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DETECTOR

ABSTRACT

In the past few decades, scientists have become more and more interested in the elusive
neutrino particles, and they have made many important achievements in the study of neutrinos and
their properties. Neutrino oscillations confirm that neutrinos have mass, which is exactly what the
standard model of particle physics failed to predict. At present, many questions remain about the
nature of neutrinos: are they Dirac or Majorana? What is their mass order? Finding neutrino-less
double beta decay (0vpp) is the most straightforward way to answer these questions. Searching for
OvppB will help us understand the complex world, including revealing the asymmetry between
matter and antimatter in the universe.

At present, some of the world's frontier particle physics experimental cooperation team is
carrying on the Ovpp phenomenon research. PandaX-Il is a dark matter detection experiment in
China. Although its main scientific goal is to directly capture the possible collisions of the dark
matter candidate particles WIMP (weakly interacting massive particles) and the xenon nucleus,
the large amount of ***Xe isotope contained in it makes it possible to detect OvBp.

The main work of this paper is to use the large amount of data of PandaX-I1I to search for the
OvpBp. The focus of the work is to reconstruct the energy spectrum of the OvBp energy region and
to fit the spectrum with a background model. The best detection result and half-life limit of
PandaX-Il on Ovpp are obtained by reasonable data analysis techniques.

Key words: neutrino-less double beta decay, liquid xenon detector, rare event detection



YHELAAE

7/ SHANGHAL IO ToNG UNIVERSTY FIF Pandax 500 2 A SRS SH T PR TFRIUE TS

B X

BE R 1
1.1 TR A 1
1.2 W B3 1
WD Y o B3 o AV ) S — 1

1.2.2 T IS FEAS (QVBP) —wwmmmmmmmmmmmemmmmmmmmmmee e 3

1.2.3 RN T72%: 4

1.2.4 WFR IR -5

1.3 ACgEr 2k 7

o5 % PandaX-Il SLE a4 8
B 5 N 2 8
2.2 OVBB 3 M AT 1 8

2.3 WRIBHL=E 8
2.3.1 4RI JE 9

2.3.2 KIGHHl]mmmmmmmmm e e 10

2.3.3 HLFEEFS G A I mmmmmmmmm e mmmme e e 10

2.4 PandaX-Il fIE R 2 ---------10
=% PandaX-1l %/ Hr 12
3.1 Hdls A B R - S 12
3.2 BRI - - oo 13
3.2.1 FERlI I G e NS 5 oL i ik ----13

3.2.2 ik J5 M Re 17

3.3 ARm/NG --18

% DUZ PandaX-11 Ovpp #4455 19
4.1 ARARALE L 19
411 B BRI mmmmmmmmmmmmm e e 19

4.1.2 **Rn Al ®Co %} 4% & (4 5Tk 20

R --20
B R G 20

T L 21

4.2.3 OVBp AL R 22

4.3 RBER IS -mmmmmmmmmmm oo --23
4.4 OvBR P TR 24
4.4.1 MIRAERLA F] Ovep LT R IR 24

4.5 0vBp RIEE 25
451 REFEL 26

452 FIf] Toy MC 5 26

4.6 AR EE /NG 27
WhE 45 28
SR -29




XEXAAY

SHANGHAI JIAO TONG UNIVERSITY flj}-ﬁ PandaX 500 Qﬁiﬁﬁ"ﬁfﬂ?ﬂﬂ%ﬁ%ﬁ?ﬁ*?ﬁﬁ?iﬂﬁliﬁﬁﬁxﬁ

30



VY ALLAAE

\Beme? sanciat o Tons UnversiTY F A PandaX 500 A Fril i MR 2R F R L h M F W IUE R

H T AT R NS ERfE LB A U SAFAE IR T 1, ERCE KA U DL S5 5 A=
HMEAEH], BB “ R b7 o B 1930 PR et Pk, &T sl
HIWEFEANT, 10 20 HHZER PR IR G IR I A I A O 1 B 2 SO 1Al RO T )
M, RUMIRIB R I bR, R R R RN E, TR T RGBS A R
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HI3R A XASRL T B PR (Fermid B2 s . 1933 48, PooRKERH 1 B AR 744
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HHAE 2.5 MeV LLT RIRE R X ()47 L — R AN BIATEL A y e LKA B Ao R st 1, P
AR Qpp [ R FRATT I BOGER X 3 (region of interest) b T A% IR X dko T I AS AT
TRFE—AF IR A SRR AR BN, FONERG IR TR 21EQpp EALE F
—PAERG WRARKKR, B REZMBERMIRAR T . FIREF AR A ERRAR,
JEH TSI AR A W, BAA B BRAFE R R R IR T EIY B REE
R BEORREEA TR A, AT A BRI AR FE LB .

F1-1 BHOBPREFRMEAIQppfE, BERFRE, OvpprIEH T RAM2vppFIEHI R

EEvAS Qpp (keV) a (%) T2 (OVBB) (10%°y) Tz (2vBB) (107y)
®Ge 2039 7.61 >8.0 1.65

100\ 10 3034 9.63 >0.11 0.0071

130T 2528 34.17 >15 0.69

Bexe 2458 8.87 >11 2.19

IEAh, et Ae th R AR R EE N — R K. LAnE S R, A 19250 28 140
REJTH ERAIRM, Qpplbif ARSI fETE1E15 OvBp 5 2B LM E. — K=, [k
TRIEE I 7 R RTINS SBEE PRI ES « (IR B AR 3 o T VR TR I 38 1) 49 % 5 2 L [ 4
WS ZENZ . FR, SR AR AT DLSLBUA R BB, 345 54 nl GEERIIE] OvBp.
745 2 Fh PN TR 500 RE 77 AOBR I 2% T 2 1T DA 23 BR84S
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T o ay |2t (1-7)
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BRIEEE, SA RS R M EE B HE AR 1T TR U EE .

FATHAE XA T IR Z BN A OvBp IR IS B — A R Sedt R an e IR e .
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1.2.4 WFTHAR

OvBB MR AR FE AR AL RIEB R AT 2. B, —MIm S &S0 SLLM R L
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R RHEAT SN, EAEH T 37 MRGERIIEE, °Ge (KR 2 A i ATIA 87 %, AR IIEE
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RN OvBPR BESHR X IR I R -
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$—E PandaX-1l SLIEE /Y

2.1 EAXRNE

PandaX (Particle AND Astrophysics experiment with Xenon) 255 U7 - H [ 47 57 26
F(CIPL)T, HAFRRERL T 5 R ST, R H bR B P ms 4 5 5 b 1 55 40
HAEF KRBT (WIMP) FIGU 97T ™. PandaX f&— R SL4 HEFK, PandaX-|
A PandaX-11 752 120 T 7, 580 T 5 U IR Y BRI SL5 . HF — M B
PandaX-111 46 & 7248 I s I *0Xe 4RI B 5% 5% % (TPC)F M Ovpp, 1M PandaX-4T /2
PandaX-1l AUAELE, A 4 M AAR G N — I BRI 525

ARFETHE PandaX-11 #RM 2% MISEA T, LRI 2% 3 4 A B0 RAE T 3 .

2.2 OVBB S AT AT 1T

Bt BT BEIRE, S S T2, PandaX-4T At BVR U Bk B gy, A
N ] o — 2 A P {5 FH R b A T I ) BRI 1) 5256, 451 XENON HIA B2 ., 1% Loz g5
FriEFER R TUBRR R 2, TV A R R PR T (S 7 Re 0% FH T OvBp Rl . BRI 2 & 14
TEH RS GRS OvBB IRIMX /N EE H bR, $EEE 2 ThRerIERMNZS, XFEA AT LA
WARIRZ A, R RLIR R TS ). AR SCHATH PandaX-11 5258 1) OvBp 4 HTRE
5 LR FRATTN TR IR 28 (Ve A 3t — 22 1 1R, R A R T 3RATE N — AR g sc i
N7 IX— B AR T TR A AR A .

W — 2 B R SR T HR I S 56 O R P S, T HL B A e S AR B MR E R T
#, HrFECh 54, TETATHEERM, ZEERSLR FRA NN R EST —RYIH
feal, EBWIRE, XEHRHME G T, REWk, B EWId 2SR 2 Sei 48 AR
TS0, FRATAT LA A —E H 2k N HiE T

FTCORHEAT OV IR Z A A, B oefE N —FEiEF AR, Xe M HRFEEA,
A DA Bl K 5 B K IS 40 5 SI2 56 [ I T F2 Ovpp #R M o RIS ASERAt, K5 B A i A (A 2
A 5 BT WL 120X e T OvBB &I . LL PandaX-11 A4, *°Xe ) [ SR [F 437 25 =F 15 4 8.9%,
PandaX-11 5236 P4 (1) 580kg H R4 51.6kg 9 “*Xe.

RJGETED TS5 5 OvBp PRINAE — B2k FAIR 26 2 b, 15 i 35 AR 75 EEAE AR A
JEREH R SEIe =BT, HAWA S —MIRER TR, IULTEERIES 71 2 N SR i
AL B A -

T HEPD T S, Rl B R E AR IR BRI 2% — BELAE VUK R, EM SR A R
2R ERE ORGP TR OvBp AR ) 5 K T H .

2.3 BIEIR =

I T $50 52 =R M DAL 142320 7 A= ol 10 P 1 (O T A I TR ANEERS 5 1) R B0 or L 1 5 A2 02
ZYEAAARRIERINES 5 oREET TPC SLHEAE T XUAH TPC HIMEE:
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2.3.1 R
PandaX-11 S£46 K 1 500 T2 4 XU WA 4%, 3 TPC Had At SO ERAPIA
JECEAETHBAEE R PMT FEFIMEL, a0 2-1 fras.

& 2-1 PandaX-I1 MR E

WA — e VR AE b — 3R B0, AERERMIA BT, Fr B 4% 5 2 52 ma o 1) A 3 A L 1Y)
RS, R L 20U 20 %o R AT G R B 4L o 7] AR 38 3o 36 AL ML AR T R CE i 11 AN BE AR 2 (1],
43 I R K 20 600mm. TPC H RS $REL. BOKHIZH B, MR AIRH
R X Tt 1 o B T BRI 28 T 065 5 34T 5 AT, A48 OGS 5 Re e R E#T 24 PMT
W, BRAR T R ORERRT IXA SE IR A A B . N T IR, BRI N %
BT ZRFZEUMRRZEOE T4 PMT £l 8], sit b H 1) 2& B2 646 mm 45
Je (PTFE) Jt)Z. B RMJE PMT FES A TRl & R H A ERG 7 (S1D) FIEEL
INERNF (S2). B4~ PMT FEZIAFE 55 M TS 55 H PMT FUH T 5 R AMNEIFHARR) 24 4
PMT o £R &5 ) BUBAR R 5 2 580 T v Y H ARV B> TPC 7£-94.5 & IR JE /2 18 4T,
HIMBAAE K E S E AT

i
awi

AnodeGrid |

(s 01~1)
Z§ |euotiodoud

[t :
lEextra\"'_ et
Gate Grid

- Bl Yug - - -

€ drift —
oF
»Hf Liquid L3
Energy R te=—02
deposmon g"fh
a9
Cathode Grid e
e invert
Screen . 178 nm VUV
F-EL_ ,u_?_‘ﬁ
q i‘
=) f =

= (‘_f S O

B 22 SR TPC MBI R
NG T ST BAE R, A REETIRIF B AR INEOLE S, BRATHEE M
S1. RIS AL i) — 70 L AE FiIZ VAR Ay RS, BISES FAb RAR U
YRk e B i TN BT A E NSRRI, H TN S R TR

%9 7t 30 I
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P AR Ot Celectroluminescent), FRATTHEE AU S2.

WiE 2-2 fizs, S1HIME 5 — H R AR E B PMT #2208, HES%EE, R4N 10~
100 ns. TXST S2 55K, R T FEIBGRTAGZERERE, Fh T EINA X
SXTAMES, — TSRS HIE 1~ 10 ps. SN Z AR, WA MX 4 SLIE 5
S2 {55, AT LAIHEXPAME 5 2 WAHZE T 2/DiE. S1 55 S2 55 A0 2 IR 7] 52
B bl A2 RSO N VR RS (B (], B YRR BE AR K, BT 1iE sl — R B Al idiE
B)o I H A FERA R R RA T AR AR WSS R R 2 b, R —NENRE
P B E R AT DU R T o Aok, B TERAEA A PMT FEFIAFIALE 4 PMT #2U0%
BT HEE, BATATCAEEE R AERKPAIE . BRIk, PR TR 2% P AT R A2 1
YRR AT DA TS R . A, T DR 5 AR 0 1 S I RE SRR KT R S1, S2 /5
HeFHGERZ, DR 5 AR A A FRA T A 5 5 RN R E R R, JF HAF 3 ovpp /K
R X Ik IR RE T o

X T BEVD AR S50 K 3, R AN GAE 5 B SRR A B o . RN
g BRI S aUR R AE R A, Ty AR SRR R R B4R
MR REIEEE S TRRAEER, MIXKHEMHTHEEREENBRE, 27 NMETR
M RH SLAES . 1M 2 MREE RA ST AL FIRHE TR T, XN S2 15 5 4Rt AR
INT o fESHTIERES, S2 5 S1 B e SUNREE SO, X AN IR ST, S2 ARER K2
HoFH. I 5 SCECERATTRT DA 20X A A% R PRI L S, A HR ke W A (1 G A ol Al e
k.

2.3.2 RICHLHI

TEU A5 FHR B, N SR T 5 W R S5 7E 3R 38 A 2 5L R PR 15 5 S1 A S2,
S1 HIRIEAPIR: (1) NBPR THEGWEE, — 8o MR TR BB T m MR &5
SRESMIRTEETRZEN T, 2 TEE LN 178 nm ES L5, (2) iEH—
HRAM R RS, TR T T, Hrh i B AT T, ARG R FRE R
WL, AN S O R TR RIS E ] R T, By S2 P AR SRR . 1T (1) (2)
AR ] R BRI i, A SL S BRI 4y, R —AN KM S1 {5 5.

S2 (ESWRCNHECL L, ML S, 2 TR MR T B B SARR
85 B LA R /N 22, T ELIX — X 3sobn TR BR A Bz, B TP A AR AR K A5 T
FE PR RS ) 7] A I B LW IR B 2 OR N — MR T B, S2 e TS T8
RIFX &,

2.3.3 HFEBS5ER

EWTH, REBEFEEMEFHERRXES, BTRRERER, BFHEEE, B
IR 5 A2 4 T A T P A AR A R AR T, Xt PandaX-1l, HLTE RS E A 1.7
mm/us 7247, T HR WA B8R i 2 FEE TR . SR RSB SRR, FEREHEL
I E R T 2l BRI, X I e RS, MM .

2.4 PandaX-1l BY#IEFO &
76 PandaX-1l FFJE 5200 05 2 3 4EJA], MILRE T 4 HAFEUR, W3 2-1 fis.
B AFAEE (Run 8) & MHETHIREE. I, HMBTRIT Ea BN
Y, BHJGLE 2016 FERINT AT RIB LIRS Y, 25— BN R BREEST (Run @) ©1,
I TAEF=E 7 WIMP B4 50 5 T8 205 T A0 55 25 5L o 78 2016 SEMRLET {5, STH6 4 fi

25010 w3k 30
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%7 SHANGHAI JIAO TONG UNIVERSITY FIF PandaX 500 2 Fri& s TiR M T L P M FRIVERET
CHT X HLF R AT T — I, (HEERBRTREER] TR T2 7EI AR T
MU R P A B, 2T, 78 2017 SEYI R TEOR R4 (Run 10 A1 Run 11) D9, #E
WX TAEF, R Run9, Run 10, Run 11 FIEE T Ovpp BI04, 1M Hix 2
Run1l HE 5 — R AAE ], Runld $dE 42 1R 15 i an B 2-3 s .

#2-1 PandaX-1 1525 8R4

B4 AR/ s1ina Ll S I ] BATHE (D
Run 8 2015411 H 21 H 20154 12 A 14 H 19.1
Run 9 2016 £ 3 H 9 H 2016 46 A 30 H 79.6
Run 10 20174 A 22 H 201747 H 16 H 77.1
Run 11 201747 AH 17 H 2018 48 A 16 H 250.4
. : . . . . 1200
250k e §
_ . / —11000
=, 200} N 4 — ] §
20 i —{go0 =
< ./ : ] )
j 150} i 7~ 7 =
= ¥ L ‘« j —600 =
72 d ; N =
g 100~ Ja00 3
» N ***Rn Calibration 7 'L
= 50 N\ Ls:::’]};:lg:llibmli m Leak, ZLE study —: 200

Aug.3l QOct31 Dec.31 Mar.02 May.02 jyl.02 Sep-Ool
2017 2017 2017 2018 2018 2018 2018

Bl 2-3 Runll &R LRI BN f 72 iy 2L

2011 0 3k 30|
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F=F PandaX-1l BIES T

3.1 BUEAIERFE

MPMT 352 H i A JE B T a0 e DA gk il i 7 sAE A7k R, 78 J5 A A 3 rp F 4 Y
HEATFEREL . FEHEEAS PandaX-11 Bl 1) — B E BRI .

HIT PandaX-11 SE5 B - AT HESE “ Gi—Hda AL ” (UDM) 523k ROOT Al C++JT
R . ROOT ZRGMAZ T-HF 5 0y (CERN) JFR Kk 3T CH+HIER A FIREE, &
TG &RV BE 2 AT T 7 R B 8 o A s vk 1, 215 K B D ek i g ok,
A DAERAIE PR R B AL B . 404, TR D A5 e, SR () s th Bk B . UDM
ALFE— AN )0 5 A A5 Bamboo-Shoot, — /N T8 2 AN [RI B i A5 b i “ #7242~ PandaX
Chain, PLJ—/N/NTHAL PandaX Tools.

L Bamboo-Shoot JHESE (1) Al , FRATTRT DL R 46 B i 45 g v 8] 2L AG AN 5] AUk 1R 25080
XAEBRATRE WS B A AR R G M FE {5 B . 1T PandaX Chain U] 61 57 SZEAS [R] 8 A e )
FE e, 4T E @50, PandaX Tools AT DL BIR R AT A4k, JEHA A RNEE
E il ) — e 2 FEVEDh R

Kl 3-1 W )7 e R/ Bamboo-Shoot 4w ts (8 ibi s, iR T MR 4650 2 A FF
€ FHI& P B i AR 2 AT AR . X SRR AL T . RawData, EsumData (X
#& RawData 5% f\j—#), HitData, ClusterData, SignalData UL & #% 5 Plain root. fjiX %t
O A7 Sk sza /2 PandaX Chain JT SEELIIIIfE

HitData
Z:> RawData
EsumData
(RawData)
SignalData ﬂ _________________

ClusterData '
AnaData
(Plain root)

& 3-1 UDM A st He &
A gk SO — AN AR I B 5 AR R T RawData SO, IR BT 45 (1) 32 22
HRIE LR FEAR I TEAS B, ARG FRATT LB AT I ] A PMT 3 25 i bR € o
WA FIT R PMT IR — N ES AR — A hit, £ PandaX Chain 5 %1
FIFEST R FH—BAR K TE A Be 1 hit, F BAR 2 v d BN Chit finding) . #3E 2
J&i i) RawData {45 _FHEAT 5k A2 hit finding, Ei;/l\iﬂﬂj FAVRE BT E PMT R H
[ hit, SSRGS B SR SRS GG E 5, X — B A B 2 HitData. 76—

raw binary

2012 U1 L 30m



jflnf'\ YFLALE

j?“\ SHANGHAI JIAO TONG UNIVERSITY *'J}Eﬁ PandaX 500 /\F]:lfﬂﬁg _\.a(l)\l.l%g_rﬂ?.%q:ﬂ%iim iK?X

E’JI_JEIT TAHE B A FISNT R PMT 45 5€ JG RIS 3T & 0, 432 EsumData, A7
A LAEEE K R 34 PMT {5 £ /) RawData.

HE-ANFR BT PMT L, BN ZaG R 2L 4, BlanFFis
IFIAIAEBEAS BN iZoe — R . BRI IRATEEA Clustering 503, R hit TG, HHAMELE hit
BT A —ANERN . XD E AR ARAF) ClusterData, #4521 EsumData 454,
BAVERBES, JFHX SLM S2, XFFEFRATHATE 11552 M N{E & SignalData. /5
BADHE SO E, ReEIHTEE, OfF—LHAMEE, /5% % Bamboo-Shoot 2%
1) SignalData ¥ 1t 45 (H 2 BV E 46 root 4% /¥ AnaData.

3.2 BIRETHIE

TE SRR B ) R A el TR 21 cuts Sk SR R & TH0E . M cuts 2&F
TEECHE 73 BT, X HE S0 R, AN 2 ZE SR B I N R AU, A5 5 820 55
Frepl “ax” 5. XF ovBp A Mrkil, JHEMBERIXHTE MeV B, MY IXH7E keV
B, PIEN T 5 A 1) cuts HTEEAT T 404, R4 TIEH T ovBp 24T cuts.

PATE SN T — SRR 1) cut SR 22 BRI AR ], 1X L8 cut CIEREE X [H], veto
cut AR AR cute SRIGTRATIEIAN T 15 5 & cut Kk — P LBR A ge R E T, X
(5 5 B cut fUHE— LR IE cut, S1/S2 pattern cut F115 547 & cut.

HRAERF FLIX L cut 2 BTFRATIEA B UCHUR B BRI R FEARTRATI AR

B YRR R AR T 2 OB T 5 1. QSR NGE R T 5 AL S R RIS IR R HE, EAR
A Al Re i — BUE B OO AR, XA 2 B . (RS OvpB #E A T ER I
], 1% 2 RN PR AN B PR AR /N R R SR U AR L R o, 78 S2 B R 00 B/ ik
TEATH, BT R Pk B HH S A

3.2.1 HEAitli 4] 57 16 A 5 Jo i v
(1) ReHX[H]

WA Qpp = 2458 keV, Bt X A ) 58 J& WU M e T PR A5 10 RE & 43 % . PandaX-II
TEQpp b BE B3 HEH KL 4.2%, 100keV LK. KUILFATHRAIER T 2000 — 3000 keV
DX TR A FRATTH GR35, (HRBEAE T IR, FRAIA BB 2 1) 1 AR s 5T
SR RE B X R H4h 21 1 1000 — 3000 keV .

(2) Veto cut

E 2 HT PFER I A3 4) 15 0 s i 42 381 T 5 oAb A 1 PMT XU PMT i B rESNEL,
RENEZGES, BAERNEMAKNE PMT HAES, ATRALIX LS 55k,
RN R U AE N R, TR KR Ovpp TRt &ETF’ Vﬂmﬂﬁ%% MA MR 2
Fo RZ, —EMSNFFENRRLT, W p NN REf K veto PMT Jf B IX A cut B4
b

(3) AR cut

T EEE, TPC AMERUERERZR, HA LK AELERNZAT A B 1 S 4 2
. ER TPC FO b T AL E . R Adkkey, HIPDNm ey, A N2 e N5
e, ARG . 0l 3-2 Fras, K2 E0 S0 FR A A 78 TS ARG B o I LL 345 KR 7 4T 2
kBT PMT B3, B PMT B ©Co A K (RiE B #IR & . 10 A sh— K E, WEF
177 7] B A0 B 22 e AN N ) R, X i B AR 5 5 R ey e A IS S & AN PMT 211

213 3L 30|
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""&,A‘}i‘f FI Pandax 500 /A AR S T AT R IUE ST
BRI cut ZFRIRATA NI GAFM — R, XGRS PRI AE, $EFHEm

bt o JEt RN R G AT TPC 7K-F 5 [m) A B [a) 44, AT &M E 17 /KF )5 )

1?2 < 80000 mm?2, FE J71A 233 mm < z < 533 mm KA BURFR, AEXASTE A ) FH A

A THRE . MAEXAEREA, W REN 219 T35, XA cut £&FTE cut B PR H &

104
~
g
E = 10°
L
2
<
*@' 10°
|
&=
fa 10
]

0 20 40 60 80 100
Radius® (mm?)
&l 3-2 JRMHRX E] (2000 keV < E < 3000keV) HIZEHZE PandaX-11 TPC WHI4AF. B
WS F5RE cut. veto cut ZFFIN LT, FRER cut AL pin

(4) WI¥ cut

BTATRIH TP T JER ok 2B PMT M5 SRR R |, BT ripple ratio cut
F negative charge cut. Ripple ratio /& S1 JJEH IEE S5 #2 GErfE %) MRSBRUSAES
A IR E . KL 1) ripple ratio RN E S il IR 2, BRI RESE K H L5214 5 T4
TEWEF T e X 441 ripple ratio J& FRAE AL EEEL PR (I 45— LK ripple ratio 75 /M 0.5%.

A &h—A> cut, negative charge cut N2 % qS1IEsum/qS1 FIFR 5E . gS1Esum & M E PMT
TR NG LA R S 06 P4 S MRS PMT SR 6 PR #
A PMT Y6 FEGEINAOE . — ROk, S B ARG R AT R 206 55 53584
HATA Y, IEERAN S RAENK . EHT5EE ERXA, Ei5 gS1Esum B AT
XA PMT WIREAT TARIN, WiREETLAS PMT BIEA IEEME, RA v R NE 75
MPETE FIE R AFE, XFERTEFRA SR T I 804 X R EOL 74, A TaRA15 2
TIEAE# Sy, Rtk gS1Esum £xtt qS1 /. Rk, FRATZESK qS1Esum/gS1 KT 0.985. %/
(LR R (55 N AT BEAAAE —Le AN e XA cut IR LI 3-3, ZLZRRDATRAT
] cut.

0,025 - 3 1.02g s
0.0185 "‘ 10155 0s
00165 @ [ 1OIE o [

00l w e o 100SE- o1

20012 T F 0

2 001 R 20995E 0s

S0.008= » = 099 0
0,006 » TOT098sE a3
0.004 e DOSE 02
0.0025 . T " 0.975 us

”: 1 ety - ot ? o 097 L 1 1 L 1% 1 L a
0 0000 10000 15000 20000 25000 “07 20007 4000 60007 8000 10000 12000 14000
qS1 (PE) qS1 (PE)
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& 3-3 Z£K&: ripple ratio cut /A& : negative charge cut
(5) S1/S2 pattern cut
X2 “small” S2 cut A1 S1 charge asymmetry cut ZH %] .
FESER h BATEE TER N T S He LAORAIE T I EE AR, IXFERE S A 1 Ll B BRIAT K&
Moo VT M ERFT KRS E SRS 4k “small”  S2 cut 73 #%. S5IEFIEOL TS 5 U
RemAHLL, FT KB AR S2 5 5 A . Kk, J:T S2 f1 S1 A LHE, IXLEIR )34

TR T et Hh ok o WRAE 2 RIT A4 o K 3 Hr » ﬁ%%ﬁtﬁﬁﬁ%ﬁﬁ‘]logwéﬂﬁ, Aps)

15, W 3-4, RAIMtilogy (3) v.s SUM 4, AT EARLLAIGFIEL “B

loglo (%) > 15 - 0595€_ﬁ (3_1)
i _
= 30
7' S E_ —25
3 s
% 252_ —{20 -
2 2F N B
cf 1. 5B
E - 10 1
=
0.5 = 5 05
00" ~""5000 10000 15000 _ 20000 _ 25000 °

gS1 (PE)
K 3-4 “small” S2cut

S1 charge asymmetry cut )5 S s&ALg = (S1T — S1B)/S1, RINTIHHEICEIN S1 76 T4k
IR R S1 Y6 F R RIAMBR LA ST SObT4. WK 3-5 Frx, R AT A9 A,
HL IR RS I (R g R il ) — 4k A 1l . PRI I TR, A R AR RBR S TS, B LA TR
PMT 0B T8CE /N, dkmATgEAR /N, B LAFRATTA] AE ] B B —ANRHA R 192341

X A B R AR R e RS, AT — MBS 6T 170 A KSR 2 AH R
T (AR SRR . PRI ] 3-5 Fh B AR 2 B AR P R R AN IR I 48], 48] A T
ACHE TRRAT JOR 2R HE R & . BIPRLRRRmBATS H AT cut, 4
[ ) FHEIFRIRE, LA ERI . cut B9 HARFR XXy

S1T-S1B
S1

< —1.8% 1076 x dT + 0.05 (3-2)

S1T-S1B
S1

> —1.8% 1076 x dT — 0.3 (3-3)

2015 i 3L 30



(qS1T-qS1B)/gS|

-0.8

R

L

.30

25

FIF PandaX 500 2 Frif s RIRMEE FHE TP HTF R IE TS
2
1
1

x10°

160 180 2

00

220 240 260 280 300 32

Dift Time (us)

A 3-5S1

(6) 1551 B i & cut

charge asymmetry cut

0

B EFE cut 2R AL E EEFERERN IS ZE. XA cut BT KA E EE L

NS NEIE R L A =P

i B AR AL 2 AN REIR K. &l 3-6 o, BRI T i A 5

Xoap < 4.8

2 2
XNN — Xmin

< 0.3e%32Xpar — 0.6

3
2.5 :
. 2 SEEN -
< 15E Tl Eiizs
Z - S
— : - T - i
E L F /////,//
0.5 AT
o T 56

Lpar

Bl 3-6 XN — Xmin V-S Xpar

[ FRATE SR A PAF BEA NN AT B A B R KBRS AN BE R K. PAF

A1 NN # 2 PandaX-11 Z#iE A B o= FH B A B E i 5, /il OBk % i “prs
W27 BI4RS o an SR PRI RRAS R 775 B R KA B AR 22K 2, FATA B B PR SEX A~
A ) B . MR 3-7 W42 T 1) S (AL B 2 AT AT DU AR OR, B ORI

fr EAN TR

DPAF. NN. < 40 - 1-

43 X 1041, + 2.5 X 107,

+2.2X 1071378, — 1.2 x 1071818,

016 70 4L 307

40

35

30

20

(3-4)
(3-5)

(3-6)
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200 12 1
180 ’ . 0.9
160 =" os
140 0.7

120
100
80
60
40
20

Dp g, an (mm)

T I'II|III|III|III|III|III|III|III

) 30000
13, (mm?)

B 3-7 PAF I NN ALE 2 v.s 15,

3.2.2 fiiik 5 I Re

PandaX-11 3 28 15 SR MR AL 100%, KONEREE 5 & HOLIRER, A%
LW ERBIMARISZE cut STHIREFIEL A ST RS TIRINECR. Rk, XHfiEs
REH—-NEHEE.

XS (BRI I O A R ER 3- 1 ME 3-8 7. R 3LT, ATERT
G F B AAR DS cut FIME S BCRMGTHE .. EFRATHI b B vl S U cut 72155
TG E 37 T R EZ REUS I HE. BT 255 R BRI H XA cut B 6.6% 1)
ARSI OVBP 2 IHUIME 5 .

[ P T FRAT TR R A B RIX (R R 5, BT A (1 OvBp #VETEIX NG, R 8 & X 1)
cut (R ZREANTE o BT FRATT R SR A B S, Veto cut R A TR ZH L. A
BT8R W B I BLAE T AT LA R & b, R A R EEE,

AT PN FHARRL cut Z BTN G AR, RATVPAS 7 IX L5 5 i & cut IR, &
ATHIMESE 3/ Run HIFI9ME, =200 3 4 Run MIFRHEZ. 454X L cut, 04117538
LRHRMRCE R (914 + 0.71)%.

R 31 BERBAE SIENE, WUMERSEED cut ) ovpp B

Cut 4% HIF % HIAZE (%)
FAURHUS cut 38429692 93.4

A X 1A cut 891140 ~100
Veto cut 499915 -
AR cut 35759 -

I cut 35490 99.2 4+ 0.69
S1/S2 Pattern cut 35416 99.8 + 0.03
fE 5L B E cut 34992 98.8 + 0.15

Mt - 91.4 4+ 0.71

3017 70 4L 30
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10°

— Original

— After Veto cut
After FV cut

— After Quality cut

Total count (/5keV)

1 | | 1 1 | | 1 | 1 1 | 1 1 | 1 | | 1 1 1 | 1 1 1 1
500 1000 1500 2000 2500 3000
Energy (keV)

& 3-8 3000keV PA T HIRERE, Bt LLEREIE AL AT B cut HERIIE M, FTLAE D)
fRRE X F A AR K i) ] T

3.3 KE/NE

ENA5E OVBR HIPEE RS 5 A1 PandaX-11 5256 5, A% 3 E 7 PandaX-11 FiE Ab B A9
F, DL T H AR SR & cut Bk, #42% PandaX-11 Zs b 3 IR /& — 14T i 2
fill, PRUONTER &S B B M5 B RBULAZ cut IR INAGE X ANREF I — o SHFAR I —A 5
REPDER SRR UL, & AIEM cut #RZIER BEN, RN EIEINE S & E R,
WATVHTE AT M A5 76, REVERR 31 3 ) B AR B A8 e K BB 24, 1 cut iIX— 2 3ty
LR BRI T E AT 2D . U5 cut REFEBIBRATE UM LA, IRRBEES PR, 21
MBS Gr, ol R 78 Jo BRATIE AR R SR I0 45 I — A EEF B, /2% PandaX-11 4
EIREX BT, BT A AT BB R 15 5 R cut AR T T 8T, BIRRTVEE A
EIER cut, FEESR R HIME TAE . B ANMEE, CRUE T REREIHERT, — RN
THER PR, WESMRRE A EEE .

25018 i 3L 30
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et suancial a0 ToNG UNIVERSITY F A PandaX 500 X T WIRMER SR LM F RIS RE

SBPUE PandaX-11 Ovpp IRMLE R

FESER TG 5 R cut B M TAR)E, BAMSE] T e H T 0B R se i .
U, BERAE N TR @ AR, JF A GBS A gt r g . tha
SRR E, RIEIAT ¥ RGRERTHE, W R GRZE 5 A4 R AT 45 R 3
CEER

4.1 KIRRBGES

BN OvBp 7 AT FE A o FA Al A SO DX SR 0L 5, T 4005 O B Atk A S N A R A A
A B H AR MR EAT2A 2 KT RENTEAE Q-value ALAAAE R KIS o MRS SEFR &
B A F O PEAN SRR IS AL, BRATTX T RO R [X 38 32 B SR BRAT IR T 2E ) T i
T HATTHIRRRY IR LT IX A5 R .

4.1.1 AR
TEFRATHI AT R, X RERE 0 P BEAS R IX A 4D, — B 2000 — 3000 keV, 534h—
Bts& 1000 — 3000 keV . HAFALKATEFRA “REWE”, EEHN “HHE 7.
(1) 2000 — 3000 keV
%tF 2000 £ 3000 keV X [A], fEil 3 BAAE N 2Th 1) 2615 keV %, U f1)— &
FEASREXT S y 0, RETS RIS IR T A ©Co 1 y 2R 5 AR ) 2506 keV i, — MRS
HH ) R0 (85 B 1k, AI—AFRIASE. ik ovep g, P TESE HE A
froi(E) = Npp,Th232Func(E) + NyU238Func(E) + N.,Co60Func(E)
+NgnRN222Func(E) + FlatBkg + Ny, pg0vBFunc(E) (4-1)
(2) 1000 — 3000 keV
FEFRATTHG BRI BRFE 2] 1000 keV Ja, AMUSHRISITTRKIDMERR T, feil
BRI T K. 2vBBHIEESY . B 4-1 BN AER I A% P AN R ST BT IS B I

energy {isolope=="k40"} energy {isotope=="u238"}
10° E |
| (@) J (b)
10°
) a
i L
Fk \ ‘
o | .| )
vl
ol
; |
[] 500 1000 1500 2000 2500 B0 0 g0 w00 1500 2000 2800 3000
energy {isotope=="co60"} energy {isotope=="th232"}

1 L. TEL e b e e L L L
Q 500 1000 1500 2000 2500 3000 00 1000 1500 2000 2500 3000

B 4-1 FIFAZEEREREDKNE TR MR (2) K (b)*°U (¢) Co (d)***Th
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\Beme? sanciat o Tons UnversiTY F A PandaX 500 A Fril i MR 2R F R L h M F W IUE R

[FIRE A R B 2 -
froi(E) = Npp,Th232Func(E) + NyU238Func(E) + N.,Co60Func(E)
+NgnRN222Func(E) + NgyK40Func(E) + Ny, pg2vBfFunc(E)  (4-2)
FERO T AN X AU A AT 5B L2 RS T Qpp + 100 keVIE [T, AT LA 240
Fovpp g, EFIREAE)E 4.2 U

4.1.2 ®*Rn F1 °°Co X} T A& 4 5Tk

WML IA KA Z FEHIASHIR L2, X455 H P EEE LA SR TR KR HE . gk
MIAEATE BRI PR Al ©°Co X6 A9 JEE A TTRR, SX AN 1014 2 50 2 FEi K A )
B, EINREEEXNA TR MR X AR QppdEHIT. WKW ARG R E NS
B, (RN R SRR RE, RN tRASEE, B, % %°Rn A1 *Co iy fl%
BT AR A LET .

Horfr 222Rn (20 W R — BT Bi-Po HES R RN, BAERE MR EIA T,
FATEE T R 48

M35 ®°Co (2] R MZFRATHAT LA S B E I H ¥, N ®Co (1 2506 keV 2
T [ s W S 5 AR NI 1173 ke A 1332 keV A5 BIRY, X PEAS y 06 2 LB X 1) Py 32 ZE
A, FRATHIFILA DX 1A ] DU 3k e . B e R AR BEA B 7 P4, XX 3
AN 2 1] FR LA S R FRAT T MR H R P o S I U0 IR R NI R R B, FRATT AT DA Ry v
WA 2505 keV I = 1 .

4.2 BEIEILE

TEFSS) T i REA RN 5, FATXS REREBEAT T AU, 55— IR F G, 7EQgp MY
it 200 keV HIEH N —2 ARG, W2 AER “blind analysis” , X R E L IEMW F—
Frite, 2N T iEFRATTRER 4 A B A S H R E, A RATEH T IE A AL E AR Z
S8 RN Qpp MY I ANREAT 10L& W] LR UEFRA TIZ AP AF B I ZHOA 2 i ) (1 52 0 AT 1E 230
HINEER . 5 02 2000 — 3000 keV HIHL A, HELRBAIIERIE, XIKRIEFHRATHE
BN T OvBB (55, MAEERHSH RIS S HEG 2 K.

4.2.1 N

AIFIH BATM T B %t RE il g AT 4004, BAT (94 FRE “ ULt 40 7 T 45 (Bayesian
analysis toolkit)”, Ffr LAJa kA G424 iy fig DU i 38

R DU L R AN«

P(B)P(A|B)

P(B|A) = oo (4-3)
W B AEH S NURARES, AT LUK LGk ATHE -
P(BlA) — P(Bi)P(A|Bi) (4_4)

Yjes P(BP(AIB))
WERBATHE — P AB bR 30 A ARRIRAN TR S5 H , B AR IATT P 3L

LA OvBp R M, EE—DANFER OvBp - ZE WM H SEARE — AR 3R, TR

30 4-3, FATTAT DAMERIN B A s vH R — MR R, X (2 DUk . 44X 4-3 2

R EINFESLRA, WRFR:

P(ly,,6|E) = —— 70 (Ioy)(8)P(E|loy,6)

Jo Iy m(Tov)m(0)P(E|Toy,0)dTpyd0

(4-5)
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HrhoNlR T RASEE ST SRBHL QN HBHE, om0 LR . 55
FA AT CUBISXEP (Lo, O1E)HEAT 02 [ RIS BIP (I |E), A2 SRS K T
A1 ST

P(E |Toy, O)BAFRA “IURBREC”, K G40 A5 T AN IR, SRR R REAS/ N X ] b
MO BIBONA;» TTSEBRENE, » SRR 2R A DAL IR A BT ATDLAR B O

P(EITyy, 0) =TT, 2 e (4-6)

MR 5 K AR 2 B O AT T o AUl AR

4.2.2 REfy 4t
K 4-2 Bon 78S IBHIOCAR, I BeRE —— AR I L SR RIAR T -

K 4-2 AT REEHIET BAT BFXRE

Dataseth HAIfE# /7 AT SLI AT E R, ARSI, EREE, BtE, cut,
BANERTOR KRB TE OS5, 25 A SO TR 25 - — Ak 3

Signal_model.h 2 & i1 ® X A& JK £ & ) #b 77 , Signal_model_multih F1
Signal_model_prefith #% & 4t 7K B X 4> X, = # X 5l /£ T Signal_model.h i
Signal_model_prefit.h &R 2% XF—> run >Ki21TH, T Signal_model_multi.h %% 3 4 run
FIHA BT . AA— X A%, Signal_model_multi.h 53 T IEAIHLE, 36 X1
J& 2000 — 3000 keV, T Signal_model_prefith 347 (2 Hiftl &, X184 1000 — 3000 keV. iX
JUIASCARA TR S TR AR, T B AR s — MR i, #9585 — 4 Dataset /£ 9
ENSHE IV, EMERA REIa6 1L o

StartBAT.h i % 8 SR T 46 BAT $UA, i —N e AL N, XA RS
S SHIE R 24 B A A E

toyMC.h 72l toy MC [y#h 7, X AR E R AR TH 5 22 3 BRA R BORE ) i A
PAVGAE ST BARANH e N T IR a7, FSEIRATH AR 0T B 75 ZEH0A 1 BE 1S 7%
TE TRERINER . A toyMC.h & SRR, FRATRT DL AL N I REIEAR PRS2, DA KT
e BOE S HUE N NI AE S KBRS RS A I Re i . i XA J7k,  RATAT ELA WY
HE WA B 7 Ai

A 4 run*oxx SCMF, AT FEERAT M. B e T 72 run_prefit.oxx, &
Bt 34 run BEAT AT A . RS run_bestfit.oxx, ‘B 3 4 run #3E4T R LA
EAUA T AR AL A 45 5 . T run_bestfit_sys.cxx A1 run_exclusion_muti.cxx 735l &
R R R G RZE MR REUE . A BRI EATE Bt run_bestfitexx HE N HEHL5,
At AN EEH S H toy MC P2 4E— N IAETE .
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4.2.3 Ovpp &5 R

B, BTG, ATEXANUE F XA run FATRMELE, BN LESHEIE
8 AN, fUFE P°Th FfR, K FHH%R, PCo FHHR, “°U HHIRM 4 NSHPFRMKNS
¥ (1173keV, 1447keV, 1764keV F 2615keV [ 4r#E2), A& 45 B L& 4-3,

— —— Data
= — Fitted curve
- 232

238

60~
Co

4500
4000

(ad
Lh
o
(=]

| S T S
A ¢
=
S

Count (/10keV)

1500

S

<

o
[en] T TTTTTITATT TTITTTT]T
ST T

2066_
Energy (keV)
&l 4-3%°Co EHIRTHERA, REHLE 34 run BN, EBLERESTH.

3000

SRJE BA DRI UG BEAT SRS B 22Th, 28U, ®°Co, FlatBkg Fil OvBp SR ¥ N2 &,
Al FlatBkg A1 OvBp SHBIZR (IS 06 /0 AT BRI 00, BNZEHER 0. (H52 2°Th, U,
%Co % 3 H HIEHI RS IME R R m T A, B8 B2 TN A 15 2 AR 2

BT LR ITEAN, PPRn FEIRWE E T FK, OK F 2R AEIX B LA R o 2
T

— B A G OVPR FEFIESNE T, ATFAEH T Ovpp AR A R, , 11 FFs:

N
N=r0vm_/;'a1'gtot'md't (4-7)

NRFHEHIE, N ZEBTRANE S 54, m e Xe WPFHBERIE, a e HRFE, &0t
BHER, mo R B S R R, t BT A,

T—A run #5G % E 3 E 1 22Th, 28U, ©Co #1 FlatBkg F412% , (H'E A1 1322 [FH—1 ovpp
HEFRE, K, SMESHEHEN: 3x4+1=13.

FATH AR AE 2000 — 3000 keV G A F AL G(E WA 4-4, & 4-4 2 3> run &0,
HAKHI run XN S HUILE 4-1,

£ 4-1 BB ESEAS (ROI 12000 - 3000 keV) , F:H ovpp 4% 2 Hl &5 3

FEERERREIT RN, RESPHELIRIEN 2615keV HIETHET,

Run9 Runl10 Runill
222Rn [/kglyr](fixed) 226 + 121 20.6 + 10.4 175 + 8.8
%Co [/kglyr] 142 + 1.0 132 £+ 1.0 116 + 06
22T [/kglyr] 65.9 + 2.2 55.9 + 1.9 68.6 + 1.1
28 [/kglyr] 409 + 21 374 + 1.9 426 + 1.1
Flat Baseline [/kg/yr] 5.8 + 3.3 94 + 238 31+ 16
OVBp [/kalyr] -0.91 + 0.76
Resolution [%] (fixed) 49 + 01 42 + 01 43 + 01
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e smallest 68 9% interval(s) 0 global mode
smallest 95 6% interval(s) =g mean and std. dev.
I(s)

s smallest 99.7% interval(s)

Residual (o)
!

e e ‘,1 : {-T "fiﬂ{_zi":"':""“
Tt N LR

T
s F
32 ) =25
700? + _tFDT:d urve E -
BB O-vi — It Curvi )
600 ovppoaie | 1T 21y e of
5 cooE o A
i" 500: Do i ; 5:
o 5 2R @ 1.
= ) B4 g
< 4005 NLDBD S E
= 300; 5 L
2 200k < F
& 200-

00— e . osf

0F L L I — — o
2000 2200 2400 2600 2800 3000 gl - 0.5 1 5
Energy (keV) nidbd_decay_rate [[10°23/yr]

Bl 4-4 Z&: 2000 - 3000 keV BEipIBAEIIA . HE: Ovpp TEASHE R KR 415

gr b, XPREE B AEILA TS URIRATT OVvBR AR R B B LA
Iy, = (=024 + 0.21) X 10723 yr~1

4.3 RFIRE

AHHNTHHRAG R, KRBAVES T Ovpp LT T IR 2 jif 064% g &0,

— RIS, BATERGIRZE D AMREL, 55 Ovpp AR LI iR 2, BIR
G Ogeq> LIS OVBP IEARTH R IC KB INR 2, FATFRZ Nogaq -

RARZEAR A FEZRRIR . BT R G 7 5 5 2 BRI (S SR ISR e FIA 2L
J AN E VR R IR AT e M, RO IR A 3 W BB S e AT T AN PR RE EE Y
GERINSCRINREE L2 U T EAR, A B RN E & @D R NN Fl PAF #
o B VLA T Tm) A S P ST AR AR B 1 o At 2 0 ) 3 B B v A B b K
MR %, HLngeishifd, *F Rn S61%, GRS PR LA EEAR G W EGIRE.

bR T BTSSRI R A R0U% & R 22 5 R AN et (B BB e ) 2
Gb, BAVE SRR D AT TR TEEN RRIRE. WS, Z RN T K&
MR SEIGEES, T EIRATI BN IX AR AH TR (3K 4-1),

THAGRENS L —ANZ DB, WARERTH A RAEN G TG 5 FHRATEZ T
HAGRENEAN S, BROERERABA TR EE 10, RERANTEHAS, DFH
ER BN RAENE S B A KR SR RIS ELE, R ovpp HAHEN 0 2
3 x 10723 yr VR IME S, BERZ M 7 Reik.

FIH SRR~ A8 BEUS AOAZ O AE T8 — AN/ IN X B P ) S 5 S o b 7 T A 23
Aiff. PTLVES, WRBATA 1000 A FATFH, IARAFH 1) PandaX-11 SLI619 2 1%L
I BE A AT TN DX, GXAS DX 50 A B AT THE ) P SRR v 7 A B R B RO 5] N 9 A 43
fio m#&, A=A 1000 ASFIRERE, XHiAH S T RATEE] T 1000 44751 150 .

S EIRENS 2 5 P A e L AR L A e I FLR [BIHT Y Ovpp TEASH R . F & TRA
A LA#33) (input decay rate v.s fitted decay rate) 704G, FeAl T — K R EZ 00 A X5k K I
HAFeEERRER ., B 4-5 R RR T MO0 —A6 7, WA RZE. 3G s
JO7 P A B FEAR T UL A T AR T R, 4T 2R N AR LA B . — IR R B A 15 B A 2
Oadd’ mRlEL 1 E@%Eﬁt%ﬂscao
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4 x2/ ndf 273.4 /5998 %
slope 0.9995 £ 0.00269

intercept 0.05848 + 0.004886

Fitted Rate (102% yr)
N w

. -
\\\l‘\||\|\\H|I\II‘IH\‘I

(=]

o e b o L e 1 L
0.5 1 15 2 25

3
True Rate (102 yr)

Bl 4-5 M 6000 Nt EZFKFR T LRF AT RRERN S AEAHEN (EL) ERNR
B. dERKBEMNE, BRAOMNFREGHFZRMERE.
U, FRAZIRIX AN G ESTREIE R, Rn FHHIR, ReEOHERE T T RGIREN
IHTe MWILA AR vs FHSZ AR I /AR A M & SR RGUIR Z oo Ml 0qqq I
% 4-2,

R 42 ARRBHRGERETRR

Oadd (10_23 yr_l) Osca (%)
PRI 5 % 0.71
B = 14.7
A ERALH 0.045 0.28
Rn i % 0.277 0.06
R R 0.104 2.27
UAHIRZE 0.043 0.35

%%, ATFREEG R 4-2 BRI H A FRIER RFRZE . X TR EFRIE,
PATICE AL oREBE = AR B IR KR 22, TE SIS R ZE N
Osyst (Iov) = Gaaa + oy " Osca (4-8)
B BAVR IR L 51 W ()R ZE R R ML I, BT CUBATIAF &7 7 AR D0 R0, 226 P
INEE, BEITEN:
O-szyst(rov) =2 Oﬁdd,i + O-szca,iFO%/ (4-9)
WK 4-2 FRIBERNE S, BE3IG RN ARG IR ZE . e, AT T REE RS E A 2
Iy, = (—0.24 + 0.21(stat.) £ 0.30(sys.)) X 10723 yr~1
MIXANGE R AT H0, AT TE R ZE VG N 3 R OvBB A E HIHIEY «

4.4 Ovpp FZ=HATER
e, B R T H2EC OvBp 323 T R 7 v
441 NEAEWEE] ovpp FEH TR
U T 3 42 RO S B4, TRATAT LA SUHAR (105 5 UL BrhE = 40 A
PR (T |E) = Pspar (BT ) (ly) (4-10)
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K EMERERE RGREME S, WG] ovpp I TR .
HEBATE LSBT R TI Yorae (Tov) = —210g [Psrare (EI0)], RJA5RGIREM

SR TR s (Toy) = Dl o2, SR 49, (i PG4 B 5 R i 2 1

a'szysr(rov) ’
TR :
L1t ]

E - sttat + stys (4 11)
SRIG FEH 2 oA AP (B | Tyy) = e 05Xbor . X, 4-10 1S M (I, ) W ATy, — 58

—ANEHG 1 HKT 0 MR 2 MR K.

1, T, >0

"t ={y 2o (+12)

T JA R R 7 T BAAS BIE BLAS B e, A OvBB 2 R RR .

frwitp (E|ly,)dT
_Jb tot ov)aloy
AcL. = ~nr (4-13)

o Prot(Ellpy)dloy

— Statistics

Systematics

— Total

%4 2 0 0z 04 06 o8 1
Decay Rate (107 yr!)
&l 4-6 Ovpp HAREEMES A, LBKSEETHEE ZEERTUSHL.
FRGEEERRWE 4-6 PR, AN E R RIBFE S F] 90%, 153
Ipy < 048X 1072 yr—1  (90% C.L)
B S S G R

Ty, > 1.4 x 1023 yr (90% C.L.)
WR R B GRZE 1
Ty, >3.1x 102 yr (90% C.L.)

4.5 0vpp REBIE

FERTT A 5T, FAIAF 2 1 REE 10 SRR UL (8 DA e 0L HE A0~ S JIRR A o 3X—
WRAVEAN T EE . THE W PandaX-11 X Ovpp M G127 b I¥ REE
{ERERE MRG0 5]R PRI R — 1R B R R, A AR 2
LA TR BAL ) — N80, P AR A ME SO BT DA o 5211 FRZ AR 8 S 56 S s 21
RETE VT R X 32 R BR A, SEBRiRETE A A —5K, DIIXME & ERAR T8RS
VRERATANE 2o A ) R M ARG AT T AR M 1, B SR RE B, AN
Qi A TS GOk A “ B mEd, AR “fR7 el R BUE 5. REUEAERNZ
FATF T IRMEFHIE L, TR AT S RL1% A 2 98 PRI A
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4.5.1 RAEPUE T
= 4-7 s,

4
N =15y —"a;" €t Mgt
ma

BAREE RN AREG A2, ERERIX [RISE N AR EL H I FIME 2
B(S8E)=b-my-S8E-t (4-14)
Horp b WAREBIZR, AN cts/(keV kg yr). FIF 4-7 F15X 4-14, FATA LLARHT I
SR R I RIER . LI RS 0] DLUE RO e KT 80 5T AR B3l 411 B/ NPIN
A AR K B i T A A2 B oA DR R ATT T DA e B e 2 SRt i 80 B0 O 8 15
Olo
N(8E) = N - f(8E) = n, - /B(SE) (4-15)
Hho = \[B(SE), f(SE)E {55 BISEX A K ELBl . 3 F— B A5 5, f(SE)
Fik N

f(8E) = erf (-NIn2) (4-16)
HAAE MR ES PR, i 4-15, 53| R A
R N = (C @17)

FEBAT 3T f(SE) = 1, b - 8E = 153.4/(kg - yr), BT, (1.640) = 1.91 x 10%3yr.

4.5.2 FIf Toy MC %5

R S R NS R T, ZEAR 22 R B RN 2 L A S AR S 7 (PR 7
BT IR . IOy TR TR AN UE, IRAMD RS G R RIS Tk, it
BRGRTENT IR, FRATIR P AR RS ) S bl A (AR R <R itk ANWIROE R A4 B
XFE B RE T I HAF 2 32 B MEER 70 A0 1], H 2 XOIAE 3% AN i 7 (1) 2 S R g 2

smallest 69.5% interval(s) o global mode
smallest 96.3% imewa\{s) —e— mean and std. dev.
I smallest 99.8% interval(s)

~

@

[

P(nldbd_decay_rate [/10"23/yr] | Data)

2

1

00 0.2 0.4 0.6 0.8 1 1.2 14 16 18 2

nidbd_decay_rate [/10°23/yr]

B 4-7 Ovpp TEARTEEKIME DA, B 0 FFEARR 2] 90% AR X kS h ) R 8
TEAFBIREZE A JEIRATVAL 53 B Q0% AR A RIKFE, SRJG AWIIEIA. B RARE 515
| 12000 A5 R o> A, JF HIBCE R B S REBUE: T > 2.1 x 1053yr.
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A DA B AMEAN b P AR IR 2 AR o

4.6 NE /24

16 LR A SRR R I, JRAEX— 5 AR T PandaX-1l 1) OvBp 4347455
IO NSER

BRI AT GIRAHT, 5B A A R S50 E, ABER T PIFX
KA AR . W FARMALL, RATEER Geantd BN FARMIN. BTG
1000 keV — 3000 keV, X#/M A AR EZEL S T “K. U, *Co. ®*Th fl “’Rn. Jlid
A FRATH A T 2% L 25 A R 1) B A3 A R EL S50 (B P B35 — 43 1
FERLE 4R 25 353 2000 keV - 3000 keV FUBLEEL A B T 13 M58, BABHIA T
[ OVBP 155 SRFEIA A fE

BAE MR BAT TRM, X T M3 G RANA R k. il
HOANGE, — 7T T R FRATE AL AT IR, 5340 —J7 T ] A RARTO S 4 7 . Zeid JUAN A T
ARSI IE Bl RSB T 305 i LB 5 5 o

ZIFRKT RGRE NI, LR ANTE: £ B A DR RG0R B LR &
G R A SR G IR IR TG, B3 5 RG22 bR 4 RE R B0 (5 5 2
FRAT IR L. FERAN RS N4 Hrb RS B RGHR R AL LS (5 511, that 3k
{1186 R OVBB. LRIt Hofl A TT LU 2 45 LRt Ovpp - SEHIMEL L BRI

S JE RV 88 RGP HOTHEE, R Toy MC 774 BEHEHA 5¢ PandaX-11 IAR ) 7 5
B o T PandaX-Il, &1 RBILEANAE S H AT 1110 OvBB LRI SZIATHRIFE . (HRBEHIN
RIS H AR IR IE, FAREVFRT PandaX-4T JRE I 28 8 5 SCI ISR
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FHE &g

AW, Lk T PandaX-1l ) OVvPp FEAR M LB LA ST, BATOH T
PandaX-11 #£M 2% M 2016 4= 3 H #1| 2018 4= 8 H[HRAERIN 407.1 RIEWHE . RN AT R
TR EERRE A AR AR, X ERIBE S RE X FIERIA T A T AR . fE BT
TATEAFAHAIT T T BRI AR A AR, IXF BT AR BRI 2% 1 R %t

A ST TAE =42 T 58 — AN 0UM B i AR 28 6 T Ovpp AR 45 5 . AT B 1E
PandaX-11 [I%cdE o R LA OvBp SEAHAEAE I 5, (B IRATTHE— B 245 T °Xe 19 OVBp 2K 2E 31
PR T > 1.4 x 1053 yro

JUE A LT A AT R ES , FRATHERMZ8 e A HA R, (HRIX I T XU 2 W AR
MZEEE A T Ovpp R FJERIX AR, R 28 A W ZRTIR I 28 AR I 7 o 1) S
O Ay A A TR 28 4 78 20 R I 91 R — AR U VA R B 4 7 B R Se B 2 A
VIELH AR, i AeEVar, RN AIRARA R R E o PER .

PandaX-4T WL /E B8 % S g s > vy, e FH R Al K B R g 20 (0 VA 1 o R SR 0 2%
HRMARMIAIR, A TR TUHATEAR K, PandaX FRIN#S I R BUEH 2 4
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NEUTRINO-LESS DOUBLE BETA DECAY SEARCH
WITH PANDAX 500 KILOGRAM LIQUID XENON
DETECTOR

Neutrino-less double beta decay (OvBp) is an extremely rare nuclear transition process, during
which two neutrons are converted to protons and emits two electrons without neutrinos. Once this
process is found, we could claim that neutrinos are their own anti-particles, i.e., a kind of
Majorana Fermions. Ovpp is also a physical process beyond the Standard Model (SM) of particle
physics, since during which the lepton number is not conserved. Another similar process “two
neutrinos double beta decay (2vBB)” have been observed in many isotopes like "°Ge, ***Te and
138 e. The searches for OvBp must base on these isotopes in which 2vBB can happens.

Searching for Ovpp is an ongoing effort in many laboratories around the world. For example,
Gerda and CUORE in Italy, SNO+ in Canada, EXO in the U.S. and KamLAND-Zen in Japan.
Although none of them have found a signal for the existence of Ovpp, the half-life limit of this
process is getting higher and higher. If it exists, the half-life should be longer than 10® — 10%
years.

The PandaX-Il detector is a large dual-phase liquid xenon time projection chamber (TPC).
With the primary goal of detecting possible collisions between xenon nuclei and WIMP (weakly
interacting massive particles, dark matter candidate), PandaX-Il have published many important
results about dark matter with the enormous data collected in the past 3 years. However, the
natural isotopic abundance of xenon is 8.9%, which allows the possible detection of Ovpp with the
PandaX-11 detector considering we still have 51.6 kg **Xe out of 580 kg natural xenon. In this
paper, | show the OvBp search results with 407.1 days of data from the PandaX-Il experiment.
More specifically, I discuss the work | have done to improve the results.

The ultimate goal of this paper is getting a conclusion on the detection of Ovpp with
PandaX-Il data, so we need to perform spectrum fitting on it. However, before that we also used
some techniques to improve the data quality. Data cuts are very important for the analysis and
sometimes a good cut would make the signal clear! For instance, in our analysis, the single scatter
cut can remove more than half of the events. Since dark matter search is in keV region and Ovpp
search is in MeV region, | did a detail study on the performance of original dark matter cuts in
MeV region and found all of them need proper modification.

The fiducial volume cut is crucial and fundamental, which is a hard restriction on the event
position. We use toy MC to simulate the sensitivity at different fiducial volume and finally decide
to use 80000 mm? instead of the original 72000 mm?. Another important data selection is the
position cuts. We remove events with poor reconstruction performance (y? is too large) and we
also require the horizontal distance of the reconstructed position from PAF and NN to be small.
Besides, there are some cuts we don’t use anymore. The average charge cut uses to be a good way
to get rid of sparking events, but in our high energy analysis, this cut turns out to be useless. The
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same situation happens for many cuts relying on the top S2 signal charge. When the signal is too
large, the PMT will be saturated and the event charge reconstruction is not reliable. Accordingly,
the corresponding cuts are also useless.

After | list all the cuts and determine their values, | move on to the background model
construction. At first, | select a region from 2000 keV to 3000 keV as our ROI (region of interest),
which is reasonable considering the Q-value is 2458 keV. The main background there is %*Th,
238, ®Co. With the help of Geant4, we get to know the y peaks and their corresponding Compton
edge. From this primary model, we get good result with half-life ~ 10* years, but the fit result is
significant influenced by ®*Co event rate. The uncertainty of ®°Co rate is so large! Soon we find
out a way to eliminate this problem. The ®°Co peak between 2000 keV and 3000 keV is generated
by the coupling of another two peaks in 1000 keV — 2000 keV region. Only if we extend our fit
region, we could get better knowledge on the event rate of ®*Co. Therefore, the 1000 keV — 3000
keV region is fitted as a pre-fit in order to get the decay rate information of ®°Co. The 2000 keV —
3000 keV region is fitted as a best-fit to get all the final results we present in the paper.

Obviously, the pre-fit is much more complicated than the best-fit because we are dealing with
more y peaks. Frist of all, we pick out all the peaks from the simulation results. Secondly, in the
best-fit model, we use a constant energy resolution which is not suitable for the pre-fit. If we want
to set a function for the energy resolution, the fitting process would need a very long time.
Sometimes our pre-fit can take several days to be finished. Such a problem is troublesome when
we want to adjust the model slightly and update the results.

With the discussion and tests day and night, we decide to smear the MC-simulated spectrum
directly and four radioactive isotopes chains are considered in this energy region: *°Co, “°K, #®u
and *2Th. We assume that the decay chain is in equilibrium within the material. They contribute
directly to our model spectrum, and their scaling values just represent event rates. In addition,
222Rn spectrum is added with a fixed event rate come from independent analysis. 2vpp of ***Xe is
also included in this model. Since we directly smear the MC-spectrum, we could use an energy
dependent function to describe the energy resolution. For energy larger than 2000 keV, we use a
constant value.

Then we fit the real data spectrum with our background model using a toolkit called BAT. We
also blind the 2458 + 100 keV region to prevent any bias caused by subjective factors of us.
From this pre-fit, the statistical uncertainties are all known. Then we extend the ®Co event rate to
our best-fit region and transmit its error by multiplying the square root of the event ratio.

In the best-fit, we utilize the pre-fit information and set the ®®Co event rate to be float but
with a Gaussian prior. And we float the 2?Th, 2*®U, additional flat background and Ovpp as
parameters. *’Rn is fixed. “°K and 2vBp is ignored. With this new model, we get the best-fit decay
rate of Ovpp: Iy, = (—0.24 +0.21) x 10723 yr~1,

An estimation of systematic uncertainties induced by fixed parameters is necessary. So |
utilize pseudo-experiments, called toy MC, to investigate the effects of systematics on the final
results. The ideal behind pseudo-experiment is simple. Assuming that we have 1000 parallel
universes and all of them have their own PandaX-Il. If we collect these 1000 results, we would
expect that they distribute around the real physical results. Although we cannot get their results
directly, we take the fitted results of our data as “real” model and generate pseudo-data using
Poisson distribution. Therefore, we can have a comparison between pseudo-experiments and our
real experiments.
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Studies on systematics for experiments is usually a difficult process because multiple effects
must be taken into account. It is also not trivial to investigate how the uncertainty of one
parameter propagates into the systematic uncertainty of final results. Except the only scaling effect
of detection uncertainty, we cannot get the contribution of any other uncertainties directly.
However, by using toy MC, they can be studied straightforwardly. For instance, if | want to know
how the change of resolution can affect the final results, | only need to modify the resolution a
little bit and do the fitting again with the new generated pseudo-experiment. We can add some
signals in the pseudo-experiment, so the difference between input signals and fitted signals is just
the uncertainty propagated to final results.

Finally, we propagate to a physical Bayesian limit from the best-fit Ovpp decay rate by
combing the posterior probability distribution and systematic uncertainties. We conclude that we
found no evidence of OvBp in PandaX-Il experiment. We also redo the fitting process on
pseudo-experiments with only positive Ovpp decay rate and extract the 90% quantile value for
limit calculation. After 12000 loop, the median number is taken as sensitivity.

Even though we didn’t find Ovpp in the 407.1 day’s data, we have developed new techniques
for data selection and energy reconstruction in high energy region. Our work yields the first Ovpp
search result from dual-phase liquid xenon detector and the half-life limit for ***Xe is given to
be Tlo/"2 > 1.4 x 1023 yr. This work shows the capability of dual-phase liquid xenon detector on

OvBp detection. Considering this, many experimental groups using tons of liquid xenon detectors
to detect dark matter are paying more and more attention to the full utilization of their detectors.
The next generation of dual-phase liquid xenon detectors will be expected to achieve multiple
physical targets, covering a wide range of energy region while having a low background and good
energy resolution.

The PandaX-4T is still under construction. Ultra-pure water shielding and tons of liquid
xenon self-shielding will bring a very low background to the detector. We could expect the
sensitivity of the PandaX detector to be better in the future.
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