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Array of 988 TeO, crystals

= Radio-purity techniques and high resolution: low backgrounds
= Joint venture between Italy (INFN) and US (DOE, NSF) at LNGS in Italy

19 towers suspended in a cylindrical structure (988 crystals)

5x5x5 c¢cm3 (750g each); 130Te: 34.1% natural isotope abundance

750 kg TeO, => 206 kg 3'Te
= Pulse tube refrigerator and cryostat: coldest m3 in the Universe ! [arXiv:1410.1560]

CUORE

= Data taking since 2017, now >3 ton-years of TeO» exposure collected
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CUPID

Next generatlon bolometrlc ton-scale experlment at LNGS

R. Artusa et al., Eur.Phys.J. C74, 3096 (2014)
pre-CDR: arXiv:1907.09376

e Baseline: 1500 enriched LioMoO4 crystals (~240 kg of 100Mo)
* Demonstrated radio-purity, active background rejection

e Energy resolution ~5 keV

 Total background of <0.1 counts/(ton*kev*year)

e Phased deployment options up to 1 ton of 199Mo (CUPID-1T)
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‘ CUPID Demonstrators and Prototypes

FRANCE ITALY

‘

Tobazo, 1.980 m

Adtitudes 1228 m 1283 m 1208
istarces 0 €210 m 12888 m

CUPID-Mo: 4 kg of enriched
LixMoOQys4 crystals

Operated 2019-2020 at LSM
1.48 kgxyr of 100Mo exposure

CROSS: 9 kg of enriched Li2Mo0QO4
crystals (5 kg of 100Mo) + 3.3 kg of
enriched TeO» (2.4 kg of 190Te). Open
structure. Currently operating at LSC

i

07/21/2026 YGK: experimental NME constraints



Measurements Relevant to 0v35 NMEs

* Closed-packed bolometric detectors: high statistics, low energy
thresholds, high efficiency, some spatial segmentation

* Measurements (possibly) relevant for NME calculations:

Q Precision measurements of 2v(/5 half-life and spectral shape
a 2y decays to excited states of the daughter nuclei

Q Possibly 2v£/ in multi-site events, sensitive to the energy distribution of

individual electrons
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‘ Measurement of 23 half-life in 100Mo in CUPID-Mo

5 700 — Data * Precision measurement of half-
') 600 CUPID-Mo, PRL 131, 162501 (2023) .
S Model life and spectral shape
2S00 2vPp : _r
2 400  High statistics, low background
S 3 Background .
3 soof * Detailed background model fit
200 with 41 sources at various
100F- locations 1n the detector
Yo g_ — &= 2381, 232Th chains, 40K, °0Sr, cosmogenic
= N . " and neutron-induced backgrounds
T 0 N ++I T e #+ Tt +yt . .
s é% b g REERA ' &= Constrain backgrounds by simultaneous
I s o R e fit to single- and multi-site, 5/y and «
spectra
Energy [keV] &= Signal efficiency constrained by the
‘Tf}é — (7.07 £ 0.02 (stat.) £ 0.11 (syst.)) x 10*® yr‘ measured activity of a 56Co calibration

: : : SOuUrce
One of the most precise measurements of T1,2 in any 1sotope
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CUPID-Mo Background Model

E’ : : Data

o)) :  CUPID-Mo, EPJC 83, 675 (2023)
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Measurement of the 2v35 Spectrum in 100Mo

* High statistics and low backgrounds allow constraints on the
spectral shape of the 2y spectrum

& Sensitivity to the interplay between low- and high-energy excitations in the 2v(3/5
transitions

&~ Taylor expansion of the energy spectrum in terms of spectral functions G(E) and “shape
parameters” & sensitive to NME ratios

ar -, dGy dGy 1 . dGas , ey
( LS Shios 3631 dE (5531 5, )dE)

_ 2v
MGT—l = M¢é&r

i Mo ]2
dE gA,eff| GT 1|

3
2V 2v 2v 4m€
2w Mer_3 o0 Mer_5 ME 5= M, TR
31 = v 0 S51 T v " (En — (B + Ey)/2)
GT—-1 GT—-1 16 mg

Mg?VT—S — Z M,

- (En — (E; + Ef)/2)"
F. Simkovic, R. Dvornicky, D. Stefanik, A. Faessler, Phys.Rev.C 97,034315 (2018)

07/21/2026 YGK: experimental NME constraints



—
\S)

—
o

Prob. [arb. units]

gA,eff

Measurement of the 2vG0

— Statistical

— Stat. 68% c.i.

——— Stat+ Systematic

- Stat. +Syst. 68% c.i.

— CD-Bonn
—— Argonne V18
— SSD

— ISM

i\) IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

0.3

0.4

0.5

0.6 0.7
g

3,1

0.1

02 03 O.

4 05 06 07

g

3,1

Spectrum

€31 = 0.45 £0.03 (stat.) 40.05 (syst.) CUPID-Mo, PRL 131, 162501 (2023)

8 & & &
Probaility [arb. units]

—_
o

o

&34 and &s 1 highly correlated: fix the
ratio to the prediction of each model

g A off constraint from the combination
of half-life and &3

—1 2
94 - T1/2 X ‘53,1
Ajeff — 9
) MGT—SG

2
= ° ISM
= 5
g — pn-QRPA
S
O
o

Inconsistent with HSD model, consistent with SSD (1.40), ISM [L. Coraggio et al., Phys. Rev. C 105,034312
(2022)] prediction disfavored at 2.1c
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Measurement of 230 half-life in 130Te in CUORE

——— Reconstruction [ 2v spectrum

"1 Backaround § Data * Precision measurement of half-
CUORE, PRL 135, 082501 (2025) hfe and SpeCtral Shape
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E il I i 1o &= 238, 232Th chains, 40K, cosmogenic
| T Pin R H ey backgrounds
= g ek —————— .
A - % Constrain backgrounds by
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Energy [keV] site spectra
TTry = (9-32 7005 stat. 7o syst.) x 102 yr.

The most precise measurements of T2 In any isotope
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Measurement of the 2v86 Spectrum in 130Te
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100Mo 2v38 Decay to Excited States of 190Ru
* The only 2v30 transition to O+ and 2+

excited state measured so far

100
Mo

1Ru

* Precision measurement of half-life 0, = 303akev \ \ (5903 ke%
provides sensitivity to nuclear structure
and quantitative cross-check of NME
models

0} (1130.3 keV)

2* (539.5 keV)

v (539.5 keV)

* Segmented bolometers allow detection of
high-multiplicity events with high
efficiency and purity
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100Mo 2v/58 Decay to Excited States of 100Ru

2vpp to O: 2vpp to 2:
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CUPID-Mo, Phys.Rev.C 107, 025503 (2023)
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100Mo 2v/55 Decay to Excited States of 100Ru

No shape sensitivity (yet) to distinguish NME models
But the models should be able to predict the matrix element / half-life

07/21/2026
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0v(/ in High-Multiplicity Events
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Schematic of a CUORE calorimeter
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10-30% of events contained in multiple crystals
Opportunity for coincidence analysis to reduce backgrounds |
Sensitivity to event topology in case of discovery R
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‘ 0y in High-Multiplicity Events
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Holy Grail: Quantum (Phonon) TPC

* Normal ordering scale experiment will require - oEvent Topology
zero background at ton scale [ o T |
0 Not possible with passive techniques + hT ‘ o’/
0 Requires topological reconstruction (single-site vs ] <= ‘/&.m
multi-site events), position fiducialization, active Fih Honsen, Sacuiess 2022

(c)

veto for external ys

0 While keeping excellent energy resolution

%= Phonon TPC: position-sensitive bolometers n *

& PI‘OtOtypeSI DEMETER’ CERES (Berkeley)’ OPOSSUM Image from D. C. Hurley, J. P. Wolfe, and K. A. McCarthy. Phys. Rev.
(LNGS) B 33, 4189 (1986)

&= External y veto: BINGO Xt X XN

Sensor1 % % “es % Sensor2
—¥ =

CERES: E. Brandani et al., in preparation

* Topological information may provide
sensitivity to models (0v36 and 2v(3/3)
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Detour: y——e+ Conversion in Nucleus

 Transition “\\é//"’
n~ + A(Z,N) — et + A(Z —2,N + 2) V.

e+

. o=
2 Incoherent conversion (2p—2n): no coherent enhancement Y

w

0 Large momentum transfer: transition to ground or excited state /S\
of the nucleus
u -

&= Ground state branching fraction estimated to be ~41%

u
&~ Most dominant excited state 1s a broad Giant Dipole Resonance d

(v =
d
 Previous best measurement: SINDRUM-II W
Kv=V

Xy =

F(,u_ 4 48Ti N e—i— s 48CaGS)

R,o. = < 1.7 % 107*? (@90% C.L. ¢
pne+ F(M_+48Ti_>ylu+488(3*) X ( % ) /K
d u

Ovpp

Diagram: M. Stortini
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‘ u—e* Conversion: Complementarity

LNV-Alternatives: LFV-Alternatives:
L -u* conversion UL —> e+y
K¥— rtrure L— 3e

K. Zuber et al.

Complementarity between LFV and LNV measurements

0.100

0.010:

;‘ L
9,
3 0.001
S
1074 ¢
- 6, Am{ at central values
NO
10_5" A L ;
107° 10~ 0.001
m; [eV]

Complementarity between nuclear (DBD) and particle physics (Mu2e) measurements

Complementarity between nuclear calculations (nuclear matrix elements)
“No-lose theorem” [Dery, Gori, Grossman, Ligeti, JHEP 10, 100 (2024)]
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\ Mu2e @ FNAL

~25 meters end-to-end

Mu2e (@ Fermilab
Charge-symmetric spectrometer: will be able to search for both (—e- and yu-—e* !

Also sensitivity to radiative muon capture (RMC) process, through both e* and y detection
Detector ready to go, expect first beam 1n 2027 !
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Radiative Muon Capture

Closure Approximation

Radiative muon capture 251

u+Z,N)—-v+y+(Z-1,N+1) - v, +ete + (Z-1,N+1) 1s the
dominant background in yu-—e* searches

1.5

Strongly depends on nuclear structure: RMC transitions to the ground
state, excited states, or with neutron or proton emission s

0.5H

No predictions so far and scarcely any data ! — could use theory help

€60.0°01 Lg/ipd/Bionxie//:sdpy

RMC endpoint spectrum on 27Al will be measured by MuZ2e within a
week of data taking: opportunity to test nuclear models in a light
nucleus

Also data (PSI) exists for Al, S1, Ca, Mo, Sn, Pb [M. Stortini, Ph.D. ol

thesis, Yale, 2026; A. Trumic, UC Berkeley]
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_} Data = Total Fit --- Background ===0n0p  ---1n0p

M. Stortini, very preliminary
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Transverse Asymmetries in Parity Violation Experiments

Beam-Normal Asymmetry in elastic electron-nucleus scattering

s Electron beam polarized transverse to beam direction

) _ l — — -
AT _ 1\27[: J, d(G O ) o Se. (kex k'e)
o'+0 do
e
> > = Interference between one- and two-photon exchange
Y Y om,
> > > S

Potentially sensitive to nuclear structure

Purely EM process, vector couplings, no ga quenching
Momentum transfer of O(100 MeV): relevant for NLDBD ?
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PREX/CREX Puzzle

0.95 GeV 2.18 GeV . _
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?E) 2r T =) 1 |
= [ i | 8: i T 2.18 GeV i
5;. 0: ﬂ(:) O_ \; _5_ _ —
< - [ < - -+ .
e o : | ——"
S _4f Z [}] % + o I2c #9c, I \ﬂﬁ
Z i I _
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L | | [ | | I I B B B
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Q (GeV)

Pb-208 result not currently understood

Potential interference between couplings to different excited states ?
Opportunity to bench-mark NME models ?

Additional measurements foreseen @ MAMI, MESA
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- Spectroscopic measurements of 2vf3

models
- Opportunities to benchmark, tune, and possibly qualify models for the purposes of

selecting Ov53 NMEs

LAVORI
IN CORSO




