E,— E)* + 2ue*(E, — E) (86) ..o
concept
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Questions from last lecture -3 Fermi theory of weak interaction

Neutron was discoverd 1932 by Chadwick

Gr
-4 T, X

V2
The most general Lagrangian for $-decay, which transforms as a scalar under a
Lorentz transformation, is given by

L(x) =

b

G e Z[(.ﬁ'jp(;r)()_,-n(:.r)(’(.lr)()ju(.r)

J=l1

+ Cip(x)0jn(z)é(x)0jysv(x)] + h.c.

Operator  Transformation Representation
properties (W ;) with - matrices

Os (S) scalar 1
Oy (V)  vector Yo
O7 (T) tensor (Ve + YY) f‘;%
O, (A)  axial vector Yu Yo b
Ip (P - T o
Op (P)  pseudo-scalar ~5 e
18.07.2018 Kai Zuber
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Questions from last lecture-4 Fermi theory of weak interaction

proton electron proton ,, electron

. . antineutrino
antineutrino o,

T\‘IfGF(Gpl'lln)(iir_ru\j 1

neutron neutron

a. Fermi's 4-point Interaction, 1934 b.Weak Interaction mediated by boson,

V-A structure of weak interactions

~
—
|

.= €e(x)yu(l —s)v(z)
Ty = a(x)y* (1 — 5 )d(z) -
Ju = p)7"(9v — ga7s)n(z) y
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Questions from last lecture -5

Proton (udu

&5
=Jy.
V2

L] =

- Ju

Operator

Transformation
properties (¥ O, W¥;)

Representation
with 7y matrices

Os (S)
Oy (V)
Or (T)
_ Oa (A)

Proton v

) Op (P)

Neutron

scalar

vector

tensor

axial vector
pseudo-scalar

1

Tu

% (ﬁ.",u“fu 4 Yo Y )
YuYs

AFJ 5

Neutron ¢

18.07.2018 Kai Zuber
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Questions from last lecture -6

Helicity and nuclear f decay correlations

Ran Hon g,a) Matthew G. Sternberg, and Alejandro Garcia
Department of Physics and CENPA, University of Washington, Seattle, Washingron 98195

(Received 13 May 2013; accepted 13 October 2016)

We present simple derivations of nuclear ff-decay correlations with an emphasis on the special role
of helicity. This topic provides a good opportunity to teach students about helicity and chirality in
particle physics with exercises that use simple aspects of quantum mechanics. In addition, this paper
serves as an introduction to nuclear f-decay correlations from both a theoretical and experimental
perspective. This article can be used to introduce students to ongoing experiments searching for hints
ol new physics in the low-energy precision frontier. © 2017 American Association of Physics Teachers.

[http://dx.dororg/10.1119/1.4966197|
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Questions from last lecture - 7a

r(m)

IeN=—470 A IsN=870 A

4 |tonk U==1B4 W = —  42em
utgrWire el., U=—18.5 kv

gir colls

loNe=—470 A

2
= Bw=3.36 G

o -
2 Bu3sT ~
i B=3.02 G

. ps— s— z (m)

L " 1 PR & Py 'l 2 " L ™ i " a [ o a
=10 -5 L] 10

Detector inside or outside?

18.07.2018 Kal Zuber
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From last lecture-8 Birthday party (4.12.1930)
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B. Monreal, J. Formaggio, PRD 80 (2009)

Project 8

Idea: Use frequencies (and later T atoms)

| eB

Cyclotron radiation emission spectroscopy (CRES) f{ = <2
2nm,+E,, /c
Energy emission of microwaves to be [ 2£]2{U(2) ﬁESinE( )
detected by antenna array P(ﬁ ()] — =
4mey, 3c p—

g-mu 0 "5‘:‘:‘

135 :

& 03 §

%IGD

& 128 0.25

§ 120

& a2

\? 115

0.1
i

0.05 - |

|

0 5 10 15 20 25 30 35 4D 45 50 ° ARsSaRM
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Alternative: Electron capture (EC) and neutrino mass

Measures the neutrino mass (not anti-neutrino mass like in beta decay -> CPT test)

I \N
:' l:. p ] :! ,)/ - _._:\
b ¥ ea =i

{1 4T N
~ || : I |
- A | |

i |

A\ i Salls

LW /ﬁ
\ E'L e 1/"
Radiative EC, internal bremsstrahlung A
Iy
dW > m, 4 - ) I
dE = A(QE(‘ _E(') ]_(O .E )p_ Z‘BH(PH (O) ok
bt wre el o (Ec —Ey) + 3

- De-excitation spectrum depends on neutrino mass
- Calorimetric measurement

18.07.2018 Kal Zuber
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The case of Ho-163

e+ 2Ho> Dy +¥.

ol 163 163
oin / Dy — Dy + E
10" 1/
v | NI
mb‘ I\"|I' Ml 'I‘MI . oo
10 ‘ Endpoint of internal bremsstrahlung spectrum
> 8
o 10 o nnE
= Current bound : m < 225 eV
=
w 10 P.F. Springer et al., Phys. Rev. A 35 (1987)
=
3 10*
@
10
10°
00 05 10 15 20 25 [30 7N
|
Energy [keV] »‘ A

Qf( =2.8 kev DRESDEN
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EC signal

Very low Q-value, allows only M-capture and higher shells

Ol
on,/
1012 IIH 8 T T T
It i ™I
iy NIE M|
10" |\ (|
II
10°
10°
10
10°
/ 0 ' T Y T g T T T T T T
1 0“ 25770 2577, 2578,0 2578,5 2579,0 25795 2580,0
00 05 10 15 20 25 930 E/eV
Energy (keV] /
Q, = 2.8 keV
Again, precision mass measurement is neccesssary
18.07.2018 Kal Zuber

7\
A

DREGDEN
concept

Page 19/62



TECHNISCHE @ e @
UNIVERSITAT
DRESDEN

Ho-163 measurement

Use cryo-detectors (same technology used in most dark matter experiments)
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Holmes and ECHO  The ECHo Collaboration s stomu-1sea P ECHO
EPJ-ST 226 8 (2017) 162 |

E-,?DD i
B. Alpert et al, ; 150 |

Eur. Phys. J.C 75 (2015)112 §

100 f
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f
/ \
50 / \/ \
J \
]| . e
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@
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o~ >
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a 0 M LIE- 205 ko and (ail 4 2
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“ é 400
E 10 ] ol Ml
o . |
5 | 200-‘ [ | E e
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18.07.2018 Kal Zuber ;

Pirsa: 18070027 Page 21/62



Pirsa: 18070027

Counts/0.1 eV
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EC signal

Very low Q-value, allows only M-capture and higher shells

Ol
on,/
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/ 0 ' T Y T g T T T T T T
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Energy (keV] /
Q, = 2.8 keV
Again, precision mass measurement is neccesssary
18.07.2018 Kal Zuber

7\
A

DREGDEN
concept

Page 22/62



Pirsa: 18070027

TECHNISCHE
UNIVERSITAT
DRESDEN

Kinks in beta decay - Mixing and sterile neutrinos

K(E K(E
( ) Total ( )
\\\
X m,, =0
\
\\
n=1\
N\
A\
N
(0)
\.\n=2
..n= \\\\
~— O~ . E
L3
Ma—M, - ' Eo

Ka

Zuber

(b)
- m
m,, YEo

o
Y
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The ,famous"” 17 keV neutrino (around 1990)
Sulphur-35

Tritium
P S e ]
20~ R o
1~Hﬂg% i ) l ‘ i
_(1')_ Iﬁfnﬂiilih]H”{ ~1 u_.“,:.'..',:..'...L'a'-',m'uiﬁ.l.;&’iﬂmrf‘“rjﬁ]l‘1 -U)ﬁ-'—fro
103% 1 B ﬂJH H
~ __ = — + el
1 iﬂﬂnh Lol g ) #1 . 11'41,1;”” ,!‘
?f——~~#hﬁﬂMﬁniﬁnW”“ﬁﬁ‘* e "“”*“W“M¥11¢Tmm
1p (kev) . A |I::’v:l -

Finally ruled out (almost as many positive than negative observations)

2. Observational evidences for the existence of 17.4 keV decaying degenerate sterile neutrinos near the Galactic Center
Man Ho Chan, Ming-Chung Chu. Sep 2010. 6 pp.
Published in Astrophys.J. 727 (2011) L47
DOI: 10.1088/2041-8205/727/2/L.47
e-Print: arXiv:1009.5872 [astro-ph.HE] | PDF

r‘;
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Double beta decay
.« (AZ) — (AZ+2) +2 & + 2V, 2vBB
« (AZ) > (AZ+2) + 2 & OvpB

@ B :
0)\[} [
Y @ Qv

»©

Unique process to measure character of neutrino

The smaller the neutrino mass the
longer the half-life

Neutrino mass measurement via
half-life measurement

7\
Requires half-life measurements well beyond 1020 yrs!l! ..
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Double beta decay
« (AZ) > (AZ+2) +2e +27.  2vBB

+ (AZ) > (AZ+2) + 2 e Ovep

=]

Naq™ o, |
IL Ll i S J

Unique process to measure character of neutrino

The smaller the neutrino mass the
longer the half-life

Neutrino mass measurement via
half-life measurement

N\
Requires half-life measurements well beyond 1020 yrs!l! =

RESDEN
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Within a few years...

PHYSICAL REVIEW

Double Beta-Disintegration

M. Gokrrirt-Mavir, The Johns Hopkins University
(Received May 20, 1935)

DECEMBER 15, 1939 PHYSICAL REVIEW

On Transition Probabilities in Double Beta-Disintegration

W. H. Furry
Physics Research Laboratory, Harvard University, Cambridge, Massachusells

(Received October 16, 1939)

: 26 <1 > - -~
+ Racah (1936) and Majorana (1937) \
Y
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Requirements - |

114
D f i
g M 181
= -~
S
Q
—
Q
et
(P I stable
W p*EC decay
O F decay
[] «decay

B p emission

Bl spentanecus fiasion
[] predicted

- wr magle number

neutron number

1.) m(A,2) > m(A,Z+2)
~
A

DREGDEN
concept

2.) Single beta decay must be forbidden (m (A,Z) <m (A,Z+1))
or at least strongly suppressed (large change in angular momentum)

18.07.2018 Kai Zuber
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Example: Ge-76

A=76

. NDS 42, 233(1984) -
o ’ NDS 74, 83(1895)(U)
268 F
TCu [ m— 2 e tit
. v L ) E—. A ' c 4gSr
e o S
-—zﬁ—z-;—} T LR e \ n 11841 I Talirs ¥
=) JG@ , -.‘_._A .
\ o “""‘/,;!F' s Ao T
ko asBr ‘
Evaluator: B. Singh
3480
There are only 35 isotopes in nature for double electron emission
8.07.2018 Sl
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Signal information

Signal: One new isotope (ionised), two electrons (fixed total energy)

- Single electron energies
- Angle between electrons
- Sum energy of both electrons

- Daughter ion (A,Z+2)

- Gamma rays (eg. four 511 keV photons in g*g*
or excited state transitions)

nnnnnnn

nnnnnnn
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2VBB All even-even ground state transitions are 0* — 0*

(A,Z) = (A,Z+2) +2 & + 2V,

1. |
. | <f‘HP.|m >< m|H’ ‘1>
Fermi‘'s Goldenrule: dA=2ad(E,- Y E,)
’ "& E-E -p, -E
f m.,f3 i m I 1% e
Single electron spectrum 2 o016 | 2vBp OvBp
dN . 2., i Bt s , - s E 0014 n=7
aT. = (T + D)*(Q —T.)*[(Q@ — Te)* + 8(Q — T..) + 28] %ous b -
0.01 _
Angular distribution v b
_ . TR ) + o 0.006 L
P(012) x 1 — Bifacosfia  (0F —0%) ¢
with B = p/E "-‘”:’) et e L s 003 W, o0
250 500 750 1000 1250 1500 1750 2000
energy [keV]
dN 5 4E* E’ E° o\
Sum energy spectrum: —1;3E(Q—E) (1+2FE + —+ —+ —) y
dE 3 3 30 e
18.07.2018 Kai Zuber Wisnaenatt
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Ovpp -Total lepton number violation

Any AL=2 process can contribute to 0vpf

« R, violating SUSY
V+A interactions

e Extra dimensions (KK- states)
Leptoquarks
Double charged Higgs bosons
Compositeness
Heavy Majorana neutrino exchange
Light Majorana neutrino exchange

QQ‘

1/T,,=PS * NME2 *¢2 b

DRESDEN
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Light Majorana neutrinos

b
A —> £ = m 2 U m,
W;
U..

VMWW
Y 2 B 2 .2 ia, 2 ia,
v, m U’ My, | = [C12C13My + 81,08 My + spe i m,
W, T
: = * 2 * 2
ww\mm'\f\ —— > 1/ Ty, =PS*NME** (<m>/m,)
e

Schechter and Valle 1982:

Independent of mechanism for neutrinoless DBD
Majorana neutrino mass will appear in higher order!

| QObserve 0v 33 .(fj@{j()\{; ._

il *
Neutrinos are Majorana particles A
Actual calculation: M. Duerr, M. Lindner, A. Merle, JHEP 1106,091 (2011) -> very small At
k fusiars v
18.07.2018 Kal Zuber o
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Light Majorana neutrinos

b
A —> £ = m 2 U m,
W;
U..

VMWW
Y 2 B 2 .2 ia, 2 ia,
v, m U’ My, | = [C12C13My + 81,08 My + spe i m,
W, T
: = * 2 * 2
ww\mm'\f\ —— > 1/ Ty, =PS*NME** (<m>/m,)
e

Schechter and Valle 1982:

Independent of mechanism for neutrinoless DBD
Majorana neutrino mass will appear in higher order!

| QObserve 0v 33 .(fj@{j()\{; ._

il *
Neutrinos are Majorana particles A
Actual calculation: M. Duerr, M. Lindner, A. Merle, JHEP 1106,091 (2011) -> very small At
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Ovpp -Total lepton number violation

Two more phases (Majorana phases) only appear in double beta decay

cosf,, sinf, O) ([ cosf, O sinf,e™)l 0 0 Y1 0 0
U=|-sinf, cos6, 0 0 1 0 0 cosf,, sinf, [0 e“ 0
0 0 1) \|-sinfe® 0 cosh, NO =-sinf,, cosO, /0 0O e

_ 2 1.2 .2 2 2 )i2(.z| 2 _i2(a,-90)
<m.v> =| EU(.»,"%, I=lccom, + s5c5e ™ ' m, + s5e m, |

i

Compare to beta decay

m2(ve) =3

)

Ui |*m? (1) -~

comcept
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Ovpp

If peak is

There could be more contributions....

.
7N\
A

DRESDEN
concept

However, constraints from LHC
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Spectral shapes

Y ) ™
D) »

Sum energy spectrum of both electrons Measured qua I'llil_\_": Half-life

,‘; 00l6 | 2vpp OvBp
5‘ oo F n=7 -
001 E
0.008 . L
a6 E Experimental sensitivity depends on
0004 F M
0002 | -1 . [ (BG limited)
g 250 500 750 1000 1250 1500 ITQ(II 2000 ‘ 7‘1 /2 a a & AEB
4 T T T T _I
4 Energy resolution 7-;/2 o ath (BG free)
% ’ ‘Background
| If background limited M, ¢ &
| mJ anme ; Mt N\
ol 11 I -
anergy, I:uV ’ DRESDEN
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Double beta decay - a rare event search

or
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A
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Double beta decay - a rare event search

V“
-
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Perfect world experiment

*¢* No background

% & function as peak

“* 100 % abundance

*¢* 100% detection efficiency
¢ Infinite measuring time
¢ Infinite mass

L)

*

In perfect case half-life goes linear with measurement time

Life is easy, the rest is just details

18.07.2018

Kal Zuber
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DREcHEn Back of an envelope

This is the 50 meV option, just add 0's to moles and kgs if you want smaller
neutrino masses

Typ=In2+a*Ny* Mt/ Ngg v (Background free)

For half-life measurements of 102627 yrs

1 event/yr you need 102627 source atoms

This is about 1000 moles of isotope, implying about 100 kg

Now you only can loose: nat. abundance, efficiency, background, ...

7\
A
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Ca-48 0.187 4262.96 + 0.84 Candles
Ge-76 7.44 2039.006 = 0.050 GERDA, Majorana
Se-82 8.73 2997.9203 SuperNEMO, LUCIFER
Zr-96 2.80 3356.097 + 0.086
Mo-100 9.63 3034.40 £ 0.17 MOON, AMore
Pd-110 11.72 2017.85+ 0.64
Cd-116 7.49 2813.50 + 0.13 COBRA
Sn-124 579 2292.64 £ 0.39 Tin.Tin
Te-130 33.80 2527518 £+ 0.013 CUORE, SNO+
Xe-136 8.9 2457.83 + 0.37 EXO, KamLAND-Zen, NEXT, XMASS
Nd-150 5.64 3371.38 £ 0.20 MCT
7N\
There is no super-isotope! o

Pirsa: 18070027 Page 49/62



Pirsa: 18070027 Page 50/62



Pirsa: 18070027 Page 51/62



Pirsa: 18070027 Page 52/62



Pirsa: 18070027 Page 53/62



Pirsa: 18070027 Page 54/62



Pirsa: 18070027 Page 55/62



Pirsa: 18070027 Page 56/62



Pirsa: 18070027 Page 57/62



Pirsa: 18070027 Page 58/62



Pirsa: 18070027 Page 59/62



Pirsa: 18070027 Page 60/62



Pirsa: 18070027 Page 61/62



Pirsa: 18070027 Page 62/62



