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2vpp6

double beta decay

*a second-order weak process
 detectable if 15" order [3-decay is forbidden

* iIn SM for even-N even-Z nuclel:

OVBB: Az — yaA+2e

e forbidden in Standard Model

never been observed, rare.

(Goeppert-Mayer, 1935)
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only way to detect Majorana neutrino
<mgps> # 0, and lepton number violation
sighature: mono-energetic peak at Qg
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half-life of OVBR

measure half-life of Ov[3B : ROIWsovobS

T.% = In2.[4].5- ng; t

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

Na : Avogadro Number
> . exposure (livetimexdetector-mass)

€rol - fraction of signal (Ov3) region
In data analysis
S%ps : measured signal counts

axial vector coupling constant

relatlon with { mgg) : - o (e
V-1 0 0 m 2
[Tl =G VQA\M P e |

phase space factor nuclear matrix element

effective Majorana mass:
2 2 - 2 ;
(Mgg) = |Usmy + Upomae™ + Uzmae”|

|Uei2| : neutrino mixing matris (PMNS)
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In this report:
G%g*s|M®|? is fixed

to this line

(H% = In2[NA/(A-m2]GY)




current/prOJected sensmvmes on OVBB
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ACh | eve d . normal hierarchy inverted hierarchy

Cryogenic Underground Observatory for 1073 &
Rare Events (CUORE) 75-350 meV; PRL 124, 122501 (2020)
GERmanium Detector Array (GERDA)

79-180 meV; PRL 125, 252502 (2020)

Kamioka Liquid scintillator Anti-Neutrino Detector 1074 - - : :
- Zero neutrino double-beta decay experiment 10‘4 1073 1072 1071
(KamLand-Zen)36-156 meV; PRL 130, 051801 (2023)

Projected: my, (eV)

Large Enriched Germanium Experiment for Neutrinoless B3 Decay (LEGEND)

15-50 meV; AIP_Conference Proceedings 1894, 020027 (2017)

CUORE Upgrade with Particle Identification (CUPID)

12-20 meV; arXiv:1907.09376v1

next Enriched Xenon Observatory (nEXO)

5.7-17.7 meV; PRC 97, 065503 (2018) 4




hypothesis test

what is T%;, (or S%%s) to define positive claim of OvBR?
- frequentist approach, profile likelihood ratio as test-statistic.
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if null-hypothesis is true P(qo|Ho)
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if alternative-hypothesis is true P(qo|H1)
0.005 = -
Gﬁ] 5 I1|{]IIII1|'5IIII2|{]IIII2|5III L A A
T (S=0!B!ﬂ
//’ ‘\\ test statistic o = —2/n[ L(S.BV) ]
te Jo's
9= [ Pl da o= [ PlalHo) dn
0 “a Neyman-Pearson Lemma:
type-Il error p-value for every choice of a,
search for hypothesis type-I error likelihood ratio minimize 3
of certain 3 user defined

In this report we adopted a=0.00135 (30) for positive claim and [3=0.5. .
: - <« P39, criteria

- alternative-hypothesis that has 50% of chance to see >3¢ effect 50

(equivalent to 50% of the best-fit S with 3o-error-bar not include 0) 5



Neyman construstion

in frequentist statistic, C.l. is defined by cooverage:

©  E 30 acceptance region
re >
35— ~one of the simulated
acceptance 3{];_ experimental outcome
defined by o 253— «—— 3o error-bar
L(S,B, =
f= 2[5
L(S,B,v) . a<— best-fitS
10
special cas_e of t at S=0 — | | | |

u

0 2 4 B 8 10 12 14 16

t = -2In[L(S,<<B>>)/L(<S>,<B>)]

the P3°g criteria:

Jo's to
r}:“f/ P(qo|Ho) dqo = 0.00135 (1-Ps0) fif/ P(qo|H1) dgo  =0.5
to JO

IS equivalent to 50% of the outcomes (of alternative hypothesis) have 0 outside 3o-error-bar.




likelihood function

g~ (B+v+5) B SN Bfg(E)+vi/E)+Sfs(E)
L(S,B,VIN,E) =° SAUAY ) P RIS NS

isimulated data, MC for N and E;

120

S : expected OvB( count

BIs(E) + V(E) + ST(E) V- expecied 20p count

100

80

/ fe, fv, fs : normalized spectrum

60

data

40

an example of simulated

20

(S', B, V) : maximize L

2300 2400 2500 2800 2700 (S —_ O, B’ ‘?) " maximize L at nu||-hyp0theS|S

i

test-statistic: likelihood ratio Qo = _2 ]n[ 85033‘? )ﬂ] Feldman & Cousin, PRD 1998
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P(a.lH) and P(a.lH Ho : data generated with S=0
(GolHo) and P(qolH:) H.: data generated with S=some number (>0)
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flat background only

e—(B+

L(S|B, N, E) =

S: expected Ov(33 count in Rol
B: expected background count in Rol
Choice of Rol : cover whole Gaussian
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OV sensitivities

eff. ; area of Gaussian in Rol

Soleff.

10

counting ROl = +1.4c

o -

N!

S

L(S|B, N, E) =
ol il .|
10°° 107 Blo.

o-(B+5)

B+S) 1—[ [BfB +3fs J,)]
i=0

069 B+S

P0is(0]0.69) = 0.5 *

| 1111
107 10

with energy information (Ei), sensitivities (50% >30) of signal strength is
iIndependent of Rol, depend on B/ce only.
(oe : energy resolution of detector)

for L = Poisson only, sensitivities depend on Rol of choice
suffer from "over-coverage" (=30 is not always allowed for discreteness)



counting analysis

— counting analysis

Soleff.

e~(B+5)(B+g)N

- L(S|B, N) =

10

N!
with optimize Rol
(B+S) Bfg(E )+ Sfg(E)
; | LSIB.N, E) = P [ P
LLLti Ll Ll L1l Lotrainnl L
107 10° 1072 107

BIQ’E

counting analysis : smaller Rol - smaller B - but suffer eff. lost

energy information : solve "over-coverage" problem of counting at low B

Increase sensitivities at high B

]
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effect of energy information
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Wilk and Wald

According to Wilk 1938, Walk 1943, at high statistic, and S away from boundary
P(go|Ho) and P(qo|H.1) could be approximated by:

11 1 .
— e 0
2 /27 +\/qo
P(qo|H1) ~ (1 — ®(V'A))é(q0)
+1 1 1 (g_vK?2 hon-center x*-distribution
o €
227 /a0

the non-center parameter A : go of most probable (Asimov) data-set.

1
P(qo|Ho) =~ 55(%) + x2-distribution

LI T | T T T T T T ! T T T T T ‘ T T T | T T T ! | ! I I I

P(tﬂ|Hn)
P(t [H,)
Central ¥?

I | I I !
P(t [Hy)

P(t [H,)

Central >

— Non-Central X2 Non-Central ¥2

Probability
Probability
=

|.|llllll"""""l"'l"' 5||\|E||||||IIIIIIII‘I
0 20 40 60 80 100 120 140 160 0 10 20 30 40 50 60

12



Approximation at large B

Large B and S required a lot of PC time to get sensitivities,
Wilk's approximation match well with simulation.
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uncertainties of B

L(S|B,N,E) =2

uncertainties of B
og=V(1B) /1

E))+Sfs(E))

e—(TB)(rB)”U

B+5) B+ SN H [BfB
i=0

B+S

| x

nn!

alternative measurement
T: scale of data size from main channel

No IS a simulated number (as N, Ej) in hypothesis test
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uncertainties of B
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with 2v[3[3

AQgs = 25 keV, 5 ton-yr

AQu= 25 keV, 1 ton-yr

#< — others

b®  AQgs= 10 keV, 5 ton-yr

107 1073 1072 10 1 10

2V[BB become a dominant background when flat background is small.
negligible for Aggs < 10 keV and exposure < 1 ton-yr
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with 2v[3[3

B6Xe, Z = 1 ton-yr BXe, 5 = 10 ton-yr
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summary

* we example projected sensitivities of OVp[3 by
hypothesis test with profile likelihood ratio at
both low statistics and high statistic region.
and cross-check with other approximation method.
* example parameter space where Wilk's approximation is valid.

e effect of ©

Iscreteness of Poisson still preserve at low B.

* more wor

K on other systematic uncertainties:

G%, g%, [M®|2, 2V spectum.

S (coynts)
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test statistic

The question: what is T%y;,; (or S%.s) to define positive claim of OvBR?

- depend on 2v(3[3 background — exposure + energy resolution of detector.
— depend on flat background - exposure.

-~ depend on uncertainties of backgrounds.

— depend on uncertainties of G%g*a|M®|-.

— depend on acceptance region (?-o) and "power of test".

— depend on choice of "test statistic".

Test statistic : mapping from "experimental outcome" - "real number"

-~ we need this or we can not compare two outcome with multiple values.
Neyman-Pearson Lemma - "likelihood ratio" optimized for hypothesis separation.
- "profile likelihood ratio" when nuisance parameters exist.

We adopted frequentist statistic in this report:

 probabilities of parameters (of interested or nuisance) are not used.

e uncertainties of parameters formulated from probabilities of measurements.

* C.l. is defined as "coverage" of measurement (outcome) - Neyman construction.



over-coverage of counting

Sy/eff

10— counting ROl = +1.4¢
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