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INTRODUCTION: NEUTRINOS

FIRST, SOME RISTORY

» Zlrich, December 4, 1930: Wolfgang Pauli, a 30 years old professor at the ETH, writes
perhaps one of the most famous letters in modern physics: “Dear radioactive ladies and
gentlemen...”

» The letter was addressed mainly to Lise Meitner*, who had been working on radioactivity

since 1907 and was attending a meeting N T(jbingen (Pauli could not attend, because “a ball which
takes place in Zurich the night of the sixth to sevenths of December makes my presence here indispensable”)
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Oftaner Brief an dis Jrunpe dear Hadicaktiven bol der
Gauveyraina-Tagupg zu Tubingsn.

@ Pauli was suggesting “a desperate way out” of some paradox Nomobrift
that had arisen in the nascent field of nuclear physics dar i1tg, Tochniscter Hoehsohile Birich, ks Dess 2930
Zrich Oioriaztzraase

Liebe Radicaktive Damen md Herrem,

Wis dar Usbarbringsr dissar Zellan, den ich Imldvollst
mmhbrm bit.te, Ihm des nEheren sussiosndersstsen wird, bln ioh
- D hep® Sutia‘bi.k dor Re und L6 Koevaa. acaria

® He was proposing “a terrible thing” - a new subatomic
particle, the neutrino, a particle “which can not be detected”

® In 1930, only the electron, the proton and the photon were

and des Aupachliessun Q@A
known, and Pauli’s idea was quite radical

rerdan noch dadirch ool

Lise Meitner
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*Lise Meitner had made Pauli aware of the b-decay problem
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THE PARADOX WAS. .. “THE ENERGY CRISIS

» Ithad been observed by experimental physicists that some nuclei are not stable, but decay
under the emission of “beta rays” (electrons)

» The energy of the emitted electrons could be measured - the spectrum was continuous

» This seemed to violate a well respected law in physics: the conservation of energy
“H —5 He + e~

Predicted energy
+ of the electron

Observed energy '
Spectrum B ettt "‘." Ekzn — mHC2 T mH€C2 _ mec

A >

2

Energy of the electron
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ONLY ONE REASONABLE WAY OUT...

» A new particle: the neutrino (Pauli: “my foolish child”). It would share the energy with the
electron, but would not be observed because of its incredible weak interaction with matter

“H—5 He4 e +

» Niels Bohr, 1934: “I must confess that | don't really feel fully convinced of the physical
existence of the neutrino”

» Arthur Eddington, 1939: “I am not much impressed by the neutrino theory.... Dare | say that
physicists will not have sufficient ingenuity to make neutrinos?”

» Thus, while the idea was considered by many as a very useful hypothesis, few* believed it is
a real particle (or that it can ever be detected**), until...

*Enrico Fermi did take the idea seriously and formulated a theoretical basis for the interaction between a neutrino, an
electron, a proton and a neutron (1934, Z. Phys. 88)

** Hans Bethe: “there is a considerable evidence for the neutrino hypothesis. Unfortunately, all this evidence is indirect; and
more unfortunately, there seems at present to be no way of getting any direct evidence. ”
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NEUTRINO DETECTION

» ...some 30 years later in 1956, when Clyde Cowan and Fred Reines started the "Project
Poltergeist” and finally detected (anti)neutrinos at the Savannah River Reactor in South
Carolina

p+D€Hn+e+

S VR L MY,
1 - ’_E‘r—ﬂw s

N7 B t: = o \'.‘ o SRS ﬂfﬁ \
» Detector: 400 | water + CdClzseen by 90 photodetectors s St h L SRS

Detection via delayed (a few ps)
coincidence reaction:

prompt: et +e — v+

/
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A RADIOGRAMME TO PAULI, A SHORT ANSWER.. .

. sweseer e RADIOGRANM-RADIOGRAMME oo s |
» June 1956: Pauli was at a CERN | | 1311 ZWV UVLAAG M BZO116 WH CHICAGOILL 56 14 1310
. E 1 = PLC 00283 =
Symposium, and announced the most e - ;z.{a?gf-g[s--s:,=;__ BT
" : : NEWHORK | 1" o™ sgremm.
exciting news of the meeting* - he had just - Tt (e elisigrean —
received a telegram from Cowan & Reines paliCiutss ProFessor u PAwL1 (L By
PROF. W. PAULI
® "We are happy to inform you that we VE ARE HAPPY TO INFORM YOU ThA

have definitely detected neutrinos...”

L B R

» Pauli’s reply: “Thanks for message.

Everything comes to him who knows how

FAedanih REMNES auu agm_ CouA))/'
to wait.”
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*See also: Cecilia Jarlskog, “Birth of the neutrinos, from Pauli to the Reines-Cowan experiment”, 2019 - International
Conference of the History of the Neutrino
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WHAT ARE NEUTRINOS?

» Elementary particles in the Standard Model which only interact
via the weak interaction (they participate in charged current
interactions other with the corresponding charged lepton)

® The interactions are of “V-A" type: neutrinos are left-handed,
anti-neutrinos are right-handed

» Inthe SM: flavour lepton number is conserved and neutrinos are

exactly massless

Today many known sources of neutrinos
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WHAT DO WE KNOW ABOUT NEUTRINOS?

» They come in 3 flavours Ve Vi Vr
electron muon tau
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WHAT DO WE KNOW ABOUT NEUTRINOS?

» However when they propagate over macroscopic distances, they oscillate between flavours

maybe (v,) =
maybe (v;) /
Source —> _______________________________ _’ *
V,u long journey U+ Detector

» This is a well-studied effect in quantum mechanics

» It means that flavour is not conserved over macroscopic distances (v states with different
flavours v, mix with v states with different masses 1)

Unitary neutrino mixing
matrix (PMNS matrix)

m2 _ m2 Ve Uel UeQ UeS V1
P(ve — vp) Z UaiUs,Us;Ugjexp | —i— L Vp | = (U Up2 Uz | | 2
2k Vr UTl U7'2 U’7'3 V3

1,7=1
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WHAT DO WE KNOW ABOUT NEUTRINOS?

» From oscillation experiments: non-zero masses and non-trivial mixing

L = constant

L4
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detection

Nobel Prize 2015: to Takaaki Kajita and Arthur
McDonald “for the discovery of neutrino oscillations,
which shows that neutrinos have mass”
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WHAT DO WE KNOW ABOUT NEUTRINOS?

» In general: 3 mixing angles, 1 CP violating phase, 2 independent Am?

1 0 0 C13 0 8136_7’5 C19 s12 O
U = 0 C23 S923 0 | 1 0 —S12 C12 0
0 —S23 (€23 —813625 0 C13 0 0 1
Data from Data from Data from solar
atmospheric v's reactors and and r§actor
and accelerators accelerators neutrinos
023 ~ 48 deg 013 = 8.6 deg O12 =~ 34 deg
0~ 3mw/2 NUFIT 4.1 2019
cij = cos;;
Sij — 8@77,(9@ j “Very different than the CKM mixing angles:

(912 ~ 130, 923 ~ 2.40, 913 ~ (0.2°
0<90 <27



INTRODUCTION: NEUTRINOS 12

OPEN QUESTIONS IN NEUTRINO PHYSICS

» From oscillation experiments: we know the mixing angles (or the Ugj) and the Am?

Am?2,  ~25x 1073 eV?

Am?, ~ 8 x 107°eV?

» However: 2 possible mass orderings and no information on the mass scale

2 4 Normal ordering Inverted ordering
m,.
I 3 , N 2
Am7, Sol
I 1

Probabilities of finding a
Am2, > 0 2 S
23 Am13 <0 certain neutrino flavour in

each mass eigenstate ~ |Uqil?

Atm

Am?, 1 1

Ve Vy Uy

X
—
N
W
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OPEN QUESTIONS IN NEUTRINO PHYSICS

» Many questions remain open:

® What are the absolute values of neutrino masses, and the mass ordering?

® What is the nature of neutrinos? Are they Dirac or Majorana particles?

® What is the origin of small neutrino masses?

@ What are the precise values of the mixing angles, and the origin of the large v mixing?
@ Is the standard three-neutrino picture correct, to do other, sterile neutrinos exist?

® What is the precise value of the CP violating phase 67

® ...
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NEUTRINO MASSES

» Three main methods: direct mass measurements, Ov3[3-decay, cosmology

» the observation of flavour oscillations imply a lower bound on the mass of the heavier neutrino

» depending on the mass ordering, this lower bound is = 0.05 eV

@ The most direct probe: precision measurements of B-decays

“H—> He+e + 17,

® The effect of a non-zero neutrino masses is observed kinematically: when a v is produced, some

of the energy exchanged in the process is spent by the non-zero neutrino mass

® The effects are however very small & difficult to observe

® KATRIN will probe the eff. ve mass down to 0.2 eV

Eur Phys J.C  (2020) 80:264 THE EUROPEAN ()
hups:/doi.org/10.1140/epjc/s10052-020-7718-z

PHYSICAL JOURNAL C % m2 o ‘ U . ‘ 2 m2
Regular Anicle - Experimental Physics Ve et l
7

First operation of the KATRIN experiment with tritium
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NEUTRINO MASSES

» Three main methods: direct mass measurements, Ov3[3-decay, cosmology
» the observation of flavour oscillations imply a lower bound on the mass of the heavier neutrino

» depending on the mass ordering, this lower bound is = 0.05 eV

® Cosmology: neutrinos influence the LSS and the CMB (with the v density ratio):

, . 4\ 4/3
A giVeff <ﬁ> Nett = 3 ~ number of active neutrinos
P~

O] The constraints are on the sum of neutrino masses

2 m
)

® Dependent on the parameters of the cosmological model (A\CDM)

® In general, depending on which data is included (see e.g., review in PDG2019)

> mi < (0.11 - 0.54) eV
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DOUBLE BETA DECAY

» Some of the open questions in neutrino physics can be addressed with an extremely rare
nuclear decay process: the double beta decay

What is the nature of neutrinos? Are they Dirac or Majorana particles?
What are the absolute values of neutrino masses, and the mass ordering?

What is the origin of small neutrino masses?

"‘) + 20 + 2®

<

Nucleus A Nucleus B Elektrons  (Anti)Neutrinos
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THE DOUBLE BETA DECAY

» If simple - or B+-decay is forbidden on energetic
grounds

» Predicted by Maria-Goeppert Mayer in 1935

» The probability for a decay is very small, the mean
lifetime of a nucleus is much larger than the age of the
universe (Ty ~ 1.4x1010 3)

Toy ~ 1020y

Thus: a very rare process

However, if a large amount of nuclei is used, the
process can be observed experimentally

M(A,Z)

mass parabola of isobars with even A

Even-A

Ruben Saakyan, Annu. Rev. Nucl. Part. Sci. 63 (2013)

Z-2 Z-1 z Z+1 Z+2

MARIA GOEPPERT MAYER

Nobel Prize in physics, 1963 for
her discoveries concerning the
nuclear shell structure
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THE DOUBLE BETA DECAY

» The Standard Model decay, with 2 neutrinos,
was observed in 14 nuclei

» Ti20>1018y: 48Ca, 76Ge, 82Se, 7¢Zr, 100Mo, 11¢Cd,
128Te, 130Te, 136Xe, 150Nd 238U

N V306

Rate

OvBp

L.

Sum energy of the two electrons

Number of events/0.05 MeV

(A, Z+1)

(A, Z)

8

(A, Z+2)

100Mo: T1,,=7.15x1018 a

NEMO Experiment in Modane/Frejus

7000 -
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2000

1000

0 0.5 1 1.5 2 2.5 3
E,. (MeV)
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THE DOUBLE BETA DECAY

» The decay rate [?v depends on the matrix element M2v and on the phase space factor G2v
(which determines the energy spectrum):

B In 2

By

FQV _ GQV(Q7 Z)‘sz‘z

» The phase space factor (Z= charge of daughter nucleus) from the leptonic degrees of
freedom:

Rt @ Q* Q 4 A1l
AT AT | .
oz0 T90 T o T3 T1) x(Greosbc) -4

G? x (Gpcosbc)*QT - (

® The decay rate scales with Q" x (Gg)* => we expect indeed very long T12 of ~1020 y
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THE NEUTRINOLESS DOUBLE BETA DECAY

» More interesting: the decay without emission of neutrinos => AL = 2

Ty > 10*y

» Expected signature: sharp peak at the Q-value of the decay
Q = Fe1 + Eeo — 2me,
N V30

Rate

The double beta decay without neutrinos:

OVﬁﬁ first discussed by Wendell H. Fury in 1939
Ettore Majorana had proposed in 1937 that
neutrinos could be their own antiparticles

=

Sum energy of the two electrons
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THE NEUTRINOLESS DOUBLE BETA DECAY

» Inthis decay, a light virtual neutrino could be exchanged . ,
Charge conjugate spinor

; . Y = T
. N T AMajorana field
VY " Y =°
"€ Y =YL + 91
g . 3 has 2 spin d.o.f.
u > U

» The neutron decays under emission of a right handed ‘anti-neutrino’ '},

C / . /
@ the U hasto be absorbed atthe second vertex as left handed 'neutrino’ /],
@ forthe decay to happen: neutrinos and anti-neutrinos must be identical, thus Majorana particles

® & the helicity must change
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MAJORANA AND DIRAC NEUTRINOS

» Most general Lagrangian: both type of neutrinos masses

1

Lm, = 5 'mp (V57 + vrpL) + MYSyL| + h.c.

» Diracterm: generated after SSB from Yukawa interactions; Majorana term: singlet of the SM
gauge group and can appear as bare mass term

» Masses of physical neutrinos: from the eigenvalues of the mass matrix. In the “see saw”
mechanism: M >> mp => a very light neutrinos state v and a heavy state N with masses:

vV

m, =~

2
mp N
W mNNM 7\7

» If Dirac mass term mp: of similar size as of other fermions & M at the GUT scale (~1014 GeV)
=> explanation of the smallness of neutrino masses
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THE NEUTRINOLESS DOUBLE BETA DECAY

» The expected rate can be calculated as:

In 2 Imgg|?
FOV _ _ GOV 7 MOV 2 BB

the matrix element of the
nuclear transition

» with the phase space integral (now spanned only by 2 electrons):

Q> 2Q7 2

G" o (G cosOc)* - (— - — +Q - —) x (Gpcosfc)*-

30 3 D

from the leptonic part of

the matrix element

Q5
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THE EFFECTIVE MAJORANA NEUTRINO MASS

» The effective Majorana neutrino mass parameter: embeds all the dependance on neutrino
quantities

mgs| = [miUZ 4+ maUZ%e*®t + mgUZe (9270

e

» A mixture of my, my, m3 ~ to the Ue2 (Ug - the complex entries in the PMNS matrix)

Uer Ue Ues C12C13 $12C13 s13e” % et 0 0
B S S .
Uya Uy Ups | = | —s12c23 — c12523513€"  €12C23 — S12523513€" sozciz | x| 0 e 0
5 5
Ui Uz Uss $12523 — C12C23513€" —C12523 — S§12C23513€" C23C13 0 0 1

»  ®1,p2 = Majorana phases and |Ue.1]” is for instance the probability that ve has the mass m;

® fewer phases can be removed by redefining the fields
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THE EFFECTIVE MAJORANA NEUTRINO MASS

» The values depend critically on the neutrino mass spectrum and on the values of the two
Majorana phases in the PMNS matrix

» One can express mpg as a function of the lightest (mjightest) Mass state for the two mass
orderings and obtain the allowed ranges

| llllllll | IIIIIIII | IIIIIIII I IIIIIIII

Degenerate region

~ ~ ~ / 2
Miightest = M1 ~ Mg ~ M3 >> 1/ |Am3,|

Inverted mass ordering «--- % .........
ms < mp < mso \./8 10
g

Normal mass ordering O

mi1 < mo < M3 10

| lllllII.I | llllllll | lllllllI 1 11

| IIIlllII II | IllIIlII | Illlllll

4
18.0001 0001 001 0.1 1
(eV) Widths: mainly from the unknown

Majorana phases 1, ®2

mIight

Figure from PDG2019 review
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EMPLOYED NUCLEI

e Even-even nuclei
e Natural abundance is low (except 130Te)

e Must use enriched material

(A, Z+1)

(A, Z)

X

(A, Z+2)

Candidate*

48Ca -> 48Ti

76Ge -> 76Se

82Se -> 82Kr

%6Zr -> %Mo

100Mo -> 100RY

110Pd -> 110Cd

116Cd -> 116Sn

124G -> 124Te

130Te -> 130Xe

136X e -> 136839

150Nd -> 150Sm

Q [MeV]
4.271
2.039
2.995
3.350
3.034
2.013
2.802
2.228
2.530
2.479

3.367

Abund [%]
0.187
7.8
9.2
2.8
9.6
11.8
7.5
5.64
34.5

8.9

5.6

* Q-value > 2 MeV
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PHASE SPACE AND MATRIX ELEMENTS

Matrix elements: vary by a factor of 2- 3 for a given A

In 2 Im |2 Ov In 2 Ov Ov |2 |m55\2
FOV o o GOI/ 7 MOI/ 2 BB I = = G (Q Z)‘M | —
= =G (Q, 2)] |©—5— 700 ) >
1/2 e

~ 25 8 ] . T T ]
> - NREDF A .
= L 7 REDF w -
o u _
X 20— Ov 5 — QRPAJy X “ 7]
g - G (Q, Z) X (Z,Q ) 6 —QrRPATU T A4 —]
g B ~ QRPACH + v I ) W% v 3
8 o S BM2 m gLk vV oa =
o 5 4 SMM I N KYLY E
g L = FSMStMTk @ | _ i X - _
o [ — T - 7
- 3 |— X m B ]
10_ - v o PS || L ® * [
n o — A T :B A _
: | [ I 5- _|
5 = + .
- 11— ,:. ]
- o 1 L ]

0 48 7682 96100 116124130136 150

4SCa 76Ge BZSe 962r 100M° 110Pd 11BCd 124Sn 130Te 135Xe 150Nd

A

Jonathan Engel and Javier Menéndez 2017 Rep. Prog. Phys. 80 046301
*See also Vergados, Ejiri, Simkovoc, Int. Journal of Modern Physics E, Vol 25 (2016)
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EXPRIMENTAL REQUIREMENTS

» Experiments measure the half-life, with a sensitivity (for non-zero background)

iy M -t
Tyjy <a-e: B.-AE . 1
mgg 0.¢

By

Additional tools to distinguish signal from

Minimal requirements:
9 background:

large detector masses

high isotopic abundance event topology

ultra-low background noise pulse shape discrimination
good energy resolution particle identification
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EXPERIMENTS: MAIN APPROACHES

Source # Detector

B1

\ B2 .

Source as thin foil

Electrons detected with: scintillator, TPC, drift chamber,
semiconductor detectors

Event topology

Low energy resolution and detection efficiency

-150F .

-2001— -

Y (mm)

-2501— -

-300— —

X (mm)

Source = Detector (calorimeters)

B1

B2

The sum of the energy of the two electrons is measured
Signature: peak at the Q-value of the decay
Scintillators, semiconductors, bolometers

High resolution + detection efficiency

No event topology

Source = Detector = Tracker

Source is the (high-pressure) gas of a TPC

Charge and light detected with electron multipliers and/or

photosensors

Good energy and position resolution, high efficiency

] Event topology very helpful in reducing the background and in
() identifying the potential signal 29



DOUBLE BETA DECAY: EXPERIMENTAL TECHNIQUES*

CUORE
Hea_t CUPID

Energy of the
two electrons
GERDA
maJorRANA - Charge Light
LEGEND KAMLAND-Zen
SuperNEMO SNO+

nEXO, NEXT
DARWIN, PandaX-llI

(*not a complete list)

30
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MAIN CHALLENGES

» Energy resolution (ultimate background from 2v[3[3-decay)
» Backgrounds
» cosmic rays & cosmogenic activation (including in situ, e.g., 77Ge, 137Xe)

» radioactivity of detector materials (238U, 232Th, 40K, ¢0Co, etc: g, B, Y-
radiation)

» anthropogenic(e.g., 137Cs, 110mAQg)

» neutrinos (e.g., 8B from the Sun):

V+e —Uv+e
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G0 UNDERGROUND

» Network of underground
laboratories

A

10-¢6
Kamioka
Soudan
— 107 | Y2L
n
&
L 103
X
=
S 109
5
= SNOLAB
Jin-Ping
10-10 —

1 2 3 4 5 6 7
Depth [ km w.e]
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AVOID EXPOSURE TO COSMIC RAYS

Jungfraujoch, 3454 m

» Spallation reactions can produce long-lived isotopes

» Activate and compare with predictions (Activia,
Cosmo, etc)

» Minimise time that detectors materials spend above
ground

L. Baudis et al., Eur. Phys. J. C75 2015

.
<
W

OFHC copper, pre-activation
OFHC copper, post-activation

—
]
&

(6]
2]

Q)
o

Copper - after 1y at
the “"top of Europe”

(e"'e') 56

—
<
~

Differential rate [counts/(keV s)]

1500
Energy [keV]
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MATERIAL SCREENING AND SELECTION

Gator HPGe detector at LNGS

» Ultra-low background, HPGe detectors
» Mass spectroscopy

» Radon emanation facilities

XENON collaboration, EPJ-C 75 (2015) 11

IRRALL

3 v
3 'V Y oy
'?9.: Ik \ \ 226Ra/?28Th: ~1 mBq/PMT
Sl AT 110mAg (Ty/2 = 249.8 d):
. M‘WWM up 01 m1E/320|/PMT !
. Background I | LT 1 il
ATl
500 1500 2000 2500

Energy (keV)
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CURRENT STATUS OF THE FIELD

» No observation of this extremely rare nuclear decay (so far)

» Best lower limits on Tq/2: 1.07x1026 y (13¢Xe), 0.9x102¢6 y (76Ge), 1.5x1025 y (130Te)

(mag) < (0.06 — 0.26) eV

» Running and upcoming experiments (a selection)

>

>

>

130Te: CUORE, SNO+

136Xe: KAMLAND-Zen, KAMLAND2-Zen, EXO-200, nEXO, NEXT, DARWIN, PandaX-IlI
76Ge: GERDA Phase-Il, Majorana, LEGEND (GERDA & Majorana + new groups)

82Se: CUPID = CUORE with light read-out

82Se (150Nd, 48Ca): SuperNEMO

100Mo NEMO-3, AMoRE



CRYOGENIC DETECTORS

CUORE AND CUPID

» CUORE: 988 crystals (206 kg 130Te assembled in towers) at LNGS
» Background level: 14 events/(keV ty); energy resolution: 0.3% FWHM (7.7 keV in ROI)
® Results: T2 > 1.5x 1025y for 130Te

» CUPID: R&D for ton-scale detector using Li»"00MoO4 and Zn82Se crystals as scintillating
bolometers (to identify major a-particle background)

» CUPID-0: pilot project at LNGS, 24 Zn82Se crystals, best limit on T1/» of 82Se

CUPID-0: PRL 123, 2019

[counts/(keV kg yr)]
3

107 =

§¢,
g

3200
Energy [keV]

-1

3
[counts/8 keV]

[counts/(keV kg yr)]

— 10
2800 3000 3200 3400 3600 3800 4000
Energy [keV]

CUORE: PRL 120, 2018 Q value of 82Se (2997.9 £0.3 keV) Ti2> 3.5 x 10%%y

107



LIQUID SCINTILLATORS 37

SNO+ AND KAMLAND-ZEN

» SNO+: 0.5% natTe ~1330 kg 130Te in liquid scintillator at SNOLAB
@ Scintillator fill in 2019; Te loading and BB-decay phase to start in 2020

» KamLAND-Zen: 745 kg 13¢Xe in liquid scintillator at Kamioka, ongoing since 2019
@ Previous results (phase | +11): T1,2 > 1.07 x 1026 y (5.6 x 1025 y sensitivity)

» KamLAND2-Zen: 1t enr. Xe, higher light collection efficiency: ¢/E(2.6 MeV) = 4% — < 2.5%

10% = (a) Period-2 — Data ~ 110m Ag
o — Total -~ PPU+Th+*"Bi
sFL 0 ey e Total +19Po+%Kr+*K
> 10 =L (OvBB U.L.) - IB/External
§ - — %Xe 2vBp -~ Spallation
5102 — '*Xe OVBp
S E i (90% C.L. U.L.)
17> B ¥
= {
2 105 |
&%) SR
1
—1 _1i_‘ I | 1 : 1 1 1 | 1 1 1 :
SNO+ J.Phys.Conf.Ser. 1137 (2019) 10 1 2

KamLAND-Zen: PRL 117, 2016 .
Ti2>1.9%x 1026y, 5y of data Visible Energy (MeV)
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EX0-200, NEXO, NEXT, PANDAX-III

» EXO-200: TPC with 75 kg 13¢Xe in fiducial region, o/E = 1.1%; T1,2 > 3.5x 1025y
» nEXO: TPC with 5t of LXe enriched in 136Xe, goal T2 ~ 9.2 x 1027 y after 10 y of data
» NEXT: high-pressure (15 bar) 13¢Xe gas TPC: e- track reconstruction

® Demonstrated: o/E = 0.43%; NEXT-100: operation in 2021, Tq/2 ~6x1025 y after 3y

@ R&D on Ba ion tagging ongoing (e.g., NEXT-BOLD, for ton-scale detector)

» PandaX-Ill: high-pressure (10 bar) 13¢Xe gas TPC, multiple modules with 200 kg each




XENON TIME PROJECTION CHAMBERS

DARWIN N

s/
» TPC with 40 t retXe (50 t in total) for DM searches; 8.9% 13¢Xe = 3.6 t of 136Xe

» Goal: Tq2 ~ few x 1027 y, with background rate < 0.2 events/(ty) in ROI
» Energy resolution: o/E = 0.8% (achieved in XENON1T)

» Detailed BR-sensitivity study: arXiv:2003.13407 (DARWIN collaboration)

XENONA1T: 0/E=0.8% at 2.5 MeV

. ¢ LUX ¢  XENON100
\ + EX0-200 4 XENONIT-SR1 Qgp

top sensor array
(955 PMTs, electronics,
copper + PTFE panels)

% PandaX-ll

outer cryostat

inner cryostat top electrode

field cage frames (Titanium) -\?
. X3
(copper, 92 rings)
TPC reflector —
support structure (PTFE, 24 panels) 3_
(PTFE, 24 pillars) b

bottom electrode 21
frames (Titanium)

bottom sensor array

0.96%0.99% o 8698 519

pressure vessel 0.81%

0 500 1000 1500 2000 2500
Energy [keV]

DARWIN Collaboration, JCAP 1611 (2016) 017 XENON Collaboration, arXiv:2003.03825

3000
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DARWIN BACKGROUNDS

» ROI: [2435-2481] keV = FHWM around Qgp

p 137Xe: B-decay with Q=4173 keV, T1,2=3.82 min (via n-capture on 13¢Xe)

DARWIN collaboration, arXiv:2003.13407
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dN /dE

GERMANIUM IONISATION DETECTORS

e””Che":fé%zeﬁgg » HPGe detectors enriched in 76Ge

@ Source = detector: high detection efficiency

—
.l’ ...........

@ High-purity material: no intrinsic backgrounds

n* electrode (OV)
(3-5kV) @ High stopping power: 3 absorbed within O(1) mm
o/E = 2.5% o/E = 0.5% o/E=0.1%

o(E)/E=25% || o(E) / E = 0.5% o(E)/E=01% (g0

T?/Vz / Tfyz =10° ]| T?/Vz / Tfyz =10° T(1)72 / Tf/vz =10° ”

2vpp 2vpp
Ovpp

. : o, /\ . . = . J.\

0.95 1 0.95 1 0.95 1

E/Qﬁﬁ E/Qﬁﬁ E/Qﬁﬁ
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EXISTING GERMANIUM EXPERIMENTS

MAJORANA at SURF

29.7 kg of 88% enriched 76Ge crystals
2.5 keV FWHM at 2039 keV
26 kg y exposure; PRL 120 (2018)

Ti2 > 2.7 x 1025y (90% CL)

GERDA at LNGS

35.6 kg of 86% enriched 7¢Ge crystals in LAr
3.0 keV FWHM at 2039 keV
58.9 kg y exposure; Science 365 (2019)

12> 0.9 x 1026y (90% CL)



EXAMPLE: GERDA DATA

BACKGROUND MODEL IN GERDA

» Intrinsic 2vB[3—events, 39Ar (T1/2 =269 y), 42 Ar (T1,2 =33 y) and 85Kr (T1/2=11 y) N ||C]U|d argon

» 60Co, 40K, 232Th, 238U in materials, a-decays (210Po) on the thin p* contact

E’ - g 1000[ 2087 oo Enriched detectors - 60.2 kg-yr
o 105 b oy 2 800 L A’c Single-detector events
PN o £ WHL‘ g,
[
§ g_ 214p; LPMMM
F , | Sum spectrum,
- ' 600 800 1000 1200 .
o energy (keV] single-detector
I
214|Bi | 210pg events
> J“qu “” WWW e
£ Two detector events
o Bllnded region: Sum spectrum
E i Qgg"' 25 keV I
c ¢ 2 two-detector
Q : ¢
S 10 nﬂwm“ g events
C [
w
'E o ey 8
1000 2000 3000 4000 5000
energy [keV]

GERDA collaboration, JHEP 03 (2020)



EXAMPLE: GERDA DATA

b4

DOUBLE BETA DECAY RESULTS

» Measured Tq/2 of the 2vBp-decay: 1.92 x 1021y

» Liquid argon veto: factor 5 background suppression at 1525 keV (42K line)

» Background level: 5.6 x 10-4 events/(keV kg y) in 230 keV window around Q-value

__ enriched coaxial - 23.1 kgyr |

—— background level
----- T2 = 0.9x10% yr limit (90% C.L.)

.................

counts / ( keVkgyr)

enriched detectors - 53.9 kg-yr < ,
[ prior to active background rejection g 10 :
107 £ [ after pulse shape discrimination (PSD) E) 1072 3
- [ after liquid argon (LAr) veto and PSD ‘\; 1072 -
L - 21 - C
2vpp (T, =1.92x10%"yr) £
10F 8 i
E ? o 10-1 :
- N 2f
1

1950

2000

2050 2100 2150

Energy (keV)
107"
1072
NI
1000 1500 2000 2500 3000 3500 4000 4500 5000

GERDA collaboration, Science 365, Sept 2019

Energy (keV)

Constraints on the 76Ge Ov[[3-decay
TY7, > 0.9 x 10y (90%C.L.)

mps < 0.11 — 0.26 eV (90%C.L.)

Median sensitivity

1Y)y > 1.1 x 10y (90%C.L.)
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THE FUTURE: LEGEND

» Large enriched germanium experiment for
neutrinoless double beta decay

» Collaboration formed in October 2016
» 219 members, 48 institutions, 16 countries

» LEGEND-200: 200 kg in existing (upgraded)
infrastructure at LNGS, start in 2021

» Background goal: 0.6 events/(FWHM ty)
» LEGEND-1t: 1000 kg, staged

» Background goal: 0.1 events/(FWHM tvy)

CEGENUL

Large Enriched
Germanium Experiment
for Neutrinoless B Decay
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EXPECTED SENSITIVITY

°Ge (88% enr.)
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Abgrall et al., The large enriched germanium GERDA: 3 eventS/(ROI t y)
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RESULTS

LEADING RESULTS: OVERVIEW

Experiment Isotope  FWHM [keV] T4,2[102¢y] mgg[meV]
CUORE 130Te 7.4 0.15 162-757
CUPID-0 825e 23 0.024 394-810
EXO-200 136Xe 71 0.18 93-287

KamLAND-Zen 136Xe 270 1.1 76-234
GERDA 76Ge 3.3 0.9 104-228
Majorana 76Ge 2.5 0.27 157-346

Table adapted from: GERDA collaboration, Science 365, Sept 2019
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MASS 0BSERVABLES

» Constraints in the mgg parameters space in the 3 light v scenario

» Global sensitivity from OvBB-experiments & constraints from direct searches & cosmology

— E 1 i _ I normal ordering
S E% : I inverted ordering
Y

o N Il 10"
5
| S =
Q. 9, =
) 1072 3 El3 ©
L z
S : 2
8 S
10-3 X qE N
\ : \
lll L Illlllll 1 L L 11l b §II L 11 1 1 L1 lllll 1 & 1 1 lllll
107 107" 107 4 107 107" 4 1
Mignt (€V) s (eV) my (eV)
D=2 mi my= [ U2[m?
0.12 eV 0.66 eV 0.23 eV

GERDA collaboration, Science 365, Sept 2019



PROJECTIONS

FUTURE PROJECTS: A SELECTION

Experiment Isotope Iso mass [kg] FWHM [keV] T1,2[1027y] mgg[meV]
CUPID 130Te 543 S 2.1 13-31
CUPID 825e 336 S 2.6 8-38
nEXO 136Xe 4500 59 9 7-21

KamLAND2-Zen 136Xe 1000 141 0.6 25-70
DARWIN 136Xe 1068 20 2.4 11-46
PandaX-ll| 136Xe 901 24 1.0 20-55
LEGEND-200 76Ge 175 3 1 34-74
LEGEND-1t 76Ge 873 3 6 11-28
SuperNEMO 825e 100 120 0.1 58-144



SUMMARY AND OUTLOOK

» Ninety years after Pauli postulated his “silly child”: many open questions in neutrino physics
» Neutrinoless double beta decay: excellent tool to test LNV and the nature of neutrinos (Dirac vs Majorana)
» Existing experiments probe T2 up to ~ 1026 years, with T1/2 ~ (0.1 eV/m,)2 x 102¢ y
» Ton-scale experiments are required to cover the inverted mass ordering scenario
® Several technologies move into this direction

» Much larger experiments required to probe the normal mass ordering

0.08 | 1 1 1 1 | 1 1 1 LI | 1 1 1 1 |

l
~
o
3
®
<

Current experiments
0.06

- ¥s {  Future, ton-scale experiments
Y et
O 1 1 | 1 1 1 1 1 1 1 1 | 1 1

0.05 0.10 0.15 0.20 Dell'Oro, Marcocci, Viel, Vissani, Adv. High
Energy Phys. (2016) 2162659

ZCOSH‘I (eV)
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OTHER MECHANISMS FOR DOUBLE BETA DECAY

» LNV processes in extensions of the Standard Model generically contribute to Ovpp-decay (light or heavy sterile
neutrinos, LR symmetric models, R-parity violating SUSY, leptoquarks, etc)

» Often classified as short- and long range processes, depending on the mass of the particles mediating the process
(whether lighter or heavier than the momentum exchange scale ~ O(100 MeV))

» Inthe effective Lagrangian picture, the effects at low energies can be summarised in terms of higher order operators,
added to the SM Lagrangian

5-dim Weinberg operator, 7-dim operator, long-range  9-dim operator, short-range
standard mechanism contributions contributions
w d w« d «u d
G _ Gr _ -
e (G c
Vi _ V; _ _
e F e O? e
u—r d d o« d
w d wu d w d
W LN Shh,
¢ e e
S AN
< X y Y N
v
<LPX__\/V <,/'>X_ N N\
—c EW —c - e
[N
« 4w d w d

Examples from F. Deppisch, A modern introduction to neutrino physics: the lowest-order contributions beyond the standard mechanism
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ISOTOPES AND SENSITIVITY TO THE DECAY

» Isotopes have comparable sensitivities in terms of rates per unit mass

GOI/

2
e
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Am

g4 In(2)

g A4 X Specific Phase Space, Mg'1y'1eV'2

_\ Nd

- Xe
T N

IM|2 uncertainty

<
| 1 1 1 1 1 |
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100 meV /

Te

=

1 eV

? 3 4 56789
0.1 1 _
Matrix element squar

R. G. H. Robertson, Mod. Phys. Lett. A28 (2013) 1350021

T T T T T 171
2 3 4 5 6789

I
10

ed

T T T T T 171
3 4 5 6789

gatuncertainty

effective value for the axial
vector coupling constant ga: ~
0.6 - 1.269 (free nucleon value)
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SIGNAL EVENTS IN LIQUID XENON

» Electrons thermalise within O(mm) =>
single-site topology

» Bremsstrahlung photons: may travel > 15
mm (E>300 keV) => multi-site event

» Energy depositions: spatially grouped
using density-based spatial clustering
algorithm

» New cluster, if distance to any previous
Edep > € (separation threshold)

Assumption: € = 15 mm; 90% efficiency for B3-events

2 e- back-to-back

y-position [mm]
© o

I
[
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- -1 0 1
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40 : :
Multiple-site
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1 0 1 a \\\\\\
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MAIN BACKGROUND COMPONENTS

» Intrinsic:

» 8B V's, 137Xe, 2vBR, 222Rn

100 y of DARWIN run time, event with

energy deposits in the ROI [Qggx FWHM/2]

[
<

1000 ppewsrs

so0l

T
>
L
» Materials: £
= 103 2
. £ 0 9,
) 238 232Th 60Co, 44T 2 2
. o
o ~500 .- g
» FV cut: super-ellipsoidal ' 3
I
~1000 1074 @
t t
Z+ 20 r | , : e
-y <1 0 6002 10002 13002
Zmax rmax rz [mmZ]
Material Unit 238U 226Ra 232Th 228Th 6OCO 44Ti 44T4- T1/2 = 59 Y, Cosmogenic
Titanium mBq/kg <1.6 <0.09 0.28 0.25 <0.02 <1.16
PTFE mBq/kg <12  0.07 <0.07  0.06  0.027 - )
Copper mBq/kg <1.0 <0.035 <0.033 <0.026 <0.019 - Ti: LZ, Astrop. Phys., 96 (2017)
PMT mBq/unit 8.0 0.6 0.7 0.6 0.84 - Other: XENON, EPJ-C 77 (2017)
Electronics mBq/unit 1.10 0.34 0.16 0.16 <0.008 E




DARWIN SENSITIVITY STUDY

ROOM FOR IMPROVEMENT

» Reduce external backgrounds

10~ global sensitivity
» SiPMs, cleaner materials &
. ) ORD
electronics
3
» Reduce internal background L
&
» Time veto for 137Xe, deeper lab,
BiPo tagging ORMAL ORDER
. 1073
» Improve signal/background
discrimination: resolution... | | |
10~* 103 102

/IN (10 yr)
baseline

utrino dominated

101 10°

Lightest v mass [eV]

Baseline: mgg = (18 - 46) meV
Neutrino dominated: mgg=(11-28) meV
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THE EFFECTIVE MAJORANA NEUTRINO MASS

» Probability distribution of mgg via random sampling from the distributions of mixing angles and Am?

» Flat priors for the Majorana phases

Agostini, Benato, Detwiler, PRD 96, 2017
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BACKGROUND SUPPRESSION

» Eventtopology + anti-coincidence between HPGe detectors + pulse
shape discrimination + liquid argon veto

detector pulse shape detector-LAr
event topology anti-coincidence discrimination (PSD) anti-coincidence (LAr veto)

differentiate point-like multi-detector multi-site/surface interactions with coincident

(single-detector, single-site) . . . . energy deposition in
interactions interactions .

BB topology from: surroundings
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ENERGY CALIBRATION

» Three low neutron-emission 228Th sources in SIS, deployed once every week

» FWHM at Qgp: (3.0 = 0.1) keV for BEGe, (3.6 = 0.1) keV for coaxial detectors

S 4.0f GERDA 18-06
q) b
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LL r |
DD ST ool ;
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PULSE SHAPE DISCRIMINATION

GERDA collaboration, Nature 544 (2017) 47

» Cut based on 1 parameter: max of current pulse (A) normalised to total energy (E) (BEGe)

» Tuned on calibration data (0% 208T| DEP acceptance)

» Acceptance at OvBP: (87.6=2.5)%

(ME-1)/0,,

Counts / 15 keV

. o Sin9|é;site

‘Multi-site

GERDA 1806

| - | events after liquid argon (LAr) veto
|« | events after LAr veto and A/E cut

1000

2000

I T T T T I T T T T I
enriched BEGe - 30.8 kg-yr
Il after LAr veto and A/E cut
50 keV blinding

5000
Energy (keV)

3000 4000

Current (A)

.
. . - b d .
.N."."'~ CatPieneunle sl ‘-"",:‘.v g gt

PSD parameter: (A/E -1)/oak

Mean and resolution corrected for E-dependance
A/E normalised to 1
Accept events around (A/E -1)/oae =0
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GERDA PHASE-II DETECTORS

e BEGe and coaxial 65.80 mim

Y

* p+ electrodes: BEGe

25-50 mm

® 0.3 pm boron implantation )

p+ electrode \

(read-out) n+ electrode

® n+ electrodes: oV 3-4 KV

e

Coaxial

® 1-2 mm lithium layer
(biased up to +4.5 kV)

e | ow-mass detector holders (Si,
Cu, PTFE)

70-110 mm

60-80 mm
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GERDA PULSE SHAPE DISCRIMINATION

e Signal-like: Single Site Events (SSE)

e Background-like: Multiple Site
Events (MSE)

e BEGe detectors: E-field and
weighting potential has special
shape: pulse-height nearly
independent of position

--------------- anode

cathode
electrons

-------- holes
O  interaction point

—

charge [a.u

current [a.u.]
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y ray
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UPGRADE: INVERTED COAXIAL DETECTORS

» Large point-contact detectors with ~ 3 kg mass, excellent PSD performance

» First 5 enriched IC detectors installed in spring 2018; baseline for LEGEND

point contact /

Detector mass
increase: 35.6 kg ->
44.2 kg

R.J Cooper et al.,
NIM A 665 (2011) 25

FWHM [keV]

4.5

4.0

3.5

enr. inverted coaxial
me.4 calibration data Qg

- — enriched coaxial
- —— enr. BEGe

GERDA preliminary

! | !
2500
energy [keV]

1 I | Il I | 1 I : 1
1000 1500 2000

FWHM at Qgg [keV]: 4.2%0.1 coax; 2.7 + 0.1 BEGe; 2.9+0.1 IC
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BACKGROUND EXPECTATION

HV cables

Signal cables

Detector mounts (Cu)
Detector mounts (PTFE)
Silicon plates

Nylon shrouds
Electronics

Optical fibers

2 p-decays

Ga1.'.-ie

800,
a-emitters
w-induced }

ALL BACKGROUNDS

h

I

10°°

QBB

] ™U, “*Th Chains
[ Atmospheric Ar
[ ] Ge Cosmogenics
[] Surface as

[ ] Cosmic Rays

[ ] Total

-7 -6 -5 -4
10 Back};?'ound Index ﬁgper Limit [cﬁlt%/(kev kg yr)]

Monte Carlo simulations based
on experimental data and
material assays. Background
rate after anti-coin., PSD, LAr
veto cuts.

Assay limits correspond to the
?0% CL upper limit. Grey
bands indicate uncertainties in
overall background rejection
efficiency

Bl < (0.7-2.)x10-4 events/(keV kg yr) = 0.2-0.5 events/(FWHM t yr)



