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Outline \
IMP,

» Brief background
> Neutrinoless double data decay (Ov(3f) in light

neutrino exchange mechanism

Different upper limits of mgg due to NME uncertainties

> Ov(3 process in minimal Type-l seesaw

Constraints of minimal Type-l seesaw from current and future Ov33 experiments

» Summary






Brief background

A [MeV]
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\ odd-odd (A, Z) > (A, Z+2)+2e + 27,

¥ 4 even-even

L / Mayer, 1935; first detected in 1987

g S e TKr by Moe

I \\ 76BI‘ ./

i Vi =1; Majorana, 1937

76Ge*

[ Qss|

I (A, Z) — (A, Z +2) + 2e~

32 33 34 35 36 Furry, 1939
Z
Isotope  Daughter Qpp (keV)* foa B fom (%) T (y0)° TV (yo)°
#Ca 4Tj 4267.98(32) 30.187(21) 16 [6.4707 (stat) *}2(syst)] x 1019 > 5.8 x 102
76Ge 76Se 2039.061(7) 37.75(12) 92 (1.926 + 94) x 10! > 1.8 x 102
82Se 2Ky 2997.9(3) 38.82(15) 96.3 [8.60 & 0.03(stat) 113 (syst)] x 10" >3.5x 10%
%7r %Mo 3356.097(86) 32.80(2) 86 [2.35 + 0.14(stat) £ 0.16(syst)] x 10" > 9.2 x 107!
100Mo T00Ru 3034.40(17) 39.744(65) 99.5 [7.121313 (stat) & 0.10(syst)] x 10'® > 1.5 x 10?*
16cd 1168n 2813.50(13) 37.512(54) 82 263100 %107 > 2.2 x 103
130Te 130 2527.518(13) 34.08(62) 92 [7.711098 (stat) § 9% (syst)] x 102 > 2.2 x10%
136X e 136B3 2457.83(37) 38.857(72) 90 [2.165 4 0.016(stat) > 1.1 x 10%
+0.059(syst)] x 102!

150Nd 150Sm 3371.38(20) 35.638(28) 91 [9.34 £ 0.22(stat) 1092 (syst)] x 10'8 5 20 s 107

Agostini et al. Rev.Mod.Phys. 95 (2023) 2, 025002

108 yr-1027yr




Big picture 5

e AN

Matter-antimatter Calculation of

asymmetry nuclear matrix
elements (NME)

The production mechanism BSM

Experiments:

> Find compromises between nature abundance, Q-value, priced enrichment
and detector techniques

> Key parameter: background, exposure, energy resolution



Brief background
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A general theoretical framework

Energy

~ 100 GeV

~ 1GeV

~ 100 MeV

~ 1MeV

Electroweak symmetry
breaking

Match to ChiPT
(LECs in Table 1)

Construct 0v 33
operators (Eq. 24)

Phase space integrals
(Table 4)

Master formula

— A\ 4 A\ 4
w
“ dim—5 dim—7 dim—9
=
b |
R A v v v
o it Tm 6 Tm=7 Tm =9
E' mppg i v = V° d — uev (d — uev) ® 9, dd — uuee
7} L A |
"""" A S A A &*
(-
% lu—w‘l In—>pel/| In—)eu I Inn—)ppeel In—)pweel I7r7r—>ee
o
®
= - 0vBf operators 0vBpB operators
:5 Hj (Long- and pion-range) -> (short-range)
_________ e %
el
> > AA,AP,PP,MM AA,AP,PP AP,PP
g ‘g _,°: IMF, MGT,T IMF,sd’ MGT,sd ’MT,sd ]
Sa9
. y
Oy (+ +
Tl/”z(O —07)

Cirigliano et al., JHEP 2018

(Eq. 38)

Naive Dimensional
Analysis(NDA)
problem

| D.B. Kaplan, M.J. Savage, and M. B. Wise, Nucl. Phys.
B478, 629 (1996).

| S.R. Beane, P. F. Bedaque, M. J. Savage, and U. van Kolck,
Nucl. Phys. A700, 377 (2002).

| A. Nogga, R.G.E. Timmermans, and U. van Kolck,
Phys. Rev. C 72, 054006 (2005).

| B. Long and C.-J. Yang, Phys. Rev. C 86, 024001
(2012).

| M. Pavén Valderrama and D. R. Phillips, Phys. Rev. Lett.
114, 082502 (2015).

and I, = 92.2 MeV is the pion decay constant. However, it
is known that Weinberg’s power counting leads to incon-
sistent results in nucleon-nucleon scattering [34—37] and
nuclear processes mediated by external currents [38], duetoa
conflict between naive dimensional analysis and nonpertur-
bative renormalization. We therefore investigate the scaling
of gi'N by studying the amplitude A(nn — ppee) = Ap;—»
with strong interactions H g, included nonperturbatively.

Cirigliano et al , Phys.Rev.Lett. 120 (2018) 20, 2020017



Short-range NME

Mshort
Nag = O{Z
M,;*
- NSM QRPA
sotope
% %
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Agostini et al. Rev.Mod.Phys. 95 (2023) 2, 025002

Recent discussion: arXiv:2405.10503



Theoretical mechanism—which one dominates?

amplitude and

mechanism particle physics parameter current limit test
o2 oscillations,
light neutrino exchange ?E |Ue21, mz| 0.5 eV cosmology,
neutrino mass
2 LFV
; 2 | Sei -8 -1 )
heavy neutrino exchange G% M, 2 x107° GeV collider
i 2 4 Vezi —16 -5 ﬂavor,
heavy neutrino and RHC GL. myy, M—M‘V‘g 4x10 GeV collider
flavor, a
Higgs triplet and RHC G2 m4 %&— 10715 Gev—! collider
FMW|m2 M = J:)
AR WR e~ distribution n\/ Up
5 _ flavor, e”
A-mechanism with RHC G%mTW %ﬁh 1.4 x 10710 GeV—2 collider,
Wr e~ distribution e
flavor, n p
n-mechanism with RHC G’%% tan¢ ’Uei Sei 6 x 10—9 collider, Or O
e~ distribution
11, collider
short-range R ASusy 7x 10718 GeV~? fAavo ’
Asusy = f(mg, ma,, mg, , mx;) vor
GF |gin 20° Mgy Mg M 2 x 10713 Gev—2 flavor
long-range R 1 "6 Tha 1lid ,
~ G—Fmb [Mis1 Mas| 1x 10714 GevV—3 cotider
9 ASusy
. 2 4 spectrum,
Majorons o [{gx)| or [{gx)| 10~ % sl cosmology

Rodejohann, Int.J.Mod.Phys.E 20 (2011)

+ nuclear matrix element ?+ new physics parameter ?(effective neutrino mass)



Experimental techniques

JUNO

CUPID-Mo

v
CAP  PMOS
Focusing Electrode

Topmetal CMOS Technology

PandaX-Ill GXe TPC

GERDA,

etc.

10




NME — mEE 11

GERDA-Il 0 = 1
MJD| _—
recent _ ,,,,, = -_._
LEGEND-1000| 2 = o
[ now/soon Ex0-200 Y OvBp decay limit (90% CL), smallest NME
I next NEXO | - "B 10—l_.. e T P oy g g = oY - - - - -
e R i = OV decay Timii (90% CL); larges
leaders NEXT-HD | Jusmn 0
DARWIN -
i =T 3
- i1 L, 10—2 .....................
PandaX 1T | U =
K-Zen400 . g
i it
K2-Zen ] Iy
- __. — 10-3 .......................................
~ snow .
CUORE —— . ENSM
CUPID H o
= | 5 QRPA Agostini et ;3-!. R Phys. 95 (2023)I2, 025002
S  E—— -4 N EET] N EEET AR EET]
107 1 103 -3 2 -1
my, 99 7% CL discovery sensitivity [eV] 10 10 10 10

Agostini et al. Rev. Mod Phys. 95 (2023) 2, 025002 [eV]
New techniques and more exposure are being pursued "o take us beyond the 10.

Discovery could come at any time!

Motivations: schawetz, Popma, Znu, JHEP 06 (2023) 104

> Interpreting the constraints/sensitivities on mgg; of current/future
OvBB experiments

» Checking the possibilities of discriminating NME models in future
OvBB experiments



Formula (light neutrino exchange mechanism 12

_ ~ Lo(mpg, My)
(T7%)a = Ta(mgg, My;) = —2 1/;/32 e

2. 2
1/2 = Ga | Mai|" mig

2
mpp = E Uzm;
j

long hort long M BHark

R snort ___ . L al

My, = Mai + Mozz' = Mai (1 + naz) Nai = ~ long
at

g4 =agi”c g =127

> Quenching effect: correct the NME by g2 and the decay rate by g4
(Ab initio many- body theory)

» Short- range NME: Contact operator suggested to contribute to light- neutrino exchange, cirgiiano et ai. PRL2018
» We do not know neither the value or the sign of short- range NME well.
> Unknown value of the hadronic coupling g)'N, to be determined experimentally or Lattice QCD calculations



Lonﬂ-range NME 13

Nuclear Model Index [Ref.] ™Ge #8e Mo "Te Xe

N1[25] 289 273 - 276 2.28

N2 [25]  3.07 290 - 296 245

NSM N3 [26] 337 319 - 179 1.63
N4 [26] 357 339 - 193 176

N5 [27,28] 2.66 272 224 3.16 2.39

QL[29] 5.09 - - 137 155

Q2[30] 5.26 3.73 3.90 4.00 291

QRPA Q3[31]  4.85 461 587 4.67 272
Q4[32] 312 28 - 290 1.11

Q5[32] 340 313 - 322 118

Q6 [33] - - - 405 338

E1[34] 460 422 508 5.13 420

EDF E2[35] 555 467 659 641 477

E3[36] 6.04 530 648 489 424

I1[37] 5.14 419 384 396 3.25
12[13] 634 521 508 415 3.40

IBM

Agostini et al. Rev.Mod.Phys. 95 (2023) 2, 025002



Current constraints

AX2(Ty) = ar Ta)? + b, T + ¢,

Ty (107 yr)
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Sensitivities to (q2mgg)Tve at 3o

Experiment Isotope € b Fih
[mol-yr] [events/(moly)] [yr~! eV 2
LEGEND-1000  "Ge 8736 4.9-107 2.36 - 10726
SuperNEMO 82Ge 185 5.4-1073 10.19 - 10726
CUPID 0006 1717 2.3-10~4 15.91 - 1026
SNO+II 13%7% 8521 5.7-1073 14.2-10-26
nEXO 136xe 13700 4.0-1075 14.56 - 1026

-
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Discrimination without short-range NME

(AX?j)min -

(quBB}TI’ue:70 meV

N1 N2 N3 N4 N5 Q1 Q2 Q3 Q4 Q5 Q6 El E2 E3 Il I2
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FeENAEEEEEEE
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m}[‘; ““corresponding to discrimination at 3o 17

NI N2 N3 N4 N5 QI Q2 Q3 Q4 Q5 Q6 ElI E2 E3 II 12

« MIllE A HEEEN
~ Wl HEEEN
~CEXE T HETH
«COEX T THE T

N5 .. @ ... 8 meV <(q?mgg)™e< 14 meV

al v [] [ 14 meV < (q?mgg)™™ <30 meV ]
zj X 5 an 30 meV < (g’mg) ™ <49 meV

Q4 = M 49 meV < (q*mpp) ™™ <100 meV
Qs W< M 100 meV < (q’mpp) ™ <500 meV
Q6 .-... . ..... B (q’mgy) ™ > 500 meV

= [l B <N

E2 .

1 .. . . X

v .. . . @

(without short- range NME)



Discrimination with short-range NME, T=10 yr 18
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True

Mmpgg

N1
N2
N3
N4
N5
Q1
Q2
Q3
Q4

Qs

Q6

corresponding to discrimination at 3o

NI N2 N3 N4 N5 QI Q2 Q3 Q4 Q5 Q6 Nl N2 N3 N4 N5 QI Q2 Q3 Q4 Q5 Q6

HE
XXX
=

+, +) (+, =)

12 meV < (q’mpgp)™¢ < 14 meVI 14 meV < (q*mgp) ™ < 30 meV 30 meV < (q*mgp) ™ < 49 meV

I 49 meV < (g%mgg) ™ < 100 meV M 100 meV < (q’mgg) " < 500 meV MM (q°mgp) o> 500 meV

(with short- range NME)
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Formulas (minimal type-| seesaw)

1 0 MD I/E
mass = — = (1, NS h.c.
L ass 2(VL R)(Mg MR) (NR)+ C

1/T7 1/2 = G| Mo, (0) - meg|?

el = i) el 504 + (R2) o, 115 (v) - 13 05|

fa(Mn) = Mo, (Mp) /MOI/(

20

Mass dependent nuclear matrix element (NME)

OvBp decay limit (90% CL), smallest NME

101f minimal Type-l seesaw
NMOQO, [1,4] meV

IMO, [15, 50] meV

10—4 L L IIIIIII L L IIIIIII L L IIIIIII L L LU Ll
107 107 1072 107
Agostini et al., Rev. Mod. Phys. 2023

My [eV]




NME of light neutrinos 21

g4 sre dQRPA [74] sQRPA-Tu [75] sQRPA-Jy [77] IBM-2 [§7, CDFT [80] ISM [81]
1.27 w/o 327 TEL
Argonne 3.12 5.157 - 5.98 7.48 2.89
CD-Bonn 3.40 5.571 6.54 6.16 7.84 3.07
6Ge Miller-Spencer - = 5 5.42 6.36 =
L0 w/o 2.64 - - - : - » CDFT biggest
Argonne 2.48 3.886 - - - 1.77
CD-Bonn 2.72 4.221 5.26 - - 1.88
828e | 1.27 w/o 3.01 . - - 7.60 - > ISM/dQRPA
Argonne 2.86 4.642 - 4.84 7.48 2.73
CD-Bonn 3.13 5.018 4.69 4.99 7.83 2.90 sm al |eSt
Miller-Spencer - - - 4.37 6.48 - .
100 wjo 0.41 ] ] ) i ] » different NME
Argonne 2.26 3.460 - - - 2.41 .
CD-Bomn 2.49 3.746 3.73 ; ; 2.56 ratios between
180Te | 1.27 w/o 3.10 9.55
Argonne 2.90 3.888 4.47 9.38 2.76 different isotopes
CD-Bonn 3.22 4.373 5.27 4.61 9.82 2.96
Miller-Spencer - - - 4.03 8.03
1.00 w/o 2.29
Argonne 2.13 2.945 - - - 1.72
CD-Bonn 2.37 3.297 4.00 - - 1.84
136Xe | 1.27 w/o 1.12 - - - 6.62
Argonne 1.11 2.177 3.67 6.51 2.28
CD-Bonn 1.18 2.460 3.50 3.79 6.80 2.45
Miller-Spencer - - - 3.33 5.58
1.00 w/o 0.85
Argonne 0.86 1.643 - - - 1.42
CD-Bonn 0.89 1.847 2.91 - - 1.53




NME of heavy neutrinos 22

gaA sre dQRPA [74] sQRPA-Tu |75 sQRPA-Jy [77] IBM-2 [87] CDFT [80] ISM [81]
1.27 w/o 385.4 466.8 H
Argc/mne 187.3 316 107 267 130 > CDFT blggeSt
CD-Bonn 293.7 433 401.3 163 378.1 188
e Miller-Spencer 48.1 135.7 > IBM'Z Sma”eSt
1.00 w/o 275.9
Argonne 129.7 204 86 > d|fferent NME
CD-Bonn 207.2 287 298.3 122
828e¢ | 1.27 w/o 358.7 454 :
Argonne 175.9 287 84.4 261.4 121 ratlos between
CD-Bonn 273.6 394 287.1 132 369 175 . .
Miller-Spencer 35.6 132.7 dlffel’ent ISOtO peS
1.00 w/o 257.4
Argonne 122.1 186 - - - 80
CD-Bonn 193.4 262 214.3 - - 113
180Te | 1.27 w/o 401.1 573
Argonne 1914 292 92 339.2 146
CD-Bonn 303.5 400 338.3 138 472.8 210
Miller-Spencer 44 168.5
1.00 w/o 281.2
Argonne 130.2 189 - - - 97
CD-Bonn 209.5 264 255.7 - - 136
136Xe | 1.27 w/o 117.1 394.5
Argonne 66.9 166 72.8 234.3 116
CD-Bonn 90.5 228 186.3 109 326.2 167
Miller-Spencer - - - 35.1 116.3
1.00 w/o 82.7
Argonne 46.3 108 - - - 7
CD-Bonn 62.8 152 137.3 - - 108




My My, [MeV]

My Mo, [MeV]

10%

100

Interpolation
B dQRPA
1 sQRPA-Tu
M sQRPA-Jy
[ IBM-2
CDFT
ISM

Mass-dependent NME

10° ——rrrm

102E

-« = g4=127,CD-Bonn
FETTT] B A T

- = ga=l,w/o

g4=1.27,w/o

g4=1, Argonne

| T

10!

10?
My [MeV]

103

10!

102
My [MeV]

10°

10*

dQRPA: Numerical
calculation

Others: interpolation
with two extreme values

MpMe
Moy, (mj) = WMH
J

dQRPA: agrees with
ISM for light neutrinos
and tends to be
consistent with CDFT
for heavy neutrinos

In light neutrino mass
the NME from dQRPA
model is smaller than
that of the IBM-2 model,
and in heavy neutrino
mass the reverse
applies.
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IR
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NMO, M;=200 MeV, é14=

il ul -
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NMO, M>=10 TeV, 6j4=

i o
100 10" 102 100 10%
M; [MeV]

Parameter space of m.y

IMO, M;=200 MeV, 6;4=0 NMO, M2=200 MeV, 6 4=n/2
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» Some parameter

space can be very
easily/hardly
excluded by
current/future Ov3(3
experiments

The NMO/IMOQO can
be very different
and 0., matters
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A y2 functions of m,
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Current limits (M, & |R./?)
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The IMO case is
similar

The peak shape
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» The IMO case is
similar

» The NME hierarchy
changes with
neutrino mass
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NTrue

AXF; (Megt, (Mow)ags meg, (Moy)ai ™) =2 (Naj — Nai™ + Noi"*In=2—)
(67 @)

NTrue — Bai"‘sai(mg%rfuea (MOV)True)

ol ol

Noj = Baj+Saj(Meg, Maj)

Assumed number events

Assuming no positive OvBp signal is observed,
Leading to sensitivities independent of true NME model

Sei(Mefts Mai) = In2-Na-eo-(T7})5i T/ (1 yr)

ol

B, :ba'sa'T/(l Yl“) T=10 yr

Experiment | Isotope | € [mol- yr| | b [events/(mol- yr)]
LEGEND-1000 | "%Ge 8736 4.9 .10
SuperNEMO 82Ge 185 5.4 -1073
SNO-+II 130T 8521 5.7 -1073
nEXO 136X e 13700 4.0 -107°
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» NME uncertainties due to the SRI may lead to the bound on g2mgg
varying by a factor of order 10

» Promising discrimination of different NMEs if (g2mgg)True > 40 meV,
positive SRI and 10 year exposure

» Comparison of mass dependent NMEs in different nuclear models

» Derivation of limits and sensitivities on the parameter space of minimal type-|
seesaw from current and future OvpB3 experiments
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Better understanding the short-range NME in Ovf8

Better understanding the nuclear structure

The quenching problem

NME statistical uncertainties

LEC from lattice calculations

Sensitivities to different particle physics mechanisms and
how to distinguish them

From OvBB to mg;: improving the calculations of NME
From Ovpp to discriminating NME models: more information on mg,
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Thank you!
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The significance of observing one positive signal:

Without short—-range NME Positive short-range NME
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Contours of (Ay? )min @s function of T and (q2mgg)True |
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mg. corresponding to discrimination at 30 41
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A y2 functions of inverse half-life
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The upper limit of m,;
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