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Summary
The Double 8 Decay

Michiko Miyamoto

They present the full setup of the Heidelberg-Moscow double B decay experiment. They make experi-
ment giving at present the most stringent upper bound, which improves the neutrino mass limit into the sub
-V range. Fire crystals were grown with a total mass of 11.51 kg out of 19.2kg of 86% enriched "Ge.
Since February 1995 all five detectors, corresponding to 19.96 active mass, are operating regularly in the
Gran Sasso underground laboratory, four of them in a common shield. The neutrinoless double 8 decay
(0vBB) signal is not obserbed. The measured data from the first three enriched detectors with a statistical
significance of 13.60kg yr arrive at a new halflife limit of T} (O*—=0*)>7.4X10%yr (90% C. L). With this
limit a Majorana mass of the neutrinos larger than 0.6 eV (90% C. L) becomes exception. The data taken
in the previously operated setup with three enriched detectors in a common shielding and a statistical sig-
nificance of 10.58kg yr make extrapolation for the two neutrinos double 8 decay (2v88) of Ge. A Monte
Carlo simulation is done for the procedure of a guantitative and modelindependent description of the back-
ground, which results in Tzz = [1.77755) (stat) J_'gﬁ (sys)] X 10%yr. Moreover, the results concerning new Ma-
joron models are reviewed.
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Fig. 1: Spectral shpes of the different investigated double-8 decay modes; the continuous spectra
are classified by their spectral index n. The spectral index for 2v8 decay is n=5.
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TABLE I . Technical parameters of the five enriched detectors.

Total Active Enrichment FWHM?
Detector mass mass in *Ge at 1332 keV
number [kg] [kg] [%] [keV]

enr No. 1 0.980 0.920 85.9+1.3 2.22+0.02
enr No. 2 2.906 2.758 86.6+2.5 2.43+0.03
enr No. 3 2.446 2.324 88.3£2.6 2.71£0.03
enr No. 4 2.400 2.295 86.3%1.3 2.14+0.04
enr No. 5 2.781 2.666 85.6+1.3 2.55+0.05

2Full width at half maximum.

BT, ERENTVLRWEB LW FHFICELS R ENRSL LHIT, I{BEESN TV,

enr No. 4 BAAOFXTORMEE, 30cm O—H 7% Ph R TEE SN THB Y, ZD30cm
EVvH D, 20cm D Boliden Pb %9, 10cm DETRERIICFiKE 7 LC 2 —grade Pb @ IR
BIZL > THBREE TV D, FR0ORMIE. NBOE48ET 572010, 22RO R 54
ZRYBRL 7200, HETRIEICHRLERL L LI0, ZREBE2VIEOHOFIZEINT
V5, MEofE, ABrSOFBTRZEASESL72012, 10cm OMELHEDO-R) 5
LVERRONEMOBRIZEIN S, RIBZFD enr No. 4 EHIORMBOFICHEAN T ON TS
h, #LTINid27.5cm DEMFEH Cu OWERERR. 20cm D$r, L THIRZFEO/R) =
FLVEBREREL TS, EBOTZEWERET 572012, 2Th & PCo I L 2 BEDHIE
BRENTWAE,

ROICBWT, Nv 77T FOEN, Bhb 75 —0EFREHICOVWTERLTW

TABLEII. Development of the background numbers in the different data acquisition periods for the
enriched detectors.

Background
Detector Measuring time Date Shielding [counts/keV yr kg]
boron-
number [days] start end Cu Pb  polyethylene  100-2800 keV 2000-2100 keV
first low-level setups
enr No. 1 387.6 8/90-8/91 X 9.74 0.56
1/92-8/92
enr No. 2 225.4 9/91-8/92 X 6.09 0.29
common shielding for three detectors
enr No. 1 382.8 X 7.81 0.22
enr No. 2 383.8 9/92-1/94 X 4.86 0.22
enr No. 3 382.8 X 6.67 0.21
enr No. 1 263.0 X X 6.96 0.20
enr No. 2 257.2 2/94-11/94 X X 4.48 0.14
enr No. 3 263.0 X X 6.06 0.18
Full setup
four detectors in common shielding, one detector separate
(since 2/95 enr No. 5 with digital pulse shape analysis)
enr No. 1 203.6 12/94-8/95 X X 7.06 0.14
enr No. 2 203.6 12/94-8/95 X X 4.20 0.17
enr No. 3 188.9 12/94-8/95 x X 5.50 0.20
enr No. 5 48.0 12/94-1/95 X X 7.55 0.23
enr No. 4 147.6 1/95-8/95 X 6.62 0.43
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Fig. 2: The measured background of detector enr No. 4: unshielded in the low-level laboratory
in Heidelberg, inside the shielding at Gran Sasso without and with N2 flushing.
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Fig. 3: Combined integral spectrum of the enriched "®Ge detectors
with a statistical significance of 17.70 kg yr.
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DRHBBROEB LS BREOMBEZHRFET 272010, TIRERNREROEERND 5,
Fig. 3 BT BNNY 7 757V FARYZ PIVOI0DF b 5EV y DD OAES, $§XTH5RA
DWENE S NIARBEBROFIO T — & — 2BV T, 2038.56keV TD 0w RBOERKIRE~DER
123.59+0.26keV DL AN F—GELZ 52 5, TOZ &iE, RICHEESIAZFICL TR
ENTHRHBROSHREL HARD L &2, 7~ % — 2 BETHERMOERN T A —F —DAWV
ZEBEERL TS,

§I OvBBHRIRICKI T DHER

13.60kg yriC & o C, WRB HIBILHERZ 52 A0 DA ENZART MLk, #hFh
DOBHEC L 2BMO200H FOPELBRNT, TRTCOMSNT - % &L, ThEh
DORHMEBBOMPAD T — ¥ —id [17] DL H . oW 2B EFERLOPPbYAEVE
B B 72D iz, RIS, HEWCEBEREROTF—5 -, B2 ED L7200
F=F =BV APENT D, BEEZEZ 2010, BESRZWBESOEL ) DML
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TABLEIL. Full data of the experiment and used data after decay of initial
activities for the evaluation of the 0y8 decay.

Statistical Statistical significance Background

significance without fist 200 days 2000-2080 keV
Detector [kg yr] [kg yr] [counts/keV yr kg]
enr No. 1 3.15 2.18 0.18+0.03
enr No. 2 7.87 7.02 0.20+£0. 02
enr No. 3 5.40 4.40 0.21+0.02
enr No. 4 0.93
enr No. 5 0.35
) 17.70 13.60 0.203+0.014
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Fig. 4: Region of interest in the combined spectrum for a hypothetical 0v88 peak; the inserted
curve corresponds to the excluded signal with Tis >3.4X 10%yr (90% C. L.) for all 17.70kg
yr data taken and T >7.4X 10%yr (90% C. L.) for 13.60kg yr, respectively. The difference
spectrum with 4.10 kg yr consists of the first 200 days of measurement of each detector.
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B\,

Fig. 5 2BV T, W EETHEROUE SN B EPRMEIVRENTE Y, #EIX. 2000
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Fig. 5: Number of expected background counts (open circles with error bars) and
measured total number of counts (solid circles) in the 3¢ energy range of
a OvBp (0r—0%) transition of 7Ge as a function of measuring time.
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WX o TH4I3, 8.82 (5.12) DEREN% (68%) NEFEKETHINL., ZORKE.

TY>7.4 (12.7) X10%r 90% (68%) DfEFKE , (1)
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2030 & 2048keV D D2038.56keV THIE SN2 QENETHL D %, 3o DY —27 OEBIZE»
i, EEEZ B2 LiX, EHEEIN% T5.8L10.3X10%yr OB OEBHFRFOEE % 5% .
ZFLTIDEIIE, TOZANVT—HEOTT, RRELILNY 77T 7Y FKREDIERHA L
%o T, Eq. (5) DX EVEEHRFIZ, AR EWERELERL T, 1THIESE [6] 1<
FoT, 2a—t) /OIS FEEDLE~ERENS @

(Mv> <0.6 (0.5) eV 90% (68%) DIEFEKE (2)

bLEZS 25010, FEXFPERPEINE LS, RAIZOUDEFKETRD LIRE R
ET A .

(My> <0.7 (0.6) eV EHEKE 90% (68%) (3)
> <6.4 (4.9) X107 fEFEKE 90% (68%) (4)
> <1.1 (0.8) X106  fS#EAK¥E 90% (68%) (5)

RBO7-010, Brx3ENIELOBHZ NV —TOITHEZELAWTEBLZa—- ) JEE
DEEh—ERE525 ([6. 20] OMEILILLB),

Baid, BEPRBO2OOBEOENIDH LM, 2 L) BFOHBENTHRENICELL
TWAIEamMab, LeL%26 ZOFME, ROBKRT “HH” %23 DTH S, Engel & Vo-
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TABLEIV. Neutrino mass limits from neutrinoless double-8 decay of ®Ge for different matrix elements.

Ref. MB—MY (mv) Comment
[6,20] 4.186 0.56ev QRPA with Paris potential
[21] 4,33 0. 54eV QRPA with Bonn potential
[22] 7.58 0.31lev VAMIR code
[23] 5.02 0.47eV  shell model in weak-coupling limit
[24] 3.04 0. 78V QRPA, on pn pairing
[24] 1.34 1.76eV QRPA, pn pairing
[25] 1.71 1.38eV QRPA schematic force

o' =—390 MeV, ga=1.25

gel & Zirnbauer [25] DFtEIIZ. HEOEFE—EFEI LAWY, BB L% HW-5E
B TH B, Pantis et al [24] DEIEIEF, paNE2ELY, 2B, HDLVEVWFEEEATHS
IRz,

EBRORBIIBT BN 7759 FOBRNLREZEICL > T, W HEDER S5 2 bh
PRI E ., HIR S NAFHROEFEVCOR Y ICHHOBREEER LS I TRL TV,
ERBEBIIBEDOT— ¥ — 12X o, PIRFEEINLFHRPMBELIIR 5 THH 9, Fig. 6 13
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Fig. 6: Half-life limit (left) and resuiting Majorana neutrino mass limit (right) with 90% C.
L. for the 0¥BB (0T—0%) transition of 76Ge as a function of measuring time.
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VTN 4 —=2FFN, FLTEEBEWERY VELEEATYS, FEMICH L THAE [5.
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RO MBAER SN B, TRTOUESNEEN Y 7 7T 5y KER, N9 275
YFEFMEBNT, ERCANS NEFIIZR bRV, 2 LTI, FRHIES A
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Fig. 7: Implemented geometry of a scanning measurement with a collimated
®Ba source in axial direction at 9 cm below end cap of detector enr
No. 2 (the source is symbolized inside the collimator with a black dot).
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FEEOANR, FEEOFEFHEDO V- ) ORI LT, Mg &N/ ¥— 7 OEEH
KEFHETH DD THY XEVEEMEEL S 2 5 PEEORTOLEIRIC L - T,
IANVEF—DRECEHEZONLEDLLTH b, enrNo.1 (15y % L T23z D#I5E) % enr No. 2
(14y. 192) ZL Tenr No.3 (30y. 42z) OBHZFICH T2 TN COPEBIIERER IS,
BE52 57012, MAFAEKORLHV yREH VA, 2L TZOZ L, enr No. 112K
L TC7.1%. enr No.2 2% L T5.1%% L T enr No. 3 {2 L C7. 1% DMK OB E D
FEESNIRMIBREIRET 5.

100keV 2» 6 2700keV D O BABETREO S L AN X —#HHL AT 010, L OMOIPELS
BB ICER SN, BIZIE, BTh 2BV vy —%BCBIT 5, WHOBREDD
BIEiE, Fig. 8 DRI LERLEEONE, REBRC—BHLTWwEY, LI LEFoELA
VIR T, RN LEROFIEWEL Y REL B o TVEILITERTRETH S, =
DL, FEOFOEDOMBOAHEEN (2mm OHBEN) Lo THHEIN S, Z085
BHEACBVT, BEHAMIC PO ERICL > TEDNTWES ; Zhwz, KA LF—id &
DRI S R F Vv, 500keV L ETiE, EflLBBEEROMOWS &, ¥— 7 05t HEI& L
IANE-ORGIHER 52 AT LI LT, 10%UTTH 5,

ZDEBRIIBVWT, HESALAODOIINVEF-OHBENT, TVF HNVOEEERI,
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)
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Fig. 8: Comparison of measured and simulated calibration of detector
enr No. 2 within the Gran Sasso setup from 28-mar-1992.
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DG, JRERFEBOTIAT v 7 OGS, 2L TCe FEMEENLEHTH S, RIHFD
FOMOWERLIE, FlZIE. 7A P SNAEKEOHHEGED HEALDERLREHEIL, 1o
DO/NELEEXIIEERUE SN/ FRKEDLDICERTE S, TNENORBZIZOETO
MEERECREICEL T, BY dHo TWRRIERIC L BIREHELS, Ny 2759V FEFIL
IZBWTiE, £&EInsd, RRMENY 2797 Y FEFVOBRBERORBREER NS b
WVid, WESNZRBEEDART PVEIL—FHLTwE, ZOZLit, JEORLEHFICHT
B—RRNy 7 7Ty FEFNVERIRICHEILT 2 - OICEEDOIELEAFEH L Twb,
WEEERDINY 7 755 FARY MVid, MBERCBT2HEMEROLOIC, BlEsh
72— 7 OFHHEIAEVICH L THEBIEENTWE DA TRV, —RENY 7 75TV FEF
WEFBLRW20IC, BHERERN L ERAMY — 7 5HEEIEVICHT 2 REFBRORIF, B
BEBICH L TELLEBILT 2 Z L2 RET2ONWETH 72

500keV \F DT AV F—COFEEII Ny 2 757 ¥ FigHEEIZ, WED LC 2 -Pb Efk D+
KEETNTWBE 2P Lo TRRI &N, ZLTIHIF, ZOHE 2B (QE=1.16MeV) Dl
BETEBLTHEST 5, TOBEBICBNT, WESNIZBRDIZL ALEHI I OFREICL
B55DTH5, (0.36+0.03) Bglkg DFK: % HETREIZ. 2°Bi VIR 2Po D AEEDEAKHE o0 2 X
7 FPHERAAY—IZE o T, FEHICRESNS, ZONEWLREERIZ, ZhT TIEFEOF
CHET A RRDFELETH L, ZTOFEL [ LC2-Pb EROKE LBBOHTOMED-DIZ,
INFLEIDREN, Thbb, 2,038\ BFOREICHBILERIESR S 2V, H—DDR
FThHD, HRELFBEHORARS MU, EHET, ZLTEEXEXONEODARY b
VO EYKEVEBEAEROMITERENE DT, #EPESNIERICOWTOBREDORRIE,
NCEoTEEI NV, HEZEXLHBIZBIT A, ZOHAPI D KREV, TRTOMDOHE
BENTNw 7 7Ty FORERRIZ, 2REd, BIESNAART MVIIXF LT, 0.04&
DASVEFICERLE NS, Mz, BEEROBRITWZREL, ERLEBL TERS
Ndo Ny s 799y FEFVIC, 25U (4y#) & ®Th (9y#) OEABESEZ &5
DI, BEINyBOE — 7BBESHV bR S, BETEEOFME & HRO—# %54 DIRED
bel, MELEHOMMNN R - /BET B LICL T, MBIRREENS, BUD
BEEOBEIIBNT, REBTF v N —ERIBV—FERLTBY, —F, #ThiTT
BRI LT, ZRENOMBEROFHORIBRFEE O P ISR MLEMNIT S Z L8
LD EBNTHS, TREAMEBOREDNDRN DBREIL, Ny 27 T77 Y FEFLVORMMRE
DFIZEEND, Ge LEFOFIMET LI LT, B RAVF—AXRY FVEHEOITMR 5 o
BOREIEI L > TORTHETH 5, '
WEHFEEREL ) LORBIIH L L&, FERCESOT I L2RMITHHIC, KIEREF
FEBOHR. Ge PEMAIIHETEL M LIZ Lo, ZOEEHMIC, Mn, “Co, ¥Co, “Co
ZLC%Zn OFHERETOBSIEEL, TNOOFEyRICL > THIESNL, BEALEDOMR
MTEFEDS, SEBICUEIHSNICETHE (EC) IS L 2% T 5 DT Ge LEERDOHTOI
HEE (TOZANF RIS L EICHT XBROZAVF MR ON T, BXbNzy#E
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2 3) LEOFONIOKEEE (B2 bhE\vyi) BORHSTRETH L, MESIE
— 7 DMER, Ny 2 TIY Y FEFMIH LT, BEEROFS 2 BBIT 20088 ThH o
776

LC2-Pb IZBITS, ERD K DEFEIT. FHTFOBHERICL o THRES N, enrNo. 1 &
enr No. 2 DI ENF—F —L I —FLTWw5, &2 HADK HELRIL, enr No.3 DED
FiZEbh 5,

NEFRERIOMETBE, ¥Cs, 27Bi, 125Sb &13Cs i3l 4 DMBEBR OO S D REHFELRTD
o ZNHARY MVOEOZBIZ, EYEIH, L YEDCREORE L, BERERBRH
BOMBICZARICEVTLL, BB LAV, ZONHEERETERT 57010, THELE > 2B
EOREIFV, RARMPREOHICEDON L, _

Ny 7 75% Y FEFVOTRTOEE S NG, B O O o Rstee &
LTHzoN, TROREMICHIREINZERIE, BVICUAFERTVE, §XTONY 77
T PGS GRS Z L TERBVWHETED 272012, B4 OREBROHERIE, KRl
RTLUERBENTVS, ZOWEENIZARY MAAD, FRHARY M VOEEE, Fig
92 enr No.3 DBAILODVTRENT VA, IRTOPWEENLBRDOIFTDLILHT5
500keV \F DL ANV F—~TOERFSIF, "PoICLkoTWwh, DNy 7757 FOEHR
DHBHEST, FOFTIHOK &L o2k > TWAED LRI, HABESEICERL TV,

B ANVF -G ICBT HMETNEE 2B 572012, 2088 BEICHT 5, EEX5 25
MB13500~2040keV & BIRE N, 73.9% DEFICRATV S, 2D &9 1T, 500keV AT DA

TABLE V. Measured activities of all background components included in the uniform background model
for three enriched detectors in a common shielding between 9/1992 and 11/1994 (p. d.=per
detector located); the errors include the normalization and systermatical misplacement errors.

Background activity

Background (uBg/kg]

component Localization enr No. 1 enr No. 2 enr No. 3
20Bi bremsstrahlung LC2-Pb 36000030000

28 decay chain detector chamber 126 £39mBq/m3

#2Th decay chain copper p. d. 108.2+12.5 16.3+9.6 105.3+35.7
Mn copper p. d. 22.6%5.8 16.5+2.5 22.5+3.3
5Co copper p. d. 20.5+8.3 30.3%5.0 42.1+6.6
%®Co copper p. d. : 56.4+10.8
8Co copper p. d. 92.5+12.2 72.3£5.2 56.0£5.2
¥Mn Ge crystal 4.5+1.7 3.1+0.9 2.5%0.7
%Co Ge crystal 2.5%0.8 1.4%0.4 3.7%0.6
%Co Ge crystal 6.1+2.2
Zn Ge crystal 6.7+2.5 25.0%3.6
K LC2-Pb 271.3+32.3

K copper enr No. 3 696.1+48.1
B1Cs copper p. d. 220.2+24.7 65.2+19.0 176.1£21.3
2B copper p. d. 20.8+11.3 4.0%2.2 10.245.5
1258h copper p. d. 50.5+18.0 20.4+7.3 79.1£28.2
Cg copper p. d. 9.7+14.6 4.4%6.0 11.9%+17.9
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Fig. 9: The simulated background components (shaded areas) as parts of the
original measured spectrum of detector enr No. 3 (solid histogram).
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LiE. BB BEORERICHEET, FOWUEENERIIOVTOMEFTIE, ZOEHETIR
RR/NE VY, BlZIE, enrNo.1& enrNo.2 DAY M VIZx$ 5 enr No. 3 DigHigRD ST
BB S N7 gEIC X 2 E5 3. Fig I0IKREN TV S, —tkAR/2N\y 2 777 v FETFIVIE,
BRHEBREICBIIZTRTOBELEATY S,

PR PEBCEENERRENZ VY 7 75y Y FORGTEE AT 572012,
BERMBEESEA SN S, Fig 11IZBWT, TXRTOIEORHEBZOR A o727 — 5 —
. TRTCOUBICERENTNY 2 757 Y PRSIV BOBRE L L IT—HITREA
TWh, Y DAY PILVIZBWT, 700keV IR AMEEED, 2088 BEOFIEZ, RThh b,
2MeV U EDZANF—T, BBRENTVEHLERNH HH, iz, BCB72AHm
BNy 7755 FRIZEBDDTH A, TRTOINLDEL L LF5OHFENLT
B, BT AVFE—ZHo THEMT A, E—MOEBERL TS, EFVICHLTINLIED
BEIZ, FRFROBRHEICE LT, Bl4122.1MeV £2.8MeV O/ ICAR L W 258 51
5, ERFAVLI, LYVEVWZAVE-CHRENG, 2FICbizoT, ORI 75y
Y FROFER, HESNLBRD2.8%THY), TNOWRENNy 7779 Y FEOHRFS
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Fig. 10: Influence of activeties located in detector enr No. 3 (shaded area)
on the spectra of the neighboring detectors (solid histogram).
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Fig. 11: Summed raw data of the three enriched detectors with a measuring time of 645 d (solid his-
togram), residual spectrum after subtracting all simulated background components (shaded
area), and upper contribution of ®Ge estimated from the 511-keV line (dashed line).

NI AT PVOREFE LRV,
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HEl Lo THES NS, i, WEXBIT2 nOREBOBFHY 2525 (BERYE
BEERTII R\, 2L THRRICRE LEEEROZARY MVHRIC, BAMIC, BlEsh
RTF—=—HIHbINbDTPCIRCERPFEINI L VWIFEEL Lo TS, HIES
NEBIALVF -0 ORBICEET 2BRIE, BEEROT— 5 —0FIc@3 P LIFEREL
TUE, COREEHPZDDICL TV S, ZOERS S, pkiE, 2.3%10%m %! [30] &
V9. MACRO Collaboration I2 & o THIE &Nz n HOKE L TH 2 LHBEN 2, EVIF
R, BETREOERIL, NEOKRERR L FEFIC, p OEZERNET2RBOELICHRES L
BTHA9,

511keV DBFIFER L, WEF D BCe DL FEL I 2 I LT VLR B, %Ge i3,
"Ge (n. 3n) %Ge DEIEOHD, EFROBRC L o T, LEMOWEICFEBRIC L o B
EN) B, THIF, TTEERAD T Ce FOWEDBMEICL o TELLBEINTEBY, “Ge
FORBEELBOT I LICHIET 5, 2B, WHLHNET 2 8Ce DIFEFIT, 2.921MeV O Q &
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ERFOLOWEBCa DRI X o T, FEWICHMEBILFT T 5, 20Ny 7 7772 NEOH
—ODRFHIT, 10.4keV DRFE XM TH 2, MIHBZDAL v ¥ 3 — FOBREDHREIR, A2Z 0
BMOBELEFE 2Ve TRTOBREFESRY, ®Ca D BT HELERT S, ®Ge 2L 2 LIKET
T, FEREZFSE Fig IR EN TV S, ZoOHRIZ, oM IClEI R T—5 L
BFELTWA, TNWZ, ®Ce DOLD 20BNy 7 757 ¥ RIZNTA2ERDD 5 H551F
ELZVERLITFERL, £ L TENETNORHEBIZF 4 ITRES N2, ROLERES R S !
enr No. 1 IZ%F L T 6 uB/kg. .enr No. 2 (2% L TO. 1uB/kg © L T, enr No. 3 {Z%} L T54uBg/kg
Th b, BE|511keV D—E I, FHHA386H 2 D CRuTFEHRIC L o T (FRIZIREFH ®Rh
DEEEED S D511keV D yRRIZE B) HHSNLZ LT RENT VS ; HTRDBES NRRE
EHRIFLTo
B25Z5720DMBEEART P VICBITHRBBANRY MVIZHT 5, 19DRE BNy
TTIY Y FREDNERON—2 T = VHFRICEZ 6N T 5, 45HHOBEER D
BEDTI00% & LTHbh, BN, EEXNNY 7759 FORICE 2T, —#IZU A RE
TABLEVI. Fraction of the background components in the evaluation interval 5002040 keV of the
2vBB decay amd the entire spectrum together with the total measured counts in these re-

gions in t=645 d, the signal-to-background (S: B) ratio; the simulated model counts, the
normalization (Anorm), and systematical misplacement error (Asyst).

] Fraction
Background 500-2040 keV [%] 100-2800 keV [%]
component enr No. 1 enr No. 2 enr No. 3 enr No. 1 enr No. 2 enr No. 3
210Bj bremsstrahlung 5.8 6.1 5.2 35.9 35.9 31.3
238 decay chain 9.5 9.1 7.9 8.7 8.1 7.1
232Th decay chain 8.9 2.1 9.6 9.2 2.2 9.8
5Mn copper 0.7 0.8 0.7 0.4 0.5 0.5
57Co copper 0.2 0.4 0.4
%Co copper 0.6 0.5
80Co copper 10.7 12.7 6.8 5.3 6.8 3.6
54Mn Ge crystal 0.4 0.5 0.3 0.2 0.2 0.1
57Co Ge crystal 0.2 0.1 0.3
58Co Ge crystal 0.2 0.1
65Zn Ge crystal 0.5 1.3 0.2 0.6
4K LC2~-Pb 7.0 7.6 6.4 3.7 4.3 3.5
40K copper enr No. 3 5.8 3.5
137Cs 6.7 3.5 6.4 6.6 3.2 6.0
207Bj 1.7 0.6 1.0 1.3 0.4 0.7
1255b 0.5 0.4 1.0 1.4 0.9 2.4
134Cs 0.7 0.5 1.0 0.5 0.4 0.7
511-keV line 0.4 0.6 0.9 0.1 0.2 0.3
staight line 5.3 5.7 5.5 2.5 3.0 2.8
influence on enr No. 1 2.7 1.5 2.7 1.4
influence on enr No. 2 2.0 1.8 1.7 1.5
influence on enr No. 3 2.2 4.2 2.2 3.9
overall counts 9924 22268 25096 32803 65699 74480
S:B 1:1.66 1:1.37 1:1.78 1:4.0 1:2.8 1:3.4
model counts 6195 12854 16071 26272 48262 57356
Anorm 345 521 704
Asyst 132 525 456
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NTw3: ($:B) idenrNo. 1R LT, 1:1.7, enrNo.2i2%LT1 :1.4, #L Tenr
No.3 i3 LT1 :1.8CTH b, SSBOKIZ, Ny 77TV FEFVIZL - THHAERZ VT
RTOERII WABHBILL L VIREDD LIENFELON TS, TN6DHIF, BT
2 [10] BT ALY, LBy, ¥R 5 SIBOA, ARZ MUOERESICH LT
DHPFEINDENC, FRORRERDD L/NMF 2 HOE -7 B ZDEE5 252 LOFIC
EIENTVENLTH DL, RIFIC, FIBLOBREL RN L E X EX ORHEEED. MR
EDETNVIHLTERZON TS, FEIEED LV, EFVISHET ST A P25, BREER
EEHORBBEDANRY MVERBETAILIZE o Th &N, TRTOBEZARZ M VD
¥ (WP P b oY) 1k, RECHBNTHESIN, —RRIINY 7 FI TV FEFV
DEIEEHEPICIL TS, TRTOEFNVIE, 19DBREBENY 2757 FORFIZL T
B S, 46DXBIDOME L HFTICEE SN, BREIROEREBRORUBIFF LAY b
WEERT S,

C. 2BBHAIBICHI T DR

ARY P VOEFEEROML, IEENIARY PP SEIRERO vy ETIV 2L 2 DO
EHRETIE B 2 BT B0, Fr v AN T EIC20keV I B X ICHILNT WA, TDfESR
525701, WEENINY 2759V FARS MV EERERONY 2 757 Y FARY
IV ORERE L HEN 208 B H 721 TH B LIRE SN TS,

F— 7 —OBRKICTHELZABORER L ERVICHE SN 2088 ARZ b ViE, 68%DEE
TKEET 3 DDMEERICH LT, ROFEMIIREET 5,

77 (No.1) = [1.6273% (stat) "> (norm) 3 (syst) *0Bx (sim)] X10%yr  (6)
77 (No.2) = [1.9175% (stat) "2 (norm) 7332 (syst) 212 (sim)] X10%yr  (7)
77 (No.3) = [1.6970% (stat) *217 (norm) "1 (syst) *¢1% (sim)] X10%yr  (8)
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MRER NV 27T Y FRERORMHE X BV ORERL MBEERONEDREL & HIC,
TRTOMRIIN T EUEL P 0b ) EVHFEEN5, enr No. 2 I EHITH T 5 R,
Fig. 13IC7R T 5%,

SEOMMERICE D, — Ny 7757V FEFVICHT S, 68% DEFKEDRES SN
KERIE,

TV = (L7709 (stat) T35 (syst)] X 10%yr , (9)
Thb,

Ny 7779 FRBIERDZENT A N ENTZRY OFERI L AR PV LT, %
52 2 BRI BT 2 R S g SRS sHEEIEVIE, WEHMFORBO200[TT A M &
NHEPD NI BEDENENOET, —HNY 27759V FEFVE, BEVICBWTHRE
SNTMERRICEDVT, 20Ny 2 757V FEFVIE, ZORBBICHEShAZANRY P
RIS LT, E2DZ-o TEE SN, 200BMEDEIZBIT A, A8 EHEEE V2%
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Fig. 12: Resulting %2 distribution out of the maximumlikelihood fit for the evaluation of
the 2vBB decay in the residual spectra after subtraction of the background of
the three enriched detectors (the dotted line corresponds to the 68% error).
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Fig. 13: Result for the evaluation of the 288 decay ot ®Ge in detector enr No. 2: original spectrum (dot-
ted histogram), residual spectrum after subtraction of background model (solid histogram), and
fitted 2vBB spectrum (shaded area); for comparison, two former 2u88 results are shown [10, 17].
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Fig. 14: Time development of the 2v88 counting rate in the evaluation interval
500-2040 keV after subtraction of the background model for 20 time
intervals for each detector separately, and summarized.
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TABLEVL. Different majoron modes,their ieptonic charge, spectral index n, and the new
bounds on the half-life and coupling constants derived in this work (from [8]).

Modus GB L n Tie>(90%C. L.) g<(90%C. L.)
BBo no 1 7.91X10% 2.3%X10™*
BBS yes 1 7.91X 102 2.3%X10™¢
BBP no -2 1 7. 91X 102 2.3X1074
BB yes -2 3 5. 85X 102 0.18
BBo gauge boson -2 3 5. 85X 102 0.18
BRod yes and no 3 5. 85%10% 4.1
BBoe no -1 3 5. 85X 10% 4.1
BBoY yes -1 7 6. 64X 10% 3.3
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Fig. 15: “Ordinary Majoron” (n=1) in the area of fit: 3002040 keV, yielding
a half-life bound of Ti2>7.91X10%' yr with (90% C. L.).
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