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Investigation of Nd-150 BB decay to excited
states of Sm-150 in NEMO-3.
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The double beta experiment NEMO-3 took data in the
underground laboratory of Modane (LSM) from 2003 to 2011. dinces G | oo " m
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NEMO-3 detector

sources NEMO-3 "camembert" (source top view)
60 mg/cm? fFoils 80
10 kg of BB isotopes ﬁ;r%d
.

Experimental technique: calorimetry plus tracking
Particle identification: e, e*,y and o

Measurement of several final state observables:

- individual energies of electrons and gammas

- electron trajectories and vertices

- track curvature in the magnetic field

- time of flight



1Nd decay scheme and existing results

Results of y-spectrometry
“Pm A.S.Barabash et al. Phys.Rev. C79 (2009)054606

o* 07 T = (1.33+0.36-0.23(stat)+0.27-0.13(syst))-10* y
S/B = 1/5, Nsignal = 177.5, S/V(S+B) = 4.75
2*: T,>2210"y @90% C.L. (best)

5Nd

BB

M.F.Kidd et al. Phys.Rev. C90(2014)055501
0*: T =(1.07+0.45-0.25(stat)+0.07(syst))-10* y

1/2

S/B = 1.2, Nsignal=21.6, S/V(S+B) = 3.4

3367 keV 07 7404 keV

406.5 keV

+

2] 3339 keV

V 0O.G. Polischuk el al. Phys.Scr.96(2021)08532
st ] 0*: T, _=(9.7+2.9-1.9(stat) +1.5(syst))-10" y

1/2

150 No_stat =4.34

NEMO-3 result for *°*Nd 3 decay to the ground state of ***Sm R. Arnold et al. Phys. Rev. D 94(2016)072003
T, ,2%(g.s.) = (9.34 +0.22 (stat) +0.62-0.60(syst))-10"°y T °(g.s.) >2.0 - 102y
The same data set is used in the current analysis, 5.25 y with 36.6 g of **°Nd, 0.19 kg-y exposure.




Event selection

Top view £SUM 1.486Mev

/I\ betabetaz2381

Side view EbUM | 1.48bMey

194

FILE
betabetaz238/1

« Two electrons E_> 150 keV

e Common vertex in *°Nd foil
« TOF probability P, (ee) > 5%

« One or two gammas E > 100 keV
« TOF probability P, (eey) > 5%
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Backgrounds

Internal backgrounds

+ Impurities in the foll
+ e.g. Single B-decay + Mgller scattering and/or Compton scattering

External backgrounds due to high energy gamma rays
+ Reduced by 4800m water equivalent overburden and extensive passive shielding (wood,

iron, borated water)

Radon induced backgrounds
+ e.g. due to 2¥Bi (-decay in the tracking volume close to the foil
+ Suppressed by flushing radon-free air around the detector

2vf decay to the ground state
+ BPB-decay + bremsstrahlung

Use the background model described in the NEMO-3 publication
R. Arnold et al., Phys. Rev. D 94(2016)072003.



Results of event selection eeyy, eey

NEMO-3 eeyy "**Nd 36.6 g, 5.25 y NEMO-3 eeyy "*°Nd 36.6 g, 5.25 y
2vBB - 0°, signal in eeyy $ uf = Benamne 2| § F
5 | = | Ew
t\,, 20 :_ [ ] 152I.Eu+154Eu 3:6 S [
Data= 142, B=85.4, S=Data-B=56.6 , €=0.867% @ § | = raon 55 | 8 g5k
S/B=0.66, SIV(S+B)=4.75 L - o |2
S ' g ok W 258 - 0f 56.6 10f
o L MC total
+2.18 +2.03 E ¢
2 — . N
T,,7(07)=[8.18 1 4> (stat)_l_50 (syst)] X 10%% S d 0 1+
0005 1 15 2 25 3 35 1 080604020 02040608 1
E,. (MeV) cos(v)
NEMO-3 eey *°Nd 36.6 g, 5.25 y NEMO-3 eey '*°Nd 36.6 g, 5.25 y
2vBB — 0* signal in eey s *r - g o3
1 I 2%714%12Biy228Ac 279 =
5 | ] ws | =
.89 60 __ * E ;:EL+‘5"Eu 36:; E
Data.: 571, B:5125, S:Data'B:585, €:217% § EI Neigphabours 2:: §
) [ I Radon 23.3 ®
S/B=0.11, S/V(S+B)=2.44 s by 7| g
3 = oppoo  sns | B
+1.37 +13.35 £ 2] B :
2 — . . 20 2 3
T, (07)=[1.99 g (stan) " 7gg™ (Sysh]x10®y | = : z
% 05 1 15 25 3 5 4

E,, (MeV)
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Distributions of measured quantities of selected eeyy events

NEMO-3 eeyy °Nd 36.6 g, 5.25 y
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Distributions of measured quantities of selected eey events
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Number of events / 0.1 MeV

NEMO-3 eey '*'Nd 36.6 g, 5.25 y
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Background contribution
208T] internal

214Bi internal

207Bi internal

12Eu & *Eu internal
234mPg internal

Neighbour foils

1°Nd bb - g.s.

Radon

Externals

Contribution

Efficiency eeyy / eey
Energy loss in foil

Energy calibration
Bremsstrahlung modelling
Mass of **°Nd

Systematic uncertainties

Syst. uncertainty on activity,%
+7

+ 23

+ 5.6

+ 14

+ 10

+ 23

7

+ 10

+ 31-23

Systematic uncertainty,%
+7.6/+8.1

+5

+1

+ 50

+0.5

10



Method of data analysis

» Classify events (signal against the background) with BDT (TMVA ROQOT)
considering 2vBB — 0, and OVBP - 0*, in eeyy and eey channels; 2vBB - 2*,
and OvBB - 2* in eey channel.

- In order to measure 2vBp - 0* transition apply BDT cut to maximize the
signal significance.

* For other decay modes, when a signal presence is not evident, evaluate the 90% C.L.

limit from the BDT score distribution with Collie program (FNAL D@ experment) using
Modified frequentist method taking into account the systematic uncertainties.

11
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Variable

E

TOT

E max
Y

cos(yy)
cos(y e

cos(y .e )

max — min

)

max —max:

cos(y . e

min min)

cos(ee)

cos(y . e

min ~ max

E min
e

E min
Y

Eemax

E

2e
Sign
Sign

max

min

)

1.195e-01
1.108e-01

8.812e-02
8.464e-02

8.083e-02
7.790e-02

7.771e-02
7.676e-02

6.575e-02
6.297e-02
5.857e-02
5.421e-02
2.377e-02
1.849e-02

{1/N) dN/ 0.111 MeV

0.8

0.6

0.4

0.2

Input variable: E
tot

(1/N) dN/ dx

Wo-tlow (S,8): (0.0, 0.0)% / (0.0, 0.0)%

Input variable: E max

(1/N) dN/ 0.0889 MeV

Nd 2v@g --> 0*, BTD training, eeyy channel

Importance

[ Signal

Background

15 2 25 3
E max [MeV]

g [E signal (test sample) |

Background (test sample)

« Signal (training samplé)

#« Background (training sample)

|-+

-_Kulmuguru\.raﬁmirnnv test: signal (background) probability = 0.159 (0.507)

0.1
BDT response

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

0.2 0.3

3.5

Wio-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

12



Nd 2v@g --> 0*, masurement in eeyy channel
NEMO-3 eeyy °°Nd, 36.6 g, 5.25 y

Total signal significance eeyy

—4— Data 142 Evts

] 2 T1+%2Bi+ " Ac
214Bi

l:l EO?Bi

- 152Eu+154Eu

[ ] Neighbours

[ ] ExtBkg

I Radon

Bl 2v588 gs.

[ 2vBp O]

Events

43 - cut=0.0461116

42:| IIIIIIIIIIIEIIIIIIII
: I|III|II

-0.02 0 0.02 0.04 0.06 0.08 0.1 : v 55 58
BDT score low limit BDT score

_ Data= 53, B=13.9, €=0.761%, S=Data-B=39.1
Cut out events with low BDT score S/B=2.82, S/V(S+B)=5.37,
values to maximize the signal

significance T,,2(0)=[1.04 fg '1251 (stat) foqillz (syst)]X10%° y
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Distributions eeyy events after BDT cut

NEMO-3 eeyy *°Nd, 36.6 g, 5.25 y NEMO-3 eeyy 'Nd, 36.6 g, 5.25 y

NEMO-3 eeyy "*°Nd, 36.6 g, 5.25 y NEMO-3 eeyy

Nd, 36.6 g, 5.25 y

Angular correlation yy for 0*, - 2°
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g
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Nd 2v@g --> 0*, BTD training, eey channel
............... ;

Input variable: E_r

Wio-flow (S,B): (0.0, 0.01% ( {0.0, 0.0)%

Variable Importance § 15 5
1 E, 2.116e-01 : H
2  E; 1.255e-01 |2 B
3 cos(ye, ) 9.169-02 A s H
4  (Emax-E min)/E,,  8.998e-02 :
5 cos(ee) 8.917e-02 S [ convatton s |- sesorams g e
6 cosye ) 8.7686-02 % 7 Promogror i ot s Gk ooty - 035 0439
7 Emin 8.471e-02 T N
8 E, 7.729e-02 o _;
9 Emax 6.869e-02 ; ‘:
10 Sign__ 3.761e-02 E:
11 Sign__ 3.608e-02 o

BDT response



Nd 2v@g --> 0*, measurement in eey channel
NEMO-3 eey °°Nd, 36.6 g, 5.25 y

Total signal significance eey

S/0,y

cut=0.0943733

2.2 :IIIIIIIIIIIIIIIIII:IIIIIIIIIIII
0 0.020.040.060.08 0.1 0.120.14

BDT score low limit

Cut out events with low BDT score
values to maximize the signal
significance

Events

50

40

30

20

]
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(]

|
o
o

|
o
o

—4— Data 571 Evts
I > T1+2"%Bi+**Ac

I:l 214Bi

207
Bi

152 154
Eu+ ""Eu

l:l 234mpa

[ ] Neighbours
[ ] ExtBkg
I Radon
B 2vBB g.s.

| I 2vpp 0)

_. TR 1 1 1
0.2 0.4 0.6

BDT score

Data= 85, B=45.9, €=0.882%, S=Data-B=31.9
S/B=0.85, S/V(S+B)=4.24

T, 2(0*)=[1.21

+0.37
-0.23

(stat)

+0.26
-0.20

(syst)]X10%° y
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Number of events / 0.1 MeV

Number of events / 0.1 MeV
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NEMO-3 eey *°Nd 36.6 g, 5.25 y

Distributions eey events after BDT cut
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Nd 2v@g --> 0*, , eeyy, eey and mean value

T,,2(07)=[1.04 024 (stat) * 1% (syst)] X10®y  eeyy
o \— 0.37 0.26

T,,2(0%)=[1.21 75  (stat) 750 (Sys)]X10®y  eey

T,,2(07)=[1.1170. 1 (stat) 017 (syst)]x10®y  mean

No tot No_stat S/B Eff, % Channel

4.73 5.37 2.82 0.761 eeyy

3.39 4.24 0.85 0.882 eey

5.07 6.83 1.31 1.643 eeyy+eey

Compared to HPGe results
[1] A.S.Barabash et al,Phys.Rev. C79 (2009)054606
[2] M.EKidd et al.,Phys.Rev. C90(2014)055501
[3] O.G.Polischuk et al,Phys.Scr.96(2021)08532
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Number of events / 0.1 MeV

1%Nd 2vpp --> 2*, , eey channel

40

20

150
80 I- <+ Data 571 2
i I 2%%714212Biy 28 Ac 279 S 45— —4— Data 571Ewvis
i i 48.5 4 I T %81 Ac
[ [ 2Bi 41.2 40~ [ "
60 - B '*’Eu+"*Eu 36.5 - Bi
i [ 2impy 4.9 355_ -;:Eu+15"Eu
i [ Neighbours 4.6 30 % Neip:boum
I Radon 23.3 = O Ra:m
[ Extbkg 47 B —
. 2vBp — gs 27.4 203— | ELER
I 2vBB — 07 104.7 = O 260"
—— MC total 617.2 155— ______ B 2T, 2y
+ 2vBp — 24 26.6 0
5
0 -%: . ": k. | L, J daad 1 l L Laak :
0 05 1 15 2 25 3 35 4 : R
E,. (MeV)
effz\)(2+l)=1.10 % 1-CLb = 1-0.3996 = 0.6004
20
Data-MC= -46.2 events Expected T,,>2.21x10®y

No room for 2, Observed T,,>2.42x10%°y



Number of events / 0.1 MeV

80

60
40

20

1%Nd Ovpp --> 2*, , eey channel

NEMO-3 eey '*°Nd, 36.6 g, 5.25 y

| IRCROCDRENN:

Data 571 events
208y1,212R, 228 ¢
21 4BI
207;

2Eu+"*Eu
234mPa
Neighbours
Radon

Ext bkg
2vBp — gs
2vBB — 07
TOT MC

OvBp — 27

eff(2*)) = 6.89%
2.4MeV <E, <3.2MeV

Data = 12 events
MC =11.6 events

Events

NEMO-3 eey 5°Nd, 36.6 g, 5.25 y

= —4— Data 571 Ewts
70— I 1'% Ac

- e
60— g

- - R ST =Y
50— [ 1%"Pa

= [ ] Neighbours
40— I Radon

= [ ] ExtBkg
30— Hl 2BBos.

- 2vpB O

- ovBB oL, 5107
20— H'l"EWM @0 T VBB 0. T, ,=5"10"y
10—

: daslasd |. | I S | | ""h |. baskaal | desdasd
-Cb 8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

BDT score

1-CL, = 1-0.3640 = 0.636
Expected T ,>1.01x10*y
Observed T,,>1.26 x 10*y
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Number of events / 0.1 MeV

Search for *°Nd 0vgg --> 0*, eeyy, eey

NEMO-3 eeyy *°Nd, 36.6 g, 5.25 y NEMO-3 eey '*°Nd, 36.6 g, 5.25 y
25 :_ - Data 142events % 80 - + Data 571events
- I 2571+22Bis?*%Ac = I o 2%%714212Bis?28Ac
i i - i
i [ *7Bi o [ i
201 B '5%Eu+'Eu o 0 B 5%Eu+'Eu
[ [ Neighbours = - ] 2mpy
- I Radon () i ] Neighbours
151 [ Extbkg > - BN Radon
[ Bl 2vp — gs 5 40 [ Extbkg
i I 2vBB — 03 g I El 2v3B - gs
10 —— TOTMC 2 i 0 2vpp — 0y
i = I —— TOTMC
L Yy, e e OvBp — 0F 5 20
ST < L = || T b OvBp — 0F
0 i I 1 l 0 I I 1 1 L L I L 1 1 1 l
0 4 5 0 4 5 6
E,. (MeV) E,. (MeV)
eeyy eff**(0*,) = 4.89% eey eff®(0") =7.02%
2MeV <E, <2.8MeV 2MeV <E, <2.8 MeV
Data = 3 events Data = 16 events
MC =4.2 events MC =16.1 events

No any data excess in the region of interest for the Ov signal 71



90% C.L. limit on *°Nd Ovpp --> 0*, eeyy, eey

NEMO-3 eeyy °°Nd, 36.6 g, 5.25 y

2 o5[—
S B —¢— Data 142 Evts
=
@ - I T8 Ac
- e
20__ ZD?Bi
= [ ST
- i
15— [ ] Neighbours
- I Radon
- [ Ext Bkg
10— I 2v55 o.s.
r 2 0’
N ovﬁﬁ 0T, =6°10%
N S o | T T T \,r[jB o Toe= y
5_
L 4 I |. | I am ! i L 1 -Pt |_ | I | J P )
—%.B -0.6 0.4 -0.2 0 02 0.4 0.6 0.8
BDT score

1-CL, = 1-0.6256 = 0.3744
Expected T, 6,6>6.0x10%y
Observed T,,>52x10%y

1-CL, = 1-0.6421 = 0.3575
Expected T, ,6>9.21x10"y
Observed T,,>9.97 x 104"y

Events

NEMO-3 eey °°Nd, 36.6 g, 5.25 y

= —4— Data 571 Evts
70— i i T T

- s
60— g

- (| BEus By
50F- 1%

= [ Meighbours
40— I Radon
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C 2 o

- :l gzii O T, =6°10%
20— [T ¥
10—

:111|.LL| br bt Le |."1.|.LL| (R
—%.B -0.6 -0.4 -0.2 0 02 0.4 0.6 0.8

BDT score

eeyy+teey
1-CL, = 1-0.6550 = 0.345

Expected T, ,6>1.31x10*y
Observed T,,>1.36 x 10%y
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Summary

« For the first time the BB decay of **°Nd to the 0*, excited state of **°Sm has been

detected with the signal significance exceeding 50. Most accurate for the date
measurement of the decay half life has been produced:

T, 2(0%)=[1.11 jfé)'-llf (stat) :?_'1157 (syst)] X102 y
« The limit on 2vBP decay to the 2*, excited state is slightly improved:
T,"(27)>242x10%y @ 90% C.L.
 No evidence has been found for the neutrinoless B3 decay:

T,,» (0°,)>1.36x102y @ 90% C.L.

T, (2*,)>1.26x102y @ 90% C.L.
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Backup slides
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90% C.L. limit on %°Nd OvBp --> 0*,

The obtained low half limit T__°(0*)> 1.36 x 10* y corresponds to the upper limit on
the effective Majorana neutrino mass

(m) < 6-43eV

According to the NME calculations:

J. M. Yao and J. Engel, Phys. Rev. C 94(2016)014306

L.S. Song et al.,Phys. Rev. C 90 (2014) 054309

J. Barea, J. Kotila, and F. lachello, Phys. Rev. C 87(2013)014315
J. Beller et al., Phys.Rev. Lett. 111(2013)172501.

That is less stringent compared to our results for the ground state transition

T,2(g.s.)>20x102y, <(m,) < 1.6-5.3eV R.Amoldetal, Phys. Rev. D 94(2016)072003
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NEMO-3 detector
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Source foils of Sector 5

46.64 g of Nd,O, powder mixed with 8%

of PVA glue were uniformly distributed
between two layers of mylar to produce
the composit foil with the total mass of
57.15 g. The size of foil was 2484 mm in
length, 65 mm in width.

The *°*Nd composite strip was located in
the NEMO-3 sector 5 at the position

of foil 6 between the composite *°Mo
(foil 5) and the foil containing *°Zr and
“8Ca (foil 7).

The enrichment factor in **°Nd is

91 + 0.5 %, ™*°*Nd mass = 36.6 = 0.2 ¢
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