Neutrino mixing for Majorana neutrinos:

The weak eigenstates v, which by default are the states produced in the weak
CC interaction of a charged lepton L (flavor eigenstates) are the linear com-
binations of the mass eigenstates v, determlned by the PMNS mixing matrix U:

) = Z Uzlvi)
=1

While for Dirac neutrinos the PMNS r_nixing matrix is given by three mixing
angles and one phase 9,

1 0 0 C13 0 Sl3e_i6CP C12 S12 0
U= 0 Cy3 S23 0 . 1 0 <_512 C12 O),
0 —S73 Cy3 _813815CP C13 0 0 1

for Majorana neutrinos there are two additional Majorana phases which
cannot be absorbed in the redefinition of the neutrino states:

1 0 0 C13 0 sp3e”'0cP ciz Sz O\ [er 0 0
U=10 3 Sy3 0 1 0 <_512 C12 0) 0 e 0
0 —So3 Co3 —SlSQLSCP C13 0 0 1 0 0 1

(there are different conventions; here the PDG convention)



4. Neutrino oscillations

If neutrinos have masses and lepton flavors are mixed by weak CC interactions,
then lepton flavor is not conserved in neutrino propagation.

This phenomenon is usually referred to as neutrino oscillations. In brief, a weak
eigenstate v, which by default is the state produced in the weak CC interaction of
a charged lepton ¢, is the linear combination determined by the mixing matrix U

3
|vg) = z Uyilvi) Where v,are the mass eigenstates
i=1

Neutrino oscillations in vacuum (follows a derivation by Boris Kayser)
A neutrino produced with flavor v, in the source can thus interact as vy in the target:

fle.g )

fﬁ(e.g. T)

4%

B.Kayser

Y <

Amp

Source Target

Neutrino propagation: mass states



B.Kayser

= ZAmp
1

Source

Assumption:
Coherent mass states propagate as plane waves: |v;(t,x)) = |v;(0)) exp(—ip,x*)

The amplitude A(v, — vg) for oscillation, i.e. the amplitude that a v, produced
in the source is detected as v in the target is given by:

A(vg - vﬁ) ~ Z A(W - £,v;)Propagator(v;)A(v; — fBW)
i

~ z U, - Propagator(v;) - Ug;
i

The propagator ~eXp(ipr”) describes the neutrino propagation along some
distance L and is given in the lab frame by exp(—i(E;t —p;L)) , where tis the
flight time from the source to the target at distance L. E; and p, are the energy
and the momentum in the lab frame. That is, each mass eigenstate v; picks up
the phase factor ¢; = —i(E;t —p;L)



As the oscillation probability is given by P,z = [A(v, = v,)[? only the relative
phase differences between the different propagation phases are relevant:

In practice experiments do not measure t. Instead ¢ is replaced by L /v
where v is the average velocity of the 2 neutrino mass states.

5P + D2 (c=1)
E; + E,

One obtains then for the phase difference:

pi —pv; E-E} mi-mi  Amj
Ay = L4 =J tp-_Y
p; + pj p; + pj pi + ) 2E

where we have used that for highly relativistic neutrinos p, and p,can be
approximated by the neutrino beam energy E, ~E; ~E (minor differences play no
role in the sum)



Thus the relative phases in  A(v, - vz) between the neutrinos are correct if

we take as propagator:

L

Propgator(v;) = exp (imiz ﬁ)

For the transition amplitude  A(vq - vﬁ) one thus obtains:

* . 2 L
A(va — vﬁ) = 2 U, exp| im; °F Uﬁi
i

2
The oscillation probability P(Va — vﬁ) Is then obtained from |A(va - v[g)|
and exploiting unitarity:

2 * * . L
P(v = v5) = [A(ve = Vo) = Sup =4 Y Uz UpiUzsUp}sin <Ami2j ﬁ)
ijii>)
o~ * * . 2 L
+2 Z J{UaiUﬁanjUﬁj} sin Amijﬁ
ijii>j
While for anti-neutrinos: where Am{; =m} —m;
P(v, > 17,;) =... with "= sign

(complex conj. PMNS matrix elements)



Excursus: Majorana-Phases:

For Majorana neutrinos: . .
emerl emZUeZ Ue3

Upmns = Vpuns - diag(eim,einz’ 1) = emlUul e’z Uuz Uu3
[ [
e nlUrl et UTZ U1'3

the additional phases leave the combinations Ug,;Ug;U,;Ug; invariant.

The Majorana phases do not change mixing (no additional CP violation)

Majorana phases are only observable in processes which change the lepton
number by two units. Neutrino mixing changes the flavor.

— Majorana phases are not visible, and for now not constrained.



CP-violation in neutrino mixing:

Jarlskog invariant (cf. CKM for quarks):
Jep = H{UsUgiUsiUpi} £0 > P(vy = vg) # P(v, » 7p)

l.e. If Upyns IS complex (8cp # 0, 7).

Usage of SI-units:

L

The expression <Ami2j ﬁ) uses natural units. Use h and c to

transform to Sl-units:
L{km] (an often-used

L
2 = . 2 Ta\2
Am - 1.27 Am [ev ] 2F [Gev] expreSSion)

Jog ij

Example: Experiments studying 1 GeV neutrinos travelling L~10%km is
sensitive to m;? — splitting as small as ~10* eV? (Sensitivity of
atmospheric neutrinos passing the earth)



Some remarks on the derivation of the mixing formula:

Many text books use either equal energy or equal momentum assumption:

Ap;; = —(E;it — ;L) + (Ejt —pjL) = (p;i —pj)L — (E; — Ej)t

N P L1
Equal energy: E=g=£ and pi= |[Ef-mi=FE—-—7

Agij = (pi —pj)L — (Ei — Ej)t = 12E L= ZEUL

—(mf -m?)  Amf

A¢ij:(pi_pj)L_(Ei_Ej)t= Zp : t= 2E

(where in the last equality L=ct and pc=E has been used)

It turns out that neither the equal momentum nor the equal energy ansatz is correct
(see e.g. E. Akhmedov arXiv:1901.05232v1).

Most derivations (including ours) use a plane-wave treatment for the propagation of
the neutrino - instead a wave-packet ansatz is needed (see arXiv:1901.05232v1 )
However, a correct treatment using wave-packages results in the same formula.
Plane wave: no spatial localization. Cannot describe creation at source and conversion at target.


http://arxiv.org/abs/1901.05232v1

Three neutrino oscillation:

Formula is quite complex

« « Am3, x Am3,
P(va - vﬁ) = |Ug1Upy + UgaUp, €xp | —1 °F L)+ UgpsUpgzexp| —i L

It depends on two Am? with three angles 612, 6.3,6,3 and one CPV phase.

Assume: , , ,
Amj5; K Am3; = Ams3,

initial electron neutrlno beam

| Vg * sin226,, = 0.10
0.8 |

sin? 26,, = 0.97
sin?26,, = 0.86

06

Am2,, = 7.6x1075 V2.
s | Am2,, = Am?,, = 2.3x1073 eV2

. :”“' A‘ALU‘A“ “‘m\,\,\, e

Y/ [10% km/GeV]
0.0 AN
55 o [km/MeV]
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Summary of neutrino oscillations in vacuum:

if we observe oscillations:
. =>Ami2j¢0=>miormj¢0
* Upyns IS Non diagonal. (— mixing)
« Oscillation provides access to very small Am;;

« Observation of neutrino oscillation in two ways: disappearance of v or
appearance of v,

* Neutrinos oscillation does not alter the total v-flux: Z P(Va - Vﬁ) =1
vg

* However, if some of v, are “sterile flavors™ (no weak interactions,)
then the total flux of the active neutrinos (v, , v, ,v.) Is reduced.



Measurement of 0,,

1 0 0 C13 0 5138_’:6(:P C12 S12 0
U= 0 Co3 S23 0 1 0 —S12 C12 0
0 —S923 Co3 —513816CP C13 0 0 1
L Y Iy : ! Y '
Atmospheric reactor neutrinos; Solar neutrino
neutrino mixing  accelerator neutrinos Mmixing; KamLAND
Am2,,. ~2.4-1073eV? AmZy ~ 7.5 107%eV?
923 ~ 4‘90 013 ~ 90 912 ~33°

To observe CP violation in neutrino mixing a finite value of sin?0,; is necessary.

|AmZ,| ~ [Am3,|  ...but sign unknown

Scp ~200° (indirectly)



0,5 with reactor neutrinos:

Survival probability for 3-neutrino mixing:

Am [ Am
4
P, =1-sin’26,,sin’ Ay B cos 6,, sin” 26,, sin” DMy &
- v y vV
100% sin’20,5 sin“28,,
-~ ATngol ~ Am%l
IS R I ~7-107%eV?
1‘“ Amatm-~ Am31 ~2 5 10 ev2
a
fast Gscnlatlon (W|ggles) |
Lo : SRR 1o 7, survival probability
0%_2 R i.:u.'ii_1 I .'i..Hlo ' *\\'
10 10 10 o.9r DayaBayT
L/E [km/MeV] 0.8l
The v, survival probability as a function of the
distance from the nuclear power plant (NPP). = = KamLAND
> — ~amy | JUNO —™ |



Double Chooz

The Daya Bay Experiment

3 Experimental Halls (EN) [

‘ mmeLonl
§ 526 mfrom Ling Ao I

=53 Undergroun—d
Experimental Halls

Ling Ao Il Cores
Ling Ao | Cores

Daya Bay Near Hall [
363 m from Daya Bay \
~ 98 m overburden ‘ m 17.4 GWy;, power

Reactors: 2 x 4270 MWth 2 AT S %5 operating GRS

—

=

.

m 160 t total target mass

All experiments have a “near”
detector to monitor the neutrino
flux and a “far” (typ. Distance 1.5
km) to measure the deficit.

FarDetector

(South Korea)




The 3 reactor neutrino experiments published first results in 2012: Double Chooz
reported an indication of electron antineutrino disappearance with the ratio of
observed to expected events of R= 0.944+0.016 +0.04 ruling out the no-oscillation
hypothesis at 94.6% CL. Daya Bay observed of R= 0.940+0.011 +0.004
corresponding to 5.2c of a non-zero value of 6,5. RENO reported R=0.920%0.000
+0.014 indicating a non-zero value of 8,5 with a significance of 4.9c.

PDG 2020
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=
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Summary: Neutrino Mixing

=0 - 025~ 49°
—

— Atn‘ilos heric+LBL —

S0 1o%P 1 — | 6,,~33°
& n ]

S : B3 ~ 9"
NN ; | J

S

<] -4 Solar+KamLAND _

—

-
o
TTTT]

T..Schwetz-Mangold

0 025 05 075 1

.2, . 2
{sin"6.,,sin"6,,}

0.82 058 >0
\Upyns| = | 0.64 058 0.71
0.64 058 0.71
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Summary: Neutrino masses

Normal Inverted
2 2
Am?,3>0 Am?,;<0
2 2
A [ "lr"'f A
- v,
Ve -V
4 z
m3 —— N - 2——.il"-'fl
solar~7x10""eV
. —— I K
I . ]
atmospheric
~2x107%eV? _
atmospheric
nmy - e — ~2x107eV?
my*-L ~+my?
() 0.
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5. Neutrino mass scale determination

For massive neutrinos the flavor states are linear combinations of the mass
states. Mass limits can only be put on the effective mass of a neutrino with

lepton flavor ¢ :
m12/€,eff = Z|U{’i|2mi2
i

Upper bounds on neutrino masses can be deduced from weak decays:

3 3 34 PDG 2024
H, » "He"H" + e + v, —
mf,e,eff < 0.8eV

m—=>p+e +7,.) Study energy distribution of
__visible final-state particles:
pE-ov,tet+ve  my epr < 0.19MeV “missing” invariant mass

— neutrino mass

ton-wt+v, My_err < 18.2MeV

Upper bounds also exist from cosmoloqy:

Large scale structure of galaxies, cosmic microwave background, type la
supernovae, and big bang nucleosynthesis:

Z m; < 0.26eV  arXiv:1811.02578v2



a) Effective electron anti-neutrino mass:

End-point method of a B-emitter (tritium, 3H)
E, = Mass diff. of nuclei

dN 2 L
— = Cp(E + m,)(E, — E)\/(EO —E)2— (mﬁff) .F(Z,E) E - kl_n. energy of electron
dE ¢ P = e momentum

2 F: Fermi function
= R(E)J (Eo — E)? — (m)

a3 1x10% . |
2x10 —m, = 0meV |

— m, = 1000 meV | |

5x107 F

2 10

-13 -
b0 E-E ineV

B decay rate in s'eV

0 .
0 10000 E:| = 18575
electron energy E in eV
Experimental requirements: “Direct” kinetic measurement:
* High activity source spectral distortion measures
« Excellent energy resolution the “effective” mass squared:
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Effective neutrino mass — consider mixing:

dN

2 .
= RE)|(Bo— By~ (mel)) with: = ) WUl
[

The KATRIN experiment has provided an upper bound for the effective
neutrino mass:

0.8eV > mve’eff = Z|Uel|2m12
i

10
NO

Depending on the neutrino mass

. . = i
hierarchy, this leads to a depen- 2 107 E
dence on the light neutrino mass. £ :

107 2 =
: | | IIIIII| | 1 IIIIII| | | IIIIII| :
0.001 0.01 0.1 1
Myignt (€VY)

a2 2 2 2 m2 2 : \
, \/”?'0 + Am35 (1 — cia¢]y) + Am3zys7s in NO,

_
U el

meff -’Z m2
my,, = | s
V i

\/ m3 + Am3,ctacty — Amiyci, in 10,



A

KATRIN = Karlsruhe Tritium Neutrino Experiment

Goal: measure neutrino mass w/ sensitivity of 0.2 eV (90%CL)

A 4

\ \ Pre-Spectro- - ;
. " Differential and ‘\ meter . Main Spectrometer ' Detector
Windowless Gaseous \ . ' E
Tritium Source \“Cryogemc.Pumpmg ! { ;
! sections ! ; i i i :
\ 1 ] = = i
\ \ {AME= = E
——f 3
T —— '
i WP B WP | , 0 0
& i i
«‘\%. . : :
1 1 7
I I 3 3 1 3 1 1 3 1 1 3 1 1
He \ : : ----------- /l’
: } (
® tritium -decay i' [-electron il energy analysis of B-electrons | ® counting
1 i 1 :
® decayrate: 10! 1/s | transport '@ resolution 0.93 eV @ 18.6 keV ! Ef tlransmltted
i s . | -electrons
® T, pressure: i @ tritium retention '@ pressure < 10°1° mbar - <le/s

103 to 10 mbar (factor > 1014)
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MAC-E Filter: Principle “magnetic adiabatic collimation and electrostatic”

Electrostatic spectrometer:

B

No electron flux for:  Exin, = € Upax

40



MAC-E Filter: Principle B fields serves to align the electron directions.

source

= /=

Bs Bm[n Bmax
U U,

Adiabatic variation of B-field leads to alignment of momentum vector.
41



MAC-E Filter: Principle B fields serves to align the electron directions.

Electrostatic high-pass filter MRl peve Electron
un e o
SHeT*
Uglr, 2) .

¢ Radon atom
€ Rydberg atom
C  Positive ion

R ERREONANN

""‘u"\“‘““_‘.‘;‘i‘-‘u“i“%ﬂ A\\\\ 725\
S\ . L)
I [ |

\

-

r--a R ) e\ / . . ﬁ_‘ 3

1 ARl kL s o '

BN / B\ 73 Bt / S ted
[T, L e : Transport and ,‘ ATAw L )y, s "_4 egmente
[ Ll Tritium source pumping - \%~ / p‘, ‘......!’ fbt‘." fl,__.,,’,:, A e
Rear wall and \\ PPN 4 A o0

electron gun Main spectrometer

Pitch angle / / ______ : i

Magnetic e
adiabatic collimation Cyclotron
=25T motion

Field-line direction

Adiabatic variation of B-field leads to alignment of momentum vector.
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KATRIN-Results:

First results from a 4 weeks measurement;

Source activity 2.45 x1010 Bqg (Tritium

density 1/5 of nominal).

Fit in the interval around the kinematic
endpoint at 18.57 keV gives an effective
neutrino mass square value of

m; pr = (—=1.01373)eV?
From this an upper limit of

on the absolute mass scale of neutrinos
is derived.

Sensitivity after 1000 days of data-taking

and nominal tritium density: 0.2 eV

m(—1.

arXiv:1909.06048

) t KATRIN data with 1 & errorbars x 50 |
- — Fit result
g.10'F E
A
z
E
2 10°F .
o : 3
0102) ep?
. 18535 18555 18575 18595 18615
b [T T . T T T T T T T T T T T T ™]
=~ 2tb) Stat. [ Stat. and syst. ]
_’gﬂ of D X . - £
- S ~—— ]
é _2 =1 1 1 I 1 =
18535 18555 18575 18595 18615
o ;
= ]
18535 18555 18575 18595 18615
Retarding energy (eV)
FIG. 3. a) Spectrum of electrons R({gU)) over a 90 eV-

wide interval from all 274 tritium scans and best-fit model
Rcaic((qU}) (line). The integral B-decay spectrum extends up
to Ep on top of a flat background Ry.. Experimental data are
stacked at the average value (gl/}); of each HV set point and
are displayed with 1-o statistical uncertainties enlarged by a
factor 50. b) Residuals of R({qU}) relative to the l-o uncer-
tainty band of the best fit model. ¢) Integral measurement
time distribution of all 27 HV set points.



KATRIN-Results:

Latest results from 2022:
Source activity 9.5 x10° Bq
(Tritium density nominal).

Fit in the interval around the kinematic
endpoint at 18.57 keV gives an
effective neutrino mass-squared of:

0.34

maeff = 0.26t0_34 eVZ

From this, an upper limit of

on the absolute mass scale of
(electron anti-)neutrinos is derived.

Sensitivity after 1000 days of
data-taking and nominal
tritium density: 0.2 eV

Count rate (cps)

o

Residuals (&)

Time (h)

Nature Physics 18.160 (2022)

* Spectrum for KNM1 data with
1o error bars (x50)

Spectrum for KNM2 data with
1o error bars (x50)

BN

P — g
T T

107 T T T
0 50 100
Retarding energy (18,574 eV)
25 1T
L ] L
% " .
R .
. . ..: ‘e
| . . - Statistical and
—25 All rings Statistical systematic
T T T
0 50 100
Retarding energy (18,574 eV)
50 - KNM1
‘ ‘ ‘ ‘ -
0 T
0 50 100

Retarding energy (18,574 V)

Fig. 2 | Measured rate at each retarding energy for KNM1 (refs. ") and
KNM2 campaigns. a, Data points with statistical error (multiplied by a
factor of 50) and best-fit model (blue and grey lines) individually shown

far earh rampaion The conmt rates are enimmed aver all the detertor rinoes



https://doi.org/10.1038/s41567-021-01463-1

KATRIN-Results: 2024 (preprint)
(result not yet peer-reviewed or
published)

259 Days of running time, source
activity (mostly) close to nominal

Fit in the interval around the kinematic
endpoint at 18.57 keV gives an
effective neutrino mass-squared of:

From this, an upper limit of

on the absolute mass scale of
(electron anti-)neutrinos is derived.

Sensitivity after 1000 days of
data-taking and nominal
tritium density: 0.2 eV

arxiv:2406.13516

0.6
—— Lokhov-Tkachov
Feldman-Cousins
0.39 ____ Best fit (—0.14 eV?)
- 0.5
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T 0.2 i 2z
& i
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& 251
220
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Figure 6: Cumulative counts collected in the g7 > Iy — 40 eV analysis window of the first
five measurement campaigns. Each campaign is highlighted in the corresponding color.


https://arxiv.org/abs/2406.13516

Holmium Electron Capture: Slide by K. Valerius

163Ho — 163Dy* + v,

800
Low Qg ~2.8 keV and T,,, ~ 4570 years 0 ' ' '
10 | — myv,)= 0 eVic?
. 600 ——- m(v )= 2 eVic®
. X-ray photons  _ 10 . > == mfv,)= 5 evict
g e °
= . o 10°F . E
= + Auger electrons 3 L 7
r (= t
S o 3 10'} 1 5
{.:O Q 8
~ 200 .
e 10+ E
[11]
1
E] calorimetric 1P ) ) . . L )
'\-\._H-- - - D W
3 - R 0.0 05 10 15 20 25 30 2826 2828 2830 2832 2834
= Energy / keV Energy / keV

Challenges:
- production & purification of isotope '%3Ho
- incorporation of '%*Ho into high-resolution detectors

. . How to measure 2.8 keV w/
« operation & readout of large calorimeter arrays

: : . _ high precision?
» detailed understanding of calorimetric spectrum

(nuclear & atomic physics + detector response)

Dy = Dyprosium */



Micro Calorimeters: MMCs Slide by K.Valerius

MMC: metallic magnetic calorimeters \ thermal micro-calorimeters \
with paramagnetic sensor Au:Er with transition edge sensor (TES)
L. Gastaldo . TES .-SQUID
C. Enss —_=)
b S.C. . n.c.
= Vs
thermal link ﬂ: ’
thermal bath T " E il_ - i
8T in absorber from EC-decay oT in absorber from EC-decay
= change in magnetization M of sensor => changein temperature T and
| | oM M1 resistance R of thermistor
signal: 0@ ~ o7 AT~ T ‘OF signal: current change measured by
\_ ot \_ SQUID array
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ECHo Experiment

[Fleischmann et al. 2009; Gastaldo et al. 2013]

MMC technology: EC@

absorber source

paramagnetic =3 > sSQuID
sensor (Au:Er)

W

<

49

[Ranitzsch et al., arXiv:1409:0071;

Gastaldo et al. 2014]

Counts per 2.0 eV

o N Precision
163Ho spectrum
800 | — d
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400 | |
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200 | -
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0 . ﬂl E‘L_ 1 I.' P "::I“_I.J Ih.
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Uni Heidelberg:
C. Enss, L. Gastaldo
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5. Dirac vs. Majorana: Neutrinoless Double-beta Decay

The problem of the nature of massive neutrinos v, (Dirac or Majorana?) is one of the
most fundamental problems of neutrino physics. The answer to this question will have
an important impact on the understanding of the origin of neutrino masses.

The Majorana mass term breaks lepton number by two units - the Majorana mass
term is the lowest dimension operator which uses SM fields and obeys SM gauge
symmetries and which breaks lepton number at tree-level. In order to reveal the
nature of neutrinos with definite masses it is necessary to study processes in which
the total lepton number L is violated by two units (i.e., neither neutrino oscillations nor
CC interactions can reveal the neutrino nature).

Lepton flavor violation experiments:

* In case of Majorana particle v = v¢the following process becomes possible:

_ N m, m, 2
nt->ut+v;; v,+N-out+p with AWN->u"N)~—->s0~(—
: E, E,

neutrino beam

Thus the cross section for observing this reaction in a collider experiment (E,
larger than typ. 1 MeV, m, < 1 eV) is suppressed by (x10-12). This is much too
small for observation with current experiments.



« Decays of Bor K-mesons. E.g.:. Kt > n utut

[(K* >~ u*u™)
['(K*T - all)

<3-107°

Experimental bounds:

Limit on the effective mass  |my,,| < 4-10*MeV (not very strong)
(meaning of “effective mass” : see below)

« Processessuchas U +(AZ)->(AZ—-2)+e"

['(u"Ti —» e Ca
(w )< 1.7-10712 —>

Experimental bounds: rTis al) ~

Limit on the effective mass  |mye| < 82MeV  (not very strong)

(meaning of “effective mass” : see below)

« The most sensitive probe to whether neutrinos are Dirac or Majorana
states is the neutrinoless double-beta decay (Ov3) of a nucleus.
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Neutrinoless Double-beta Decay

d ——— "

AZ2)->AZ+2)+e +e” o o
chirality flip ;-

Ue' e”

Aov2p ~ Z m;Ug;
7
\

f

| S|

Mee  (similar definition for m , and m )

Under the assumption that the Majorana neutrino mass is the only source of
lepton number violation at low energies, the decay half-life is given by:

2
(1) 1= 6o (2
e

GO is the phase space integral taking into account the final atomic state;
MO is the nuclear matrix element of the transition;

M, IS the effective Majorana mass of v,

Mee =

2
zmiUei
7

Note that the term ) muz Is in general complex and depends on the
phases of the PMNS elements (5., and the two Majorana phases 1, ,)




Thus, in addition to the masses and mixing parameters the decay spectrum
depends also on the lIeptonic CP violating phases (— allows determination):

— 2
Mee = ‘ § miUei
i

One can discuss two different mass orderings:

_ 2 2 _i2 2 .2 ,i2 2 _—i26
= |m1c13clze M 4+ m,ci3si,e'“"2 + mysize CP|

arXiv:1811.05487
(inspired by experimental data)
1. Normal ordering (NO): ™ <m; <mz; Amf, K Amis; =>my <my, K ms

2. Inverted ordering (I0): m3 <m; <my; Ami, < |Am|; = ms K my < my

Mep = with mgy = m; (NO), m, (10), smallest mass

Zmi Uz
i

2 92 . A2 2.2 2 2i(m-m) [ Am2 1+ A2 2.2 —2i(8cp+m) -
MoCiaCys +\/ Amgy + migsiycze™ ™™ + [ Amzy + Ams; + misige ! in NO,

/ 0 o o | — . . N .
mgsts + V m3 — Am3,s?,c2,e2ilmtoce) V mg — Ami, — Am3,cdyctae?imtoce)| in 10,

< ( sin® 612 / Am?, + sin® 63 V“IAH?%_}) in NO: m, can me arbitrarily small

b —

~ \;‘mﬂﬁﬂ (1 —sin226;p5 sin2a)z, IN1O: there is a lower bound on mg,

) S.Bilenky (2010) o is Majorana phase diff. 53



Neutrinoless double beta decay can help to resolve the neutrino mass hierarchy
(of course only if neutrinos are Majorana particles):

Inverted hierarchy:
0.1
~ / 2 — ain2 2 4
:?_.3 >~ /1Amy;| (1 —sin” 263 sin” «)?,
3 00 ]
5 Normal hierarchy:
0.001 < (sin2 O12 1/ Am3, + sin’ 913,/Am§3)
104 - . |
10— 0.001 i 0.1 1

M jighest €V ]
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Searching for neutrinoless double-beta decay:

23 decay:
mass parabola from Weizsacker formula
i E - -
97< odd-odd  even-even Possible 23 candidates:
: Transition To = Qpp (KeV)
6Ge — ¢ Se 2,039.6 £0.9
100Mo — 1% Ry 3.934 £ 6
130Te 130 Xe 2,533 +4
1%Xe — 1% Ba 2,479 £8
PINd — 120 Sm 3,367.1+£22
828e 82 Kr 2,995+6
BCa =¥ Ti 4,271 +4
30 31 32 33 34 35 36 37 Z T2, ("%Ge) =
Normal 3-decay energetically forbidden for 7*Ge. (1.929 £+ 0.095) - 10**yr

Double B-decay allowed: even-even nuclei. arXiv:1501.02345

Two-neutrino double 3 decay is a process of second order in the Fermi constant Ge,
which is governed by the standard CC Hamiltonian of the weak interaction. This
decay was observed in more than ten different nuclei with half-lives in the range
(1018-1024) years.
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Search technique:

endpoint

Background: 2v23 Signal: Ov2f3
—— —— y
u'&ZE,< ) 11'&271// ﬂ =
. y >i(

Qs E

Decay & detection material °Ge:

 Geis a2 decay isotope

« Source material = detector material

« Germanium detectors (=semi-
conductor) have excellent energy
resolution; FWHM ~ 1.5 1023 @ 2 keV

« Enrichment of 7Ge up to 86%

Source = Detector

Ge diode w/ reverse biasing
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