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Betadecays andhew physics
Singleb decay

EnricoFermi
a! O 0 &Xdekdrayemissiond K S 2 N
(1933)

-VOL. Il - N. 12 QUINDICINALE 31 DICEMBRE 1883 . X1l

WolfgangPauli
G [ S toth&rdioactiveladiesanda Sy G f S Y S
(1930)

Offener Brief an die Qrunpe der Radiosktiven bei der
Gauvereins-Tagung zu Tubingen.

RICERCA SCIENTIFICA

ED IL PROGRESSO TECNICO NELL' ECONOMIA NAZIONALE

Abschrift

Physikalisches Institut

der Eidg. Technischen Hochschule Zirich, L. Des. 1930
Zirich Cloriastrasse

Iiebe Radiocaktive Damen und Herren,

Mte: dir Uebatirtager dases Setiat; Ass dah idiovwiink Tentativo di una teoria dell’ emissione
ansuhbren bitte, Ihnen des niheren suseinsndersetsen wird, bin ich J . L TR
angesichts der "falachen" Statistik der Ne und Li-6 Kerne, sowie el raggt  beta
des kontimuierlichen beta-Spektrums suf cinen versweifelten Ausweg

verfallen um den "bloohselnts" (1) der Statistik und den Energlesats Nots dal prof. ENRICO FERMI

rlu retten. Nb chkoit, es kinnten elektrisch neutrale

eilchen, die 1 Nevtronen nunen will, in den Kernen existieren, e e o e

welohe den Spin 3 % das Ausschliessungsprinsip befolgen und Fipes ch Sora, Sl wmiseicne, do oggl B delic sousnae, raficative, dooduta sl
‘"heh von lichtquanten musserdem noch dadurch unterscheiden, dass sie - ;:n%"%' f,’:“;h,h"m ad mf umodg analogo alla c:rmulom g
mpedt nit Lichtgeschwindigkeit laufen. Die Masse der Neutronen ey foes 1 e womo. Comirews 6l
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Betadecays andhew physics

60Co- 6ONi+ e+n, Eu +eb- Snf+n.,- Sm +g+n,

ChiengShiungWu, Maurice Goldhabet
Parity Violation Helicity of neutrinos
(1956) BT T T T T T T T (195D
GAMMA-ANISOTROPY
2 Q) EQUATORIAL COUNTER 7] y
- b) POLAR COUNTER |
w|
5|0 i
3l
o 8 —
v
1 1 | | | | Il | ]
I I 1 T T T I T
GAMMA-ANISOTROPY CALCULATED FROM (o) 8(b)
o . W(%)-W(O) 7]
€, - w(%) i
FOR BOTH POLARIZING FIELD -
UP & DOWN
ol -
Helicity of Neutrinos*
. . . !
Experimental Test of Parity Conservation g — & B W s
. T T T T T T T T . (GOLDHABER, . GRODZINS, AND A. . OUNYAR
in Beta Decay* 120 B ASYMMETRY (AT PULSE - ’ ’
z HEIGHT 10V) Brookhaven National Laboratory, Upton, New York
C. S. Wu, Columbia University, New York, New York £ vor M e INE (Received December 11, 1957)
i P
AND o ¢ < % COMBINED analysis of circular polarization and
E. AMBLER, R. W. Havywarp, D. D. HoppEs, anp R. P. Hupsox, |= ] resonant scattering of v rays following orbital
National Bureau of Standards, Washington, D. C. 3 electron capture measures the helicity of the neutrino.
(Received January 15, 1957) 4 T We have carried out such a measurement with Eu!%?™,
arol— L Ly which decays by orbital electron capture. If we assume
. . O BN e i iy, 2w e s the most plausible spin-parity assignment for this
At millikelvin temperatures! isomer Coppalemititedesiischre,! 0—, we find
that@gQe neutrino is ‘“left-handed €., Oy Py=—1
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Double beta decay

Eveneven
2 SAal I ®mulsididha binding energy of a nucleus /
Ez(MeV) = a,A - a,(N - 2)%/A - a,Z?*/AV3 - a A% + a5/A%*

N\

Nuclear mass as a function of Z
NUCLEARA, Odd-odd

with fixed A (even)
MASS
Odd-odd b+b+
Double beta decay b* EC
\ ECEC
Eveneven
Q-value
" e ATOMIC
7 Z+17+2 >NUMBER
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Double beta decay

Energetically possible for 35 nuclei
Only a few are experimentally relevant
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Doublebeta decay
(A, Z2)- (A Z+2)2e+2n, 2n 2 Db

The rarest allowed nuclear weak processT,,, ~108¢ 10°%y

hyteée G2 &SFNBR | FGSNI CSNX¥AQa

Maria Goeppe[tMaye[,
G 5 2 dzo t-Msintedgsatiord (1935)

SEPTEMBER 15, 1035 PHYSICAL REVIEW VOLUME 48

Double Beta-Disintegration

M. Gourrerr-Maver, The Jokns Hopkins Universily
(Received May 20, 1935)

From the Fermi theory of g-disintegration the probability of simultaneous emission of two
electrons (and two neutrinos) has been calculated, The result s that this process occurs suffi-

ciently rarely to allow a hali-life of over 10°7 yvears for a nucleus, even if its isobar of atomic
number different by 2 were more stable Ey 20 times Lhe electron mass.




Doublebeta decay
O (A, 2)- (AZ+21H2e+2n, 2n 2 b

©.;
a £5-
&
K/

In the DiraeFermi theory of beta decay, neutrinos and antineutrinos are different particles
Qv

DIRAC or MAJTRANA
n. n nin

As electronsind positrons, neutrinos and
antineutrinos have different lepton numbers
L(,.e) =+1 Lh,e") =-1

Lepton number is not good quantum number

The quest for the nature of neutrino
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Doublebeta decay
(A, 2)- (A Z+2p2e+2n, 2n 2 b

The rarest allowed nuclear weak processT,,, ~108¢ 10°%y

Nuovo Cimental4(1937)171-184

TEORIA SIMMETRICA DELL' ELETTRONE
E DEL POSITRONE

Nota di ETTORE MAJORANA

Ettore Majorana Sunto. - Si dimostra la possibilita di pervenire a una piena simmetrizza-

r A ~ zione formale della teoria quantistica dell’elettrome ¢ del positrone fa-
ab 2 N EIiSﬂJE]@ﬁE cendo wso di um muovo processo di quantizzazione. Il significato delle
existenceof antiparticledor QUL et L2 _pin luogo
neutral LJI NJ.,] A (")f é?é\ parlare di stati di energia negaliva; né a presumere per ogm 0

tipo di particelle, particolarmente neutre, Uesistenza di « antiparticelle »
rispondenti ai « vuoti » di energia megativa,

nNimn

IDPASQ025- Giuliani- IJCLab

10



Doublebeta decay

The rarest allowed nuclear weak processT,,, ~108¢ 10°%y

Only two years aftea | 2 2 Nthegrly @@ aeutral fermions:
Wendell Furryd hy ¢NJ yaA A2y t NRDisintegiafiok (1985 a Ay

DECEMBER 15, 1939 PHYSICAL REVIEW VOLUME S§6¢6

On Transition Probabilities in Double Beta-Disintegration

W. H. Fugry
Physics Research Laboralery, Harverd University, Cambridge, Massachusells
(Received October 16, 1939)

The phenomenon of double g-dsintegration 15 one for which there 13 2 marked difference
between the results of Majorana®s symmetrical theory of the neutrine and those of the original
Dirac-Fermi theory. In the older theory double g-disintegration involves the emission of four
particles, two electrons (or positronz) and two antineutrinos (or neutrinos), and the prob-
ability of disintegration is extremely small. In the Majorana theory only two particles—the
clectrons or positrons—have to be emitted, and the transition probabilty 12 much lan:r.

- ’ | Violati f lept b
(A,2)- (A,Z+2¢2e 0 ap Violaton oDLe|:o§n number

IDPASQ025- Giuliani- 13CLab 11



Double beta decay and neutrino physics

Two diagramscan be drawn to represent the two types of double beta decays

u / Y u
W~ -
- E TN
AN o WV
u A%

2n2b On2b
StandardModel allowed process Avirtual neutrino isexchanged

Ug2 daaAiyYdz GF yS2 dza Betwdeh thd twdeledrdbwdlepton vertices

IDPASQ025- Giuliani- 13CLab 12



ClaudioGiganti

NeUtran flavor OSCIIIatlonS This school
- Ve - ﬁ p i 1% | M,

Flavor eigenstates, Mass eigenstates | ,,, | w,

v, Weak interaction 1 Propagation Vs M,
Neutrino flavor oscillations
Neutrino mixing matrix (PMNS) Neutrino mass ordering
2
} L AN ™ D= (@ mes
Ve gel gEE gES V1 m32___ v, . e m22 Solar
Yu | T | Vel Yu2 “us V2 Dm2,, IDM,2 | ~ (50 meV3
U, U1 U Uss V3 N —+m,? a,to\rqmospheric
2
N, [ . DMZ,1p v
n2 T T 1 o Dm2,, ) At least
A e——— —— CM3“ | two neutrino masses
Ny I ™~ Lightest neutrino mass—" are not vanishing
ne nm nt Normal Ordering (NO) Inverted Ordering (10)
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Double beta decay and neutrino physics

LH RH Goldhaberexperiment
u a L Hneutrino (=) in pre-oscillations Max_lmal_ parity
. . Standard Model violation
d is absorbed at this vertgx (Massless neutrinos),
R / the process is forbidden because
neutrino has not the correct

Ne

helicity / lepton number

_____\N__- ______ ne<\ a RHantlneUtran G_:"l) to be absorbed
d IS emitted at this verte at the second vertex
u
, | . N=n |
A IFneutrinos are massivelIAJORAN particles: on-DBD
Helicitiescan be accommodated thanks to thaeite mass ‘ is allowed
ANDLepton number is not relevant
Arn If m,, 0, a RH neutrino
A IFneutrinos are massivBIRA@articles: On-DBD hafs a S”:_a” Chorpp?”le_lm
Helicitiescan be accommodated thanks to thaite mass ‘ : fn-b'dd 0 neg_a |v,e Sy
BUTLepton number is rigorously conserved IS forbiaden A(H=1)" m/E,

If neutrinos are massless, the Dirac and Majorana descriptidagenerate,and neutrinoless double beta decay fierbidden
IDPAS@025- Giuliani- 13CLab 4



In the Standard Model, neutrinos are massless

Origin of the chargedermion
masses in the Standard Model

M

T W A A A AN AR AN /

—_

L e
g e /
X AR 105 MeV/e*

—

176,000 MeV/c?

—
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lr+1RlL)

Particles

Photonsdo not have a mass because tray
not interact with the Higg$&eld

Charged fermiongsicquire a masby bumping
on the Higgs fielavhich pervadesll the
empty spaceandconnects left and right
handedcomponents

Neutrinosdo not have a mass because they
do not have a righhanded component and
the left-handed component propagate freely

15



Giving masses to neutrinos

Follow what is done with the other fermions in a straifiward way
Diracmass

— — wherengare new fields insensitive
529‘9 N mD(w—yF" T hC) to the gauge interactions

However, we are authorised to add a new mass ternty for neutrinos

Majoranamass
1 C L . N
_ = which involves fields of equahiralities
gM B 2 MR(VH YR T h'C') possible only for neutral particles!

IDPASQ025- Giuliani- IJCLab
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Giving masses to neutrinos

In matrix notation;

1

L = _EN[ ¢ "MN, +h.c. Ny = (v, vS)
. IR
¥ 1}
Provides theDiracand L 0 Mp
Majoranamass terms [l \ Mp MF;

defined before

In order to find the physical states and masses, this matrix mudtdgmnalized
to put the Lagrangiamn the form:

L $D+M = Z mivivj
f.

IDPASQ025- Giuliani- 13CLab 17



Seesaw mechanism
After diagonalization:

S m ~my @my/ M)
Eigenvalues

my ~Mg+m

LightMajorananeutrinos msp Those that undergo flavooscillations

\ and mediateO n 2 b

| n~n+nct-(my/ Mkt -
5 Elgenvectors )

(Majorana particles!) N ~ /7R+/7RC+ (mD / M R)(I7|_+/7|_C - m << mN

Heavy Majorana neutrinosusually indicated wittN - Leptogenesis (asymmetry matter / antnatter)

A mgymust be of the same order of the charglegiton masses

. _ neutrinos de se he
(Higgamechanism) — B

A Mgcan be everywheréup to the GUEcale) ee  pe Te
[bthe conditionMz>>mg naturally explaingshe small neutrino masses (3% 2 8 g g

IDPASQ025- Giuliani- 13CLab 18



Leptogenesis

If there is a source of CP violation in the lepton sedarMajoranaphases), the heavy
MajorananeutrinosN can violate CP too and decay with different rates tamd e

Different rates —— —e¢ +H and —e +H
™ Standard-Model Higgs A

Unequal number of leptons and ax@ptons in the early Universe

-

Sphaleromprocess (violate B and L, but conservds) B

)

The asymmetry is transferred to baryons

IDPASQ025- Giuliani- IJCLab
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Effective field theory

Hypothesis the StandardModelisthe low-energy limit of a more general theory

Constructan Effective Field Theory (EF Introducing a higkenergy cutoff scalelL

Lagrangiams expanded in powers df L, using onlyStandard Modelfields and respecting atls symmetries

_ - (5)n(5) , 1 (6) 1 (6)
ﬁEF'T—L:SI\.rI‘|_KZCk .Ok +A—22(7k Qk +...
Dim 4 k Dim 5 k Dim 6

Leptons  Higgs

/

Only one Dim 5 operator  O©) = (L;¢)(¢' L)
(/L) (LaHY (LaH) = @H/ L) nn=mnn

Majorana mass term

IDPASQ025- Giuliani- 13CLab 20



Sandard and nonstandardmechanismdorO n 2 b

0 n sl test for «creationof leptons»: 2n- 2p+2e Y LNV

This testisimplementedin the nuclearmatter:
(A,2)- (A,Z+2) + 2e

Standardmechanismneutrino physics
0 n Zsimediatedby light massive Majorana neutrinos
(ordinaryneutrinos,exactlythosewhichoscillatg

OnZhb

Non-standardmechanisnmnot necessarilyneutrino physicg
\ Exchange dfieavyMajorananeutrinos

Light massiveterile n states

Righthandcurrents

Supersymmetry
Exoticparticlesd f S LJG 2 |j ddpétdtods@idx 6, dirg 9)J

> I I > >

IDPASQ025- Giuliani- 13CLab 21



0 n 2 the masanechanism

Minimal straightforward extension of the Standard Mod#&b accommodate neutrino massep
Mass mechanism U . U,
0 n 2simediatedby n:g; ’ lg*l P
light massive Majorana neutrinos WA, e
(exactlythosewnhichoscillatg W ,.\J.%—-— €
1 (d"l = A I /lj'.
Metric to compare experiments antechnologies nd > dp
WU, > WU,

— Two key formulae

0 n dbcayrate EffectiveMajorana neutrinomass

1/t =@ gat M o) 2my, 2 Moo = | | Uy | 2my + 2] Ugyl 2m, + ia:] Uggl 2m|
Connection witm oscillation experiments

A Elements of the neutrino PMNS mixing matrix (first row)
A Three neutrino masses (connected Diy2;)

IDPASQ025- Giuliani- 13CLab 22



LightMajorananeutrino exchange: the rate formula

how On-DBDis connected taneutrino mixing matrixand masses
In case of process induced light n exchangerfass mechanisin

Phase Space Axial vectorcoupling Nuclear Ettact
- calculable constant matrix elements clieclive
Neutrinoless ( ) Majorana mass
Double Beta Decay
rate \ /
Ut =G(Q 42 gﬂ@l
what the experimentalists parameter containing
try to measure nat th oar theoriet neutrino physics:
what the huciear theorists EffectiveMajoranamass
try to calculate
Masses appear to a

accommodate _ 2 i 2 - 5 _ i

helicities My 5~ | | Ua| “my + €2 | Ugy| 2, + €8 | Ugg| “myg | Majorana phases

IDPASQ025- Giuliani- 13CLab 23



LightMajorananeutrino exchange: the rate formula

2 v, 2

PMNS m E "

V4 vV, V3 s’ s 1Y seemm my’|
.

me|
v, \
m,?
v . 2

V, \ \
Normalbxdering (NO) Inverted Ordering (1O)
Masses appear to \N N\ N )
accommodate _ - - _ i
helicities 4 Mp 5 | | Uell ? m, + es | Ue2| ? m, + e | Ue3| 2 M4 | ‘ Majorana phases

IDPASQ025- Giuliani- 13CLab 24



m, ,as afunction of the lightest neutrino mass

my, fmeV]
1000 ¢

‘mb b:‘ | Ugq | 2m, + €% | Ugp | 2m, + e | Ues] 2m3|

100 |
50 meV
Inverted Ordering (10)
10 |
Normal Ordering (NO)

10 100
IDPASQ025- Giuliani- 1JCLab Lightest neutrino massrfieV]



m, ,as afunction of the lightest neutrino mass

m, gmeV]

1000

100 |

10 |

15 meV

Inverted Ordering (10)

Normal Ordering (NO)

IDPASQ025- Giuliani- 1IJCLab

Zmy+ e | Ug |2my+e® |Ug |2 m;g I

Mpgg = I |Uel |

el T

Effects of thé

» Majorana phases

10

100

Lightest neutrino massmeV]
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m, ,as afunction of the sumof the three neutrino masses

- normal ordering - inverted ordering
< X
2 0.08 §
E% \ global sensitivity
% N (2019)
N 006
c
o
>
8 o004
Q .
©
=
1%
LL] 0.02
0 I | I | | | | I | | | | l | |
0.05 0.1 0.15 0.2

2 (eV) =my+m,+Hms

IDPASQ025- Giuliani- 1JCLab Estimatedby cosmology 27



Summary of0 n dnfiplications

A Violationof Land ofB-L

A Majorananature ofneutrinos- Newform of matter: self-conjugatefermions

A Naturalextension of Standard Model, witlajorana masgerm

A Fixthe neutrino mass scalehrough m,, (not accessible tmon-oscillationexperiments)
A Explairsmallness of neutrinanassegSeesaw mechanism)

A Canexplainmatter / antimatter asymmetryin the Universe (Leptogenesis

A Explore other more exotic mechanisimsyond the Standard Model
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LightMajorananeutrino exchange: the rate formula

-

Mass mechanin(Q) bZ)gA4 | Mnucl

Phasespace exactlycalculable

P

Oa=

~ -1.269 Freelucleon
1

2 2
My p

Nuclearmatrix elements severalmodels )

I I L |

- I'JR—EDF

\_

arxiv:2108.11805

8
100} 100010 11°Cd  130Te . (-150:Nd) ‘ Quark 7E  RreorF : :
5 approxunale 5 QRPA Jy “ .
® this work gA eff~ 0.6 C 0.8t0 be taken 6|-aqrPaTu I l I s i
- 136 ' . ) - . =
L S v (« quenching») to describe J E i I
v = - S i " ® v -
g T | band2 n bédbes 5 4lamsmn o L YLV E
s G has a leading with current nuclear models alE oy "Ry S
T 2 e smo termQy g A Controversial 2f 4 =. 3 43
1 - A Ab-initio calculation with Tt e (AL
—  ___ PhysRev(C 85034316 (201p unquenched gare required o E—RepPrpar Physs0, 044301 (2
40 60 80 100 120 140 160 180 200 220 240 i . 48 76 82 96100 116 124130136 150
\_ Mass Number Y, \_A Progress ongoing ) \_ A )
4 ; i 1 i 1 11 i N\
O n bde 0 . \
o o | : 0.01eV”
TheO n kcdmmunity still assumes < _ . ~ 102728 [ =L
. . 30 T
0° 1_.27(no guenching) with £ ___:___ls_Ge___ . {m;j_ﬁ}
«traditional models» for M, -Na % A
cl £ 82 A ]
. S 3 42 BoTe T Working formula for
This point should be revised in the  + 10010 .
future, after an expected general experiment design
maturation of abinitio calculations wl | RepProgr Phys80, 046301 (2017) \ /
10

48

7682 96100

A

116 124130136 150

IDPASQ025- Giuliani- IJCLab
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my, gmeV]

Theexperimentalchallenge

1000

100 |

10

50 meV

: 15 meV

B, = i

0.01eV \?
N — y
(Mgg)

Inverted Ordering (10)

U Ch _J| UCT v N\

10 100

Lightest neutrino massmeV]

IDPASQ025- Giuliani- 1IJCLab
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p
e
P
R
“
g

3 1027
— T, ~10"y

R
4
.
4
4\
E
-4
4

n ~ 6

o ~10°°y
~ 10 counts / (on y)

Reach of theurrent searches

~1counts/ tony)
Reach ohext-generation
searches

n _ ~ 9

12~ 1077y
~0.1counts/ (tonne 10y)
Nextto-next generation
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my, gmeV]

Theexperimentalchallenge

1000 £~

100 |

10 |

Normal Ordering (NO)

IDPASQ025-

Inverted Ordering (10)

~1 counts/ (tony)

Reach ohext-generation
searches

Zero background/tonnescaleare
mandatory

F haltlife sensitivity

Poisson limit
> 20 background counts

source live energy

mass  tme agoution

[F" (MT /bDE2 |

background index

backgroundcounts @Q ¢
M PDERT

¢

Giuliani- IJCLab

10

100

Lightest neutrino massmeV]

Zero background
bRM RDERT<< 1

F~ MT
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SearchingorO n 2 b

Theshape ofthe two-electron sum-energy spectrunenablesto
distinguishbetweenthe On (newphysicshand theZ2n decaymodes

07 @l 2n b:BA,Z) (A,Z+2)+2e+2
el To ] . .~ Continuumwith maximumat ~1/3 Q
1.5 0: \/,’\/,

B S On b:KA,Z} (A,Z+2)+2e
1.04 | Peakenlargedonly by
the detector energyresolution
0.54 / /,/,
0.0 4 T T T \;\
i B o BackroundindexBl |Q~ 2-3 Me\ffor themost
- o counts/(keVkg y) promisingcandidates

The signals apeak(at the Q-value) I

overanalmostflat background

IDPASQ025- Giuliani- IJCLab
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SearchingorO n 2 b

A High isotopic abundance (l.A.)
and/or easy enrichment —

Larger phase space:

A HighQy, — Q2@

\ _ 4860. ?668 8258 gﬁzl“TﬂGMUHﬁCd IBGTelaﬁerEGNd
Easierbackground % ST TTI 7T T I T[T T I T[T T T T[T TTT[TTT1
48,
control > Ca
©
fe!

g 40 Circle color 130Te
< | ® 34%
- enrichment

2 O Difficult

O -..@.(9 @©

4=
: : - %Zr  1ONd  E(219Bi)=3270 MeV-
ngh energy resolution O .. T S B e T A b .
Ry = 82Scm m<Mo ]
E w1160 E (BTN=2.615 MeV
o _ IRl N O L e S A .
Compatibility with R et CRNED ' .
- - - - n —
a beneficial detection Background - "Ge o ]
. - o —
technique \ identification IE o o™ %090 o 3
- ]
- o Op o ]
Efficiencyand O_IIII|II':PIE|I::|II|:||IIII|IIII|IIII_
0 50 100 150 200 250 300

- scalability
IDPASQ025- Giuliani- IJCLab

Mass number
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SearchingorO n 2 b

Requests for the source Requests for the background

Large source tonnescale- > 1G7nuclei : :
Generic measures amdergroundoperatlon,

i sy [ | eldng Gasshe andachvptoprel
- The option in which the " ’
source is separated from the :—‘L A rare event search
detector is abandoned for — e
next-generation experiments Source C Detector Specific desirable features f@ n b b

€ |
P

High energy resolution

Particle identification

Tracking / Event topology
Multi-site vs. singlsite events
Surface vs. bulk events
Fiducialvolume / Active shielding
Finalstate nucleus identification

| Ve |
Source Z Detector
However, this option may be interesting in case of
discovery to investigate the mechanismGh b b
- SuperNEM@emonstrator, Modane

> I> I > T > I

IDPASQ025- Giuliani- 13CLab 35



Effect of the background on the sensitivity

7x10%/

6x102/

o
<
—
o
[
|

4x10%/
3x10%/

2x10%/

Haltlife sensitivity [y]

1x10%/

IDPASQ025- Giuliani- IJCLab

~ ~560 kg oft®Mo 0 ba

/ 5 bkgcounts
. | |

! |
Hypothetical experiment

In ~1 ton detector

ckground

__— l\
_—'_'_'_

BKG: 0.ounts/(y ton) |

\
0.5bkgcounts T

——

S

e p—

BKG: Icounts/(y ton)_

0 2 4

6 8 10
Live time [y]
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Searchingor 0 n 2cdbmplementary competingtechnologies

A Reuse of existing infrastructures
Source dilution in Q/") A Large am_ount of isotopes (muttn)
2 liquid scintillator e /b") A Isotope dilution (a few %)
q bQo A Energy resolutior- 10 % FWHM
KamLANEZen {36Xe)q¢ SNO+(0Te) Q A Rough space resolution
{é
) 6‘9 A Large amount of isotopes (muttin)
TPCs &L, A Full isotope concentration
“ A Energy resolutior 1 %- 2 % FWHM
EXG200¢ NEXT NnEXQ(136Xe) N\ A Event topology
Semiconductor r§° A Crystal array~1 ton scale in total)
detectors c} A (Almost) full isotope concentration
GERDA LEGENDGe) — (}\\ A Energy resolutior 0.1 %- 0.2 % FWHM
Bolometers \& A Particle identification
& A Pulse shape discrimination
CUORE3Te) ¢ AMoRE; CUPID 1f%Mo) \Q
IDPASQ025- Giuliani- IJCLab (—)
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Searchingor 0 n 2cdbmplementary competingtechnologies

s [ Y . S D U S T T

Source dilution in ,_’Q/c’ . S
a liquid scintillator Gl Q;b ; " L
KamLANEZen {3%Xe)¢ SNO+10Te) = b’
|s§;6b(» Isotope » Isotope
N\
TPCs &

EXQ200¢ NEXT nEXQ(136Xe) >

Semiconductor

SRR al)
detectors SRR tion
GERDA LEGENDGe) —_— SRR 0 FWHM
Bolometers R

CUORE3Te) ¢ AMoRE; CUPID %Mo) -*Q
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Searchingor 0 n 2cdbmplementary competingtechnologies

SNO+ VP 100 meY)

. 2vpp
I (o)
I U chain
B Th chain

Source dilution in
a liquid scintillator

KamLANEZen {35Xe)¢ SNO+1¢°Te)

Counts 5y 20keV hin

P External
B B vES
PN Cosmogenic

TPCs
EXGZOO c N EX-E n Equ‘?’@(e) \\ . : | 2 e ilcunstrjjcd hnl_‘.;u:.' P

Simulated example s

OVBB (Tyy, = 1028 yr)

¢ 3 VBB /

3-4 events

-
% 90% CL exclusion SF‘WU\‘“ ¥ 1610% Even a signal at the bottom of
- ~ 5 30 discoyegy 10ton-yr 1.3 10%8yr the inverted ordering will he
Sem|COndUCt0r A § i XO‘N visible to the eye
. S BN

detectors 2l B

5

2

@

GERDA LEGENDGe) e (}\\
Bolometers & ‘ ‘
% il | |

CUORIE3Te) ¢ AMoRE; CUPID f%™Mo0) - Q
IDPASC025- Giuliani- 1JCLab 1940 1960 1980 2000 2020 2040 2060 Eni{zz; N \E’;

No background peaks are
expected close to lp[ (2039 keV)




Experimental status

Published results

4___ _____
i > 16° > 10° > 104--j=
SSa===20 QSOS'}"D?\A NEMGO3If
KamLANEZen800- T,,, >2.3x10%6y 1365a 5

Phys. Rev. Lett.30, 0518012023)

GERDAT,,, >1.8x10%y
Phys. Rev. Lett. 125, 252502 (2020)

EXG200-T,, >3.5x10*°y
Phys. Rev. Lett. 123, 161802 (2019)

MAJORANA dem.T,,, >8.3x10?°y
Phys. Rev. Lett. 13062501(2023

CUORET,, > 2.%10%5y

| 13€X6 — JCUORE
KamLANEYZen

|
5 GERDAIEXOZOO ' I

800

Nature 604, 538 (2022)

CUPIBEO-T,,, >4.6x10%4y
Phys. Rev. Lett29, 1118012022

Ty, > 1G4y 90% C.I.
restricted club

CUPIBMO - T, > 1.8<10%4y
Eur. Phys. J. C 82, 1033 (2022)

NEMO3-T,, > 1.1x10%4y

Phys. Rev. D 92, 072011 (2015)
IDPASQ025- Giuliani- 1IJCLab

All experiments stopped . o
exceptKamLAMBZen 800 1 10
and CUORE

100
Lightest neutrino massmeV]



Outline

1. Double beta decay and physics beyond the Standard Model
2. Experimental challenge and stabdé-the-art

3. The bolometric technique: principle and experiments

IDPASQ025- Giuliani- 13CLab 41



Bolometric technique

- Thermal Heater: _ _ o
T v —~ link '-/' For correction of temperature instabilities
2 EO G
g S g ' Temperature sensor:
% ! 8 * Neutron Transmutation Doped (NTD) Germanium thermistor
c ® >~
- ™~ ¢ @
.\c) @
/ P
Energy release £SICRN
Absorber /\Q@QQ’\CJQ &
/»Q*@G\
7

Bolometric detector properties match well the required features fOrn Zdmrch

A Good energy resolutior 5-10keV at 2.9VieV

A Large flexibility in material choice

A Source = detector: higéfficiency

IDPASQ025- Giuliani- IJCLab
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CUORII a nutshell

CUORIs anarrayof TeQbolometerssearchingor 0 n Zécay
of the isotope 130Teandtakingdatain LNGS3ltaly)at ~12-15mK

— —
/ Thelargestbolometric \ / One ofthe mostsensitive\

experimentever 0 n Z}perimentsof
the currentgeneration

A Analyzed exposur€039.01 31
(567.0kgy 4 A
A Currentlimit (130TeT,,0 " 3 b>3.8 3 105y
A My ,< 70¢ 240meV

200
~— Best fit

1so- 99Cosumpeak e mionr,
160

140
S 120
100

A 988crystals5x5x5 cmgloselypacked
arrangedin 19towersof 13floorseach

A 742kg(206kg of 130Tg)

A Backgroundaccording toexpectations | |-
Bl =1.49(4)P102counts/(] S+ %) 3| |

A Energyresolution(at 2615 keV§loseto
expectations7.78(3) keVFHWM

Nature 604, 5388 (2022)

Counts

CU O R E nOt baC kg rOu ndree \ 2480 2500 Encrzgsyz((l)(cv) 2540 2560 /
IDP AS(ZO-ZS-A‘(?iBI?aOnliI”B%X in the RO| dominatedby surfacealphabackground 42



% CUORE CUPID#®

G‘ hree iImportantmessagegrom CUORE\

1. Atonne-scale bolometriadetectoris
technicallyfeasable

2. Analysisof ~1000individual bolometers
Ishandable

3. Aninfrastructure tohosta bolometric
next-generation0 n ZXperimentexists
and willbe availableat the endof the

CUORIBhysics progran-202
\ Bhy progran- 4 j

: CUPIHQUOREBEJpgradewith Particle ID) A
IS aproposed0 n bdlometricexperiment

exploitingthe CUORINfrastructure andwith

\a background 100 timesower at the ROI

IDPASQ025- Giuliani- IJCLab

CUPID

/ CUORE backgroumdodel N

TeO, Background Reconstruction

(keV& @)

)u

[coup

— Total
—_
— B4y

130 s
Te | "%"Mo
CUORE Preliminary

ot Cav e [ EFEPEPIE PP Rl S LY P (il SPIIr B e Lasaa bo o s Vg
0 1000 5000
Energy (keV)

2000

A Rejecta background withscintillatingbolometers
A Mitigate gbackground bynovingto 1°90Mo

| > Q- 2527keV (30Te)- 3034keV (190Mo)
\A Increase isotopenassby enrichment /

(natural isotopi@bundance: 9.7%)
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CUPIDationale

CUORETe
purethermaldetector
(bolometer)

/Heat Sink —» -¢— Copper Hob

Weak Thermal
Coupling e
Absorber NTD Ge Sensor
Crystal ——————p (Thermometer)
(TeO,)
Incident
K Radiation /
No PID
Q. 72527keV<2615keV

IDPASQ025- Giuliani- 1IJCLab



CUORETe

CUPIDationale

purethermaldetector

(bolometer)

/Heat Sink —

Weak Thermal

Coupling

Absorber

(TeO,)

N

Crystal —————p

Incident
Radiation

-¢— Copper HOQ

NTD Ge Sensor
(Thermometer)

/

NoPID

Q. ;72527keV<2615keV

IDPASQ025- Giuliani- 1IJCLab
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CUPIBMo
heat+light

(scintillating bolometer)

/

Thermal Bath

-

Light Detector

%

Thermal
Sensor

Light

Thermal
Sensor

Energy

Absorber Release /

a background

gbackground



CUPIDationale

CUORETe
purethermaldetector
(bolometer)

/Heat Sink —» -¢— Copper Hob

Weak Thermal
Coupling

B

NTD Ge Sensor
(Thermometer)

Absorber
Crystal —————p
(TeO,) :

Incident
K Radiation /
a ound—— PID

gbackground

NoPID
Q. ;72527keV<2615keV
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CUPIBMo
heat+light

(scintillating bolometer)

/

Thermal Bath

.

Light Detector

Absorber

Thermal
Sensor

Light

Thermal
Sensor

Energy

Release /




CUPIDationale

CUORETe
purethermaldetector
(bolometer)

/Heat Sink —» -¢— Copper HOD

Weak Thermal
Coupling

-

Absorber
Crystal ———pp
(TeO,) :

E NTD Ge Sensor
, (Thermometer)

Incident
& Radiation /

CUPIBMo
heat+light
(scintillating bolometer)

/

Light Detector Thermal
Sensor
= Light
< = ;
E L - Thermal
< = Sensor
=
(D]
=
—
Energy

\\ Absorber Release /

NoPID ‘abaskground—— pip

Q, 72527keV<2615keV W —— Q, 73034keV> 2615keV

IDPASQ025- Giuliani- 1IJCLab
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CUPIBMo experiment

CUPIEMoO

10mK sources

ryostat & Shield

<« Si Heater

LMO
NTD

“

Ge Wafer |}
'y |

NTD
6 r\‘

Cu Holder Cu Holder

Total

Crystal

Reflectors

10 . ' — .10’3 107
Background index [cts/keV/kg/yr]

Contribution of the different sources to the Bl
Total BI:

SCLHECL 617 HU "I TTHR R 7

A 20 scintillating bolometers arranged in 5 towers
A each scintillating bolometer consists,df - 1/ enriched crystal
(~ 97%enrichment level) and Germanium light detector
A total mass of crystals &16kg corresponding t@.26kg of - |
A ~1.5years of data taking
A locatedin the Laboratoire Souterrain de Modane (France)4800 m.w.e.
EPJ C. 2022 Nov 15;82(11):1033
> 10° -
o QBB B casc cuts + PSD E’mz L
S 10l "o, "co B oo+ oA L =t
g 210pg Sw;
o 10° I o B I T I 7] | I
1,5, iy o
10? E b’
10 % 3
1 -2
b | 1000 ';O‘mh 3020' N '40'00'&' 'Soogne! "lkgrf"]oo Fit of Tl peak at 261Egrgli[kee<]/
Final spectrum of physics data in CURI® experiment Energy resolution (FWHM)
99.9%h particles rejection efficiency 6.6+ 0.1 keV@ 2615 keV
7.4+ 0.4keV@ Q, (3034 keV) 8
decayq , 8 ¢ 6 "(90% C. I.) ,
limits < (0.28¢0.49) eV B

E1°E scintillating bolometersadopted as CUPID technolo%;y

IDPASQ025- Giuliani- 1IJCLab
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CUPID structure

[ CUPIOpre-CDR Eut Phys. J. C 8337 (2025 ]
A Singlecrystalmodule LL190M00O,45P45x45 mmg ~2809g )

A 57 towersof 14 floorswith 2 crystalseach- 1596 crystals
A ~240kg of10\o with >95%enrichment
\_A ~1.6PL0?7100Mo atoms

Slngletower

A/ N

Baselinadesign
Gravity stacked
structure

1710 Gdight detectorswith SiO antireflective coatin c b
(each crystal has top and bottom ) .D =
A No reflective foil

A Exploitation of the NeganeVrofimovLuke effect

\Muon veto andneutron shield

IDPASQ025- Giuliani- 1IJCLab
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Test of a full CUPIwer at LNGS

Exampleof a / separationin

BDPT

(baseline design prototype tower)

A 28 LMOs

A 30 Ge light detectorsiithout NTL effect

A Tested alLNGS
Results:

Detectors successfully reached baseline
temperature ~15mK

=
w

FWHM @ 298T| [keV]

o

=
o

]

o e Data
¢« ——- Median
®
0%e® o ®
AP S Lo Bt
0 5 10 15 20 25

Channel number

Light Yield (ke\ViMaV)

alow noisechannel

Baseline stable over the time

LMO performance:
median FWHN;c ..,~ 6.2 keV

median light yield: 0.34 keV/MeV
| O DR discrimination capability:

oo L1321

A

Yy S oK
Light detectors with NTL amplification
A Changes to the LD holding system to mitigate the

p
Next test: VSTT (Vertical Slice Test Tower)

A Preparation for the new test are currently ongoing

2 K4 Qa

nJ)ise

some excess noise on the Ebchanges to
the LD assembly structure for the next test

IDPASQ025- Giuliani- 1IJCLab
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Statusof crystalprocurement

Because of the war against Ukraine the procurement of enriched crystals from Russia is impossible

Possiblalternative suppliers

Baseline candidate: SICCAS (Shanghai, China)
A Alreadyproduced 988 TeQcrystals for CUORE
A ltisready to produce 1596E - 1/ crystals with 95 %nrichment

A The first sample of isotope, measured by-M@® at LNGS, fully matches
radiopurity requirements

A Preproduction is ongoing:

I set of several natural crystadsd two enriched crystals wemiccesfullfested in
cryogenic facility in LNGS anddrsay

Investigating opportunities for production in France:

A We received a first natural ﬁ I/ crystal from Matias/elazquez (Univ. GrenobMpes CNRS, Grenoble INP,
SIMaPFrance) and performed the first tests in Orsay cryogenic facility

A The first, E- 1/ crystals fromLuxiumSolutions were grown, we will receive them within the end of 2024

IDPASQ025- Giuliani- IJCLab



CUPID background budget

Total

Neutrons 0.02-107%

Muons [§0.01-10~*
Pileup

Cryostat and Shields
Crystals

Close Components 0.25-107*

1.00-1071

16~ T6-% i s
Bl [ckky]

Datadriven: basedon CUORE and CURID backgroundnodels

/

Phys. Rev. 010 (2024) 052003
IDPASQ025- Giuliani- IJCLab

“\

Eur Phys. J. 83 (2023) 675

Two orders of magnitude
better than in CUORE

CUPID background goa‘I,'/
Bl= 10%counts/keV/kg/year

Dominantcontributions pile-up events
(random coincidences of ordinarg2 revents)

= 60000- 100y
< 1 0
Z ]
% | 2v2p two coincident 2v2[3
© 40000
20000+
- ""—""—""F"""—"F"""""—"~""—"—""717 7
0 1000 2000 3000 4000
Energy (keV)

Fastest2 n 2écay: T, ~7.1x108y
Slow response of bolometric signals
~ 3 mBq in each crystal

~ 10 ms« Heat channel

~ 1ms « Light channel
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Pile-up and light detectorrole

A Light detectorsare essential to reject the pHap at the desired level
A Ordinary light detectors are not enough: they must be enhanced byN#wganovTrofimov-Luke effect (NTL)

gNR Signafto-noise ratio in @ NIMA 940, 320 (2019)

the Ilght detector Curves Bl (counts/(keV kg Y)

A Establish arlectric fieldin the light detector

1000 ¢ = :

_ 5x10‘i i}<105 S wafer via a set of Al electrodes

o _— 2x10~ - A Electronhole pairs created by light absorption
, N,eganovTroflmovLuke — drift in the field and producedditional heat
/ A o "~ effect 5x10 = A Anamplification of the thermal signaby a

wolb /. .~ ] factor 1620 is technically possible

S o 1x10* A SNR is increased by an order of magnitude

/ /. _CUPIDgoat~ *

oS e __Ordinary.

/ e 2x10% " light |

) ) 7 _— detectors

e s s s ¢ " M

01 02 03 04 05 06 0.7 0.8

Rise time [ms]
of the light signal

IDPASQ025- Giuliani- IJCLab
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CROSS8roject
Astandaloneexperlmentand alaboratory for CUPID

The CROS&periment aims to detect’®H | RSOSt2LIAY3 yS¢ aiGNrGSIASA
contribution with origin in the surface of the detectors and the surrounding materials

Underground cryogenic facility at LSEpain)
Leadshielding, antradon shield and muoweto —

Two high Qvalue 2 isotopes studied:
A 100\o: Qvalue = 3034eV (as in CUPIMo and CUPID)
A 13Te Q-value= 2527keV (as in CUORE)

Measures heat and light channels by using Nt detectors
Bolometers are made of crystals enriched with theisbtopes

New technologies:

A Surfacecoating of bolometers to discriminate between bulk and
surface events

A NeganovTrofimovLuke(NTL) Light Detectors development and
optimization to be used witlscintillating bolometers

IDPASQ025- Giuliani- IJCLab



CROSS8roject: discrimination of surfacesvents

A Rejectsurfaceeventsby PulseShapeDiscriminationassistedby metal film coating
Metal films work as pulsshape modifiers for charged particles that release energy close to the film

(phonon and superconductivity physics)

NTD is sensitive to

thermal phonons
NTD
- ’ »
: -
.‘..

»
.
"N o
-
-
v
P A ser
"
‘ =l

bulk event

=

Quickly converted to!
thermal phonons

Athermal phonons

Superconducting Al film /

Proofof conceptachievedwith smallprototypes
BothsurfaceaQand bQare separatedirom bulk events

Testswith small (2x 2 x 1 cm?®) LiMoQO, crystals coated witl\FPd are p.viinony

Mixed a / dmurce

[ .
0 10377 . -APL118 (2021) 184105
. | ~
g 142 {# _ interior event band
) 1§
D 1.01 | 7
13 oA
0.99 34U
0.98 - surface o’s ..
Fo» end-point of *"Pa
0.97- Surface B’S Bspecmun
0 1000 2000 3000 4000 5000 6000
Energy (keV)

Unfortunately, technology transfer to large CUPdDd CROSSze crystals (4.54.5x4.5cn) failed so far

IDPASQ025- Giuliani- IJCLab
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CROSSBroject: NTL light detectors

A Crucial test in Canfranc showed thilae CUPID pileip background goal is achievable thanks to NTL
A Tower of 10 crystals and 10 NTL light detectors operated in the Canfranc CROSS facility

IDPASQ025- Giuliani- 13CLab 57



CROS8emonstrator

3 towers with 7 floors each

Test of differentight detectorsin each tower
A Gewafers with circular electrodes
A Gewafers with square electrodes
A Siwafers with spiral electrodes
In total: 36x Lji1®Mo0O2and 6x13°TeQ,
A Totalmass oft®®Mo: 4.7 kg
A Totalmass oft30Te 2.6 kg
Detectorassembly already started 2024JINSTL9 P09014
Installation and commissioning in early 2028ata taking for2 years

Assuming 2 years live time of the experiment CROSS experiment will be able to

limit at 90% confidence levelonthe - T1w 1
Tf/"zw > 9.36 - 10%*yr, corresponding to mgg < (126 — 213) meV

Current limits on °°Mo 0vpg :
* CUPID-Mo: half-life T{), > 1.8 - 10%* yr
*  AMORE-L: half-life T{), > 2.9 - 10** yr D. Cintas NuDM-2024

In both cases, sensitivities higher than the current best world limit Mo

IDPASQ025- Giuliani- 1IJCLab
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Comingback to CUPIDstageddevelopment

The collaboratiomlecidedto move to astageddeploymentfor CUPIDmplementation

2024 2025 \ 2026 ‘ 2027 \ 2ozs| 2029 \2030 2031 | 2032 2033 2034
. Li"00M00 Li,'%MoO, production data |
PreV|c_)us contract 355 xtls/year
baseline
CUORE cryostat 1 —~ 26
upgrade ~2X 1026 Yy 4x10 Yy
h J
Stage | Li210°MoO, Li,100MoO, production data
1/3 of the contract 210 xtls/year
crystals
Full CUPID Li,100MoQ, production data
Add2/3 of the 270 xtls/year
crystals

CUORE cryostat
upgrade

IDPASQ025- Giuliani- 13CLab 59



Current

: mgz[meV]
generation ”
I l Next
= generation 100;
O < w
TN
QuSo o
X oD -
"70% 3§k 11 [
s 2N 8 & 10
™ LN Vv A o = I
e vwuo o OT ¢
g 2Za 2 99 O
3 IS o <K ads, " o
£ g Y z2 2¢c/ o
2 2 © 21
- O i
Exclusion sensitivities
N 7 8 yand m, ,, YS+
3ylivetime 1 4 8 yand m meV

10y livetime (2.2 expected counts in FWHM)
IDPASQ025- Giuliani- IJCLab

CUPIDsensitivity

~—

Inverted ordering
m; —> lightest neutrino

Normal ordering
m; — lightest neutrino

-1 10 100

Lightest neutrino mass [meV]

60



s CUPIELT feasible?

A 1 ton of19\o ¢ 228 CUPIiike towersg 6400 LjMoO, enriched crystals 4x CUPID
A Cryogenic is possible: very large ptisiee dilution refrigerators are built for quantum computing
A Target for the background inde®i = 16 c/(keV kg y) (1/10)x CUPID0.89 expected counts in FWHM

Total

Neutrons

Muons

Pileup

Cryostat and Shields
Crystals

Close Components

These two components
/ must be reduced by one
order of magnitude

Pile-up: further increase in SNR in
speed of light detectors

Close components surface radioactivity:
A Successful implementation of CROSS surface
sensitivity

A New approach: BINGO assembly technique

IDPASQ025- Giuliani- IJCLab
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SNR

1000

s CUPIELT feasible?

Pile-up

100} /.

10V

| |

CUPI '-fl'If_‘ goal

_CUPID 80a| :

2x1_Q_j_’_"_‘..---

._.I - ]

— =t 175 Lo o

P e 05

—1x10%4 "

_Ordinary.
light |
detectors

01 0.2 03 04 05 0.6

Rise time [ms]

IDPASQ025- Giuliani- IJCLab

Light detector performance
With respect to CUPID

A Increase SNR x5

A Reduce Ristime x2

Two approaches under exploration

A Increase LMoOQ, light emission by doping

A Change phonon sensor in light detector,
moving to high impedance NbSi TES
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s CUPIELT feasible?

Close components Simulation CUPID vs. BINGO

BINGQapproachg use light detector to

shield copper support

A Dramatic reduction of the passive
material facing the crystals

A Abate background by antioincidence

Baseline CUPID — 233
BINGO approach

L”‘W Vel %W

=
-y
>
3
S~ i - f
) i, I
= Al[f l|'! I
Cu support 5 “ I
PTFE element / \ g10°- "'Lm
= H Baseline CUPID— | 232711,
Light detector § BINGO approach —
/ ﬁ L =
-
o
| I~
o
i A @10°
/ Li,MoQ, Crystal
Nylon wire ~ ’ . F8 e e s B s oo o 50 vl eq'vy Ly
y NIMA 1069, 169936 (2024) %4 2.6 2.8 3.0 3.2

Energy [MeV]
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Multi -iIsotope search

In case of discovery in one isotom®nfirmation is needed with more isotopes
- Precision measurement erathn Athdy¢ mechanism and NMEs
- The bolometric technique is perfectly adapted to this task

T T T T T T T[T T T T[T T T T [ TTTT[TTT]
B(Ca
[ |

Nl

Scintillating bolometertechnology wa
successfully applied to

82Se ZnSe; CUPIED experiment) 4 erc

116Cd (CdW _
Ph(ys.Re\? Lett 129 Wi """""""""" """"" 00N “TheTINY projecstudies the
JLTP 199, 467 (2020) B - , . ..challenging development of

%7 rand 1°Nd-based bolometers

In addition, Te@bolometers can bé
improved with thedetection of
Cherenkov lighfor the rejection of |
a background (NTL light detectors) 0o o

Phys. Rev. C 97, 032501 (R018) L A R = ::II =] N T I B
0 50 100 150 200 250 300

Mass number

A. Zolotarova NEUTRINO 2024

T T[T T[T
O
Lot lrrrel

Eur Phys. J. C (2018) 78: 272
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A

A

Conclusions

O n 4ska crucial process, not only for neutrino physics

Nextgeneration experiments have a good discovery potential

Many projects aim at extending the present sensitivity

The bolometric technique is a promising approach for current and future searches

Pa Vd Pa
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m,, distribution in the parameter space

PhysRev D 96, 053001 (2017)
GlobalBayesaranalysisincludingneutrino oscillations, tritium, double beta decagsmology
Ignorance of thescaleof the parameters- Scaleinvariant prior distributions

A S=m+m,+m;, Dm;2 logarithmic
A Angles and phases in PMNS matitix:

Marginalizedposterior distributions of m,

SI 1E TTTT T T TTTTT T T TTTTT T T T = E TTTT = ‘B'I—I
%é = a)NO, QRPA 3 E b)lO, QRPA = >
= L 1 [ 11
107 - k& —
= 3 E 341 ©
= 1 E ] =
B 1 L _ B
107 = E = E
= 2
- TR 1 F N
.1(]—3;_ -.r-\ _E E_ _E
,"]_4 Lol L1l Lol Ll L1 vl vl Co vl vl L 1[]—2
107° 107 107 1072 107 1107 107* 10°° 1072 107 1
m, [eV] m, [eV]
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Approaches and experiments

source = detector NOW MID-TERM LONGTERM
/ EXG200 NEXO \
Xe%"’)‘ée‘j NEXTWHITE NEXT100 NEXTLt
= NEXTBOLD
s Flud Pandaxli Pandax|l 1t
2 EmoEehee KamLANEZen 800 KamLANDZ
. . am en am en
8 source Liquid
N scintillator
as a matrix
\ SNO+ phase | SNO+ phaseJ/
) ormanir| GERDA
- ermanitim LEGEND 200 LEGEND 1000
© Crystal diodes | 1A JORANA DEM.
UD'I embedded
= source AMORE pilot, | AMoRE I
)
-— Bolometers | CUORE CUPID
T CUPIED, CUPIBMoO CURlEreach
\ CUPIDB

IDPASQ025- Giuliani- IJCLab
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Approaches and experiments

source = detector NOW MID-TERM LONGTERM

/ EXG200 NEXO
Xe%"’)‘ée‘j NEXTWHITE NEXTL00 NEXTLt

= NEXTBOL

s Flud Pandaxli Pandax|l 1t

2 EmoEehee KamLANEZen 800 KamLANDZ

. . am en am en
8 source Liquid

Theseexperimentsaimto explore
deeplyor fully the IOregionand *
to covera substantialpart of the NOregion
T, > 1G7¢ 108y ¢m,,<~20 meV
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Approaches and experiments

source = detector NOW MID-TERM LONGTERM

EXG200 NEXO \

U Isotope masss0 n Adwurce butalsoa backgroundndicator- fiducialization

Lowenergyresolutiong 25 keV FWHM (NEXJ 270 keV FWHM (KamLANBN) |

U Spacaesolution trackingor impact point (singleite vs. multsite) dependingon
the project

c:

U Thelimit (signal)comesfrom a global reconstruction of the background ovewide n

energy range
U If isotopeis strongly(~1 %level) diluted (SNO+, KamLANIEN)finally limited by

solarneutrinos if nodirectionality J/
I N T PI ITAJo 1

JTUT T PTTaaoTT

_ GERDAI
Germanium LEGEND 200 | EGEND 100

Highgeometricalefficiency(> 70%)

High energyesolution¢3 keV FWHM in Ge diode$ keV FWHM ibolometers
Granularity pulseshapediscrimination, particle identificatiomethods
Thelimit (signhal)comesfrom anarrowregionaroundthe Q value

The background modé& usedmainlyto understandand toimprove

FTeU, CUF TEW
~ ’ - CUPIDB

CrClC

/" HighDE ande\ /Scalability )
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Approaches and experiments

source = detector o NOW MID-TERM LONGTERM

KamLAMEZen SNO+ N\

10° :r -+ Data — Bast Fit
< 10*
3 jod-2 110m E
Phase I, S5 = (a)Period-2 —=—Data ‘A, f 2 B 100 mey
E — Total B3y B2+ 210B;4 3 - Nggf meV) |
> wees Tokal 4210p 4 85 L 40p @ - i )
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r — %Xe 2V - - Spallation g — Ky
! — %X OvBB = B e
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—— ROl evts = E
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E 208y : Analysis region § - [l Base Cuts
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5 CUPID-Mo, Neutrino 2020 ‘ = [ Base Cuts + AC + PSD
Q 2.17 kg x yr, Preliminary gl =
s E 3
R i
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E,]U—Z I 90% C.L. Ty ;3 lower limit (1.8 x 10%® yr) g
E 107 | l
S == 102
Y 1 | T T T N T
1950 2000 2050 2100 2150 Lol . o 2400 2450 2500 2350 2600 2650 2700 2750 2800
Energy (keV) 200 2700 2800 2000 3000 3100 3200 Energy (keV)

Encrgy (keV)

IDPASQ025- Giuliani- 1IJCLab



Phys. Rev. Lett. 123, 161802 (2019)

e EXQ200

EXG200 has recently completed data taking rinaresults Tip > 3.5<10%5y
WIPP-US Exposure: 234.1 ky Mg < 93¢ 286meV

— Th-228 SS
: L Discrimination £ o.0a} -y \
érlched liquid xenon TP&=p == s |
Multi-site (MS) |2/l n ﬂ, ﬂ!
(background) v ' | .Z'
VS
Singlesite (SS) ,
(including signal)s
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arXiv:2106.16243

e EXGH n N nEXY

(EXGZOO has recently completed data taking riairesutts Tojp > 3-5x10%%y )

WIPP-US Exposure: 234.1 kg M. < 93¢ 286 meV

Moving forwards towardsnEXO

LXe mass (kg) | Diameter or length (cm)

5000 130 nEXO

150 40 EXG200
Improvement in light sensors (LAARDSSIPMS),
light collection, cold electronics, radiopurity

Importance of fiducialization - —
o G o e ; Projected sensitivity ohEXO
Fid. Vol. Inner3t Inner 2 t Inner1t '_'_N_ 10% = 9.2 x 107y
O U S . 2 x 167y
3 :
o It upgrade
‘%x - — NEXO Sensitivity, 50% C.L. 1.35 x 1@8y
---nEXO Discovery Potential, 30, 50% Prob.
10° 0 EX0-200 Sensitvity, 90% C.L.
3.7x10°
PRL 120 072701 (2018)
PR RS (NN TR T TR NN RO T TN NN TR TR SO NN N S T |
) 7 0 2 4 5 g 10
1.0 2.0 30 1.0 20 3.0 1.0 2.0 3.0 1.0 2.0 3.0 mee< 6( 18 meV Lietimely

Energy [MeV] Energy [MeV] Energy [MeV] Energy [MeV]
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e NEXT

JHEP 05, 159 (2016)

ﬁigh pressure (145 bar) enriched(eTFﬁ

(5 kg working prototype(NEXTWHITE A

A Primary scintillation T 02 2 NR A4 IDE<8.% FWHNh the ROI (< 25 keV)
A Electroluminescence for energy resolution||A Very clear topological signature
(PMT plane) and for trackingiPMsplane) A 1?@(9 run since 2019 i@@node observed)
O | moommems | : NEXT\NHITE T oo ~1  Canfrancg Spain
E% P Xencs’” . % C — :F Slmulation -~ v Real event
% % scinUHatiow(éﬁ e_ s: g g ! ng) < e ’mu'
SO b e g - 2 ey
=] I el
i electroluminescence (S2) g ] = = P
Gk -éﬁl\ﬁ;iODE ANODE | i+ .m Advantage Of gas T AE s e i
\ \ 50 40 EOX {gﬂ?ﬁ 40 GU
NEXT 100 Canfranog Spain

A Many detector elements available
A Commissioningn 2022

3y sensitivity: T, > 6x10°y
Mg < 71¢ 218 meV

/~ Medium-term prospectsc NEXTLt
A Ton scale

A High definitiontracks (add He/C}CF)

A SiPM instead of PM (better backgrounc
A 10y sensitivity: T, > 2. 10?7
N Mg < 11¢ 33 meV )

IDPASQ025- Giuliani- IJCLab

)| BaTionsby fluorescence

/Longterm prospectsc NEXTBOLD
Batagging
Promisingdetection of single

imaging
Resultdoth by NEXT andEXC 42
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e NEXT

flgh pressure (115 bar) enrichedke TPQ|5 kg working prototype(NEXTWHITE |
A Primary scintillation fh T 02 2 NR # IDE<8% FWHNh the ROI (< 25 keV)
A Electroluminescenc

ode observed)

Other Xe-gasTP(orojects.

Qo i ancc Spain
:Q | PANDAXII ey
50 e A TwoMicromegaplanes toreadcharge W
=k ™l A Xe +quencher _,
"O 7 A Betterspaceresolutionwrt NEXT S5
\ [ oo, ) A Worstenergyresolution(by factor 3wrt NEXT | )

NEXT 100 A Difficult reconstruction of zoordinate
A Many dete A Phasedapproach 200 kg module (phase 1) <10~y

A Commissi 5 modules (torscalg (phase II)

/~ Medium-term
A Ton scale

A High definitio
A SiPM instead
A 10y sensitivity: T,

. T mTayginmyg
Resultdoth by NEXT andEXC
\_ m,.<11¢ 33 meV J k SOHEROTY - i

AXEL
Electroluminescence TPC as NEXT
A Cellular structurdbasedon SiPMs
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K MLANEZen 400,800 KamLANDZen

KamLANEZen 400: data taking completed

Kamiokac Japan

Results
Leading experiment

T, > 1.0K10%%y
Mg < 60¢ 160 meV

———-OO—O—

el

f Enriched Xenon (350 kg) diluted in liquid scintillatc

: &3 Rock

=3 Stainless steel tank

- (18 m diameter)

T 23<E<27MeV |

~

- N - o
Simulated *'*Bi Event Rate (Events/Bin)

D PMTs 0o

/ Buffer oil

=
o
=

X24Y? (m*)

/ Outer balloon 10

(13m diameter)

LA Ifll

. 4--———-— LS (1000ton) 10° E— :
! - E

! Inner balloon % Coh

", (3.08m diameter) D107 E -
LT XelS S F .

g 10p

" PMTs -

p«- 15_ 1

 (a) Period-2

e Data 110m A

— Total B DRy y ey 1

- Total +10po B3
(OVBBUL) - IB/External

— P*Xe 2vBB - - Spallation

— B%%e ovBp

(90% CL.UL)

10-1 Nl B

DE = 280 keV FWHM

3 R
Visible Energy (MeV) j
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136)(6 Phys. Rev. Lett. 117, 082503 (2016), arXiv:2104.10452

KamLANEZen 400,800 KamLANDzZZen

[KamLANEZen 400: data taking completed Results ~ Ti2 > 1.OKLC®y ]

Kamiokag Japan Leading experiment ~ Mee< 60¢ 160 meV
/ Upgrade of KamLAN{2en 400 Similarto KamLANELOO \
e Major new points:
N A More isotopeg 750 kg oft3exe
| KamLAND-Zen 800 A Newballoon
- ~730 kg of )(t.annn A T,,>4.6x10%y
Data taking M. < 26¢ 80 meV )
New experiment— > Substantiantiathanges \

Major new points:
A More isotopec ~1 ton of 136Xe

KamLAND?2-Zen I A Improvelight collection

~1 ton of 136Xe Brighterliquid scintillator

Better energy resolution ] DEeyymf HYy I < 178 keViTh
A Accomodatescintillatingcrystals
'H multi-isotopesearch

Mg < 20 meV
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136)(6 Eur. Phys. J. C 80, 808 (2020)

DARWIN as a neutrinoless double beta

decay experiment
4 )

/Dark matter+double beta decay LNGS, |tg®
+other rare event searches

DARWIN 50t

8.4t
XENONNT

3.2t
XENONIT

161kg
XENON100 j

. 30cm (WIL/ y

XENON10 \
16cm *l n ; E e

Main background sources

U 222Rn inLXe

0 137Xe fromminduced neutrons
U 8B Solar neutrinos

Factor 1@ reductionwrt XENON1T

D R R R R A R TRy

Dualphase Time Projection Chamber (TPC) e
50 t total @0 t active of naturalliquid xenon(LX@ 10y sensitivity: T, > 2.410*"y

<
DARWIN will have more th&h5 tof activel3®Xe Mee< 11¢ 35meV

\_ AN Y,
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