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ABSTRACT

The control and measurements of radioactive background is essential to liquid scin-
tillator based neutrino observatories. The Jinping 1 t detector prototype aims to verify the
techniques and materials, including radioactivity measurements of liquid scintillator, for
future experiments. This work tried to search 23>Th via 2!?Bi-2!?Po signal, and conducted
related tests on the digital readout system. In order to select and reconstruct 2'?Bi-?'?Po
events effectively, 3 methods have been developed, namely inter-trigger correlation, event
splitting and dual source reconstruction by detailed mathematical model. Although ?'?Bi-
212p¢ signal still leaves unobserved, conclusions can be made to guide the data acquisition
of 1t detector in the next phase; also, it provides promising analysis methods which will
be useful in the future investigation of 2!12Bi-2!2Po. Moreover, the dual source reconstruc-
tion method can be applied to the Jiangmen Neutrino Underground Observatory, to boost

the precision of reconstructing '*C pile-up events in low energy region.

Keywords: liquid scintillator detector; radioactive background; correlated dual

events; event reconstruction; nuclear electronics
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m%mrﬁu SRR EGIXS, M A AT DU IR R 4 X o B, HAR G 77 v
LU

1. L€ I 8] 18] B BB A,
2. WHEI T S (R R A, XT? At > Aty TEAEBIACE “Fa”, AN

ZENE TR A CE
3. BIABER AN BE T — A “FH07. RIS HAERMES,, K
NP RFAT
R TP ) D AR A T DA HH AR 5 P 7 32 4 1
« PR (p) BEETEH
s BES (@) AEETEH
%Hﬂ:%zlaﬂﬁﬁ%ﬁﬁﬁﬁ%ﬁx

i 15 2% A 35 P AR HE AL AT B e . BRI S, 19 EIPUS S 45 B (]
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Z2 I LA A2 i % BOA R B R o A

P(At € [1,1 +dr) = [A exp (—1) + B] dt
T
Hrr ¢ 2 212Po Hfir.

FIERIZATSIN T At TRILESAE, AR 2 ] SCPR E R Ar € [0, Aty
b, EP MR R )E, SR

j"sig 1 t
J® Ns,-g+kagTeXp( T> N (3.3)

PGS AR R EGIATI A N Nypego 7o ZHTUMEFT EAUR RS, R A
Ny + Ny, ~ Poisson(N), N {EEE>Bi-*12Po (I HIEL

—~(Nyig+Npyg) N
e f g
L(Nsigs Npigr 7) = 57— Nig + Nigp)" I1re
' i=1
3.4)
e~ Naig*Nog) L [N 1 Nikg
= H exp <——> +
N! pirl I T Atk
THE BRI, I35 £ 20 In(N Y):
< 1\ . Nokg
—In L(Nyigo Nygge 7) = (N + Nigig) = 3 In [exp <—;) T (3.5)
i=0 max

3.5 MEBIEEMNNEGRD SRR

BRI R OREEAE R — I 5 N p-a IR DT R0 B IR S5 -4
HAoF, BEhRFEHATBIC N, FHXBIE 5 a8 R R 5% .

SCEROOV B T 3T 1 4E Wasserstein ! BB 1 N3 2k B B CNN AR 93
SN . AR FLEBAM A T2 AR, A SRR B AT T B .

1R BNMIBIE S M &5 SR T BE) PE b st [a] CRSR 2 ns) LA 1% PE () HLfar T3l
DAE . FRfar PO B DA 258 %I FE J5 45 2)1% ns W PE 0 H BTN s @t i (A 2R
F 2% PE X 55 2INAERT A H F, B33 PE 1 Hig.

kU2 &, 46 Git-2 b 0 B 56 diptest 131 AR5V kmeans-1d14]
WA RS AR 77 -
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B e 2 PE BUKT S0 A — MM E 2K T B o SRR
M LA AR BN XS IR FEG] . AR5, %t PE o ipilkdi ] diptest 7 FLIGEEAGSE, 24
p— | N HRZHGR BN R BIE, 2 p — 0 I S Z 0 & 5 . 2501
i, T p> 02 BIFH, A AR, TR I A AR X .

X F XA, ] kmeansld ¥ PE 430 N 5. N 7 HEBR g A . 8K
VRN G AL SR A5, X ER 4 PE ROPEBUfn 552, I iEmASF &R
(X A7)«

1. IFEPIZHEGIR PE # bl E//E,» 1R E\/E, > 10, B4 f5—#84r 1) PE 1R
FIREE T —H0 BRIZUE 5 SRS, B0R K& R R G X
o FAIBE 07 25

2. THEMHS PE R EME, 1 51,

3. X AN EGI AT A . ES0ns NIIRZE /DA 10 BB PE, WANES
TANFEBIR AR . IXFREHUE N T B R L RBEAR. R iR 1E g
Bl fid A 8] £y, DASKERAS T8) 7 22 s A ) 25 65

4. TFE At =ty — 1) o AL RIEIN KOG T2 2 FaHE s, AT 5 PE BUHE A N
i), At >t ZJ5 ) PE 300N Ne 4 HARMIARA 046 . 2R P(NPE| ., >
5) > 0.003, XEMH H kmeans1d Phik RIS —ANFHHI AT EEZ BT —A
FHIRINROCTR R, FER &
2oL iR . YR M A AR TE R R R SR S kT e, 18

FIEBIMRER . B S EEE. HRMEIEERAES3.4—-5

3.6 MAMEIEANNFRENEZSRIKSHT

3SHT RS XA RE . M EEAAEL EEIE, BIRAEAAmHL N
212Bi-212Po {4, (F MR I 4% B3 AALLA 212Po iy, AR MEHE R HBIN &E 212Bi-212Po
HH

RIEFET Gt R B 0RO B 5%, BERERS A RRe . B H LR R A
SREMERL Y e 25 AR Z 0T, ERRAWBIE, B MR R T

3.6.1 (ERGIHERHEITERZMN—REIE

FLHERRAR A A, B do e LA FHAF 0], B2y B SR (A Al
LI ] ) ELAR -
o RSP RIERALE . WAL BEE, (FLEL 1) Q (Fr, EyL 1), aEfFIE.
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G ET I OREESE) @, ® By ® - ® Dpype AL
AR R SR A RERE Y

LGy, Ep 1y, 7y, Bty |G, j € (PMTIA))
=P(w;, j € {PMTId}|F|, E\, 11,7, E}, 1) (3.6)
=P(it;, j € {(PMTId}|7;,75)
Horp 7 ARRAL (E,F 1)o
MR BPIE A K E RS R R ERIA, R (3.6) T E7K, T
FEA [F BRI B AR 0o
TG, BRI B N A AR 2 3] PE. PE R E AN, IR EEIN
A 4F & PE:

S;=(8j1,5,0. 5, j € {PMTId} (3.7)
BT X T— AN, TEER 24 PE, FRATEEE 5> n 4> bin: i = 1,2, -, n,
AN TE] bin K BN dr, 24 6t — 0 B, 4> bin Wi 2 A — PE; W j BEAEEH
i NI bin WA PE, W s, =1, HIWCH 0. A, Hfb2nqGE e PE 2
[Bl: (Fl, Ey, 1)) ® (7, Eputy) @ 0 ® 10, ® +++ @ Wypyt ® 5] ® 5 ® -+ @ Sppuir
FHEBEARN, R REHAR 75 R -PE 5 PE— BIEHANE S

LT V5|, j € (PMTIA)) = P(id;, j € {(PMTId}|7}, %)

= [ > PG5, 7.7 PG;|7,.7%)
JE(PMTId} 5,€PE (3.8)

= [ 2 P@is)- PG,17:.75)

JE{PMTId} 5;€PE

P 5 LMK PE AE R E . B PE SIIZHIBE AN
a; - SPE(t — 1,) (3.9)

Hort a; 9% PE HIHLAT , o IR 2 i A A2 U Ge it 204 GRS a ~ N (u, 09)>
SR BRI E s SPE() A& LALLM T FOLH T8, MIEBESE; 1, 2
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PE [JEFTE], B H 5 FTkE.

FESEBRFE S, W @ KL PE 5 MR EHA. AIRKEE, Kkt
R PE {55 5 & 3L PE Hifif @, HA Vs, =1, a; ~ N, 0); Vs; =0, a; = 0. FIER
(3.9) B Btk N R R o i«

I/ZSPEI = F (0’ 0’ o 907 al’ 0, 09 o 90)T

(3.10)
F,, = SPE(#;, —1,)
SBIEN AR T A PE Gl HRIIY, 5l AR S 1.
w=Fa+¢€
'.'€k NN(O,Ge) (311)

s, ~ N'(Y SPE(t, — t)ay, 0,)
i=1

FITEAA PE ZE G I G TR AL A«

Nsamples n 2
- 1 1 (W, — 21‘:1 SPE(t), —1,)a;
P(w0]5) = || eXp[——< >]
EGZP[E{ k=1 \2rmo, 2 Oec
. — 2
L )]

ie{ils;=1} V2ro,

2
Nsamples 1 1 [ Wi — Zie{ils,:l} SPE(lk - ti)ai
= Z H exp|—7
sePE | k=1 V270, %
[T ——ew|-5(*52)]
. eXp _E
ie{ils,;=1} V2ro, ?
(3.12)

HTXFRKZH 5 € PE, Pw|5) — 0, BN (3.8) JL %A viik; S5
T PE i ppasmi i, ek 1o U713 i i) FBMP B e i b4 5 B 3 St 1w
P@@|3), HFFEHEAINME, idixE P@|s) MES N PE*, X 3.8 AN
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L(7,.75|i;, j € (PMTId}) = P(;, j € (PMTId}| 7}, 75)
= [ > P@is)-PG,|7:.75)

JE(PMTId} 5,€PE (3.13)

~ [I D P@5)- PG|7:.75)

JE{PMTId} 5;€PE*

T4 B 8 —PE B IS B P(0,17,, 75), R T RPN h A4
3.6.2 Probe RSN N #RET R TE N

FATIA 5, M9 Al R BERLIA R, AR OARa Rl i, e B2 S50
PRPRET R, AR USRI . ) A i T TR) PRV A
EX 3.1 (RETRE Probe(t; 77)): 4 Probe(t; 7°) & MRMIAEFIRIAFA L FER PE 1
Ri P(3,|77) BIEFASREE, TEZIIE bin (1,1, + di) W PE BURAMAA S FI 431 -

NPE; ~ B(1,Probe(t;; 7)dt)

Probe(t; 7°) 3% [ JAE T i ] Bl s iR iZ sk 8. ¥ %%, W 4ERE B
MR FRPEAETS Probe(r; E,F,1y) = Probe(r — 1y; E, 7,0); HIKk, FEMRRERDHL T, L)
N PE MHEE 5] ILAE & E ZR14AH5C, HJ Probe(t; E,7,0) = E - R(t; 7).

A 9% Probe (1) F 2 TAEER AP EA AR EUE T Bow TRk . 58, Probe

R Z MY RRNLGEE RN, BIRRINAOE, JeTAEHE, PE . WINKIGHT A
MR HA, PE T LAH TT 5 TTS ffiik, Mit2aa f2 i m a5 v 8 24,
B2 Probe /& =& 7ERF [ _E O BA . DRk, FRATATUOCK e 22 RS 5k, R
N “J Probe”:
FE M 3.2 (3 Probe: LProbe): fEIRMZS (7,1 = 0) &bJSCE — 3551 & 1) [F M BRI
W, RS N AT CENATILEEEN ED, NI N - LProbe(t; 7) & R AEF kI Ik
R/ PE WAL P(S; |7, N) FIAFA SR, XS TIS 18] bin [7,,¢; + dr), FE1ZH[E] bin A
(1) PE HURMAZSFI 53 A -

NPE,; ~ B(1, N - LProbe(t;; F)dr)

TR0 S ORI 25 Ve S «

R(t;7) = %f(t) th LProbe(t; F) é TT(?) (3.14)
Jo & Probe &) Probe, EEFAM ST EENSE. N T FESH
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FIANMYERE, AT PMT JCEAE — Bk, H&A PMT OG5 —
| (EREER TR E A AR . WnE3.6FTR, BTN 2%k
SRR, RN S @ 3%, FIBIN (r,0); XHTHA PMT Je2 AT, Al
LA A [F]— Probe.

&
T T i
T N\ / \

Kl 3.6 PMT J& Mt Bk ARk

K, FATR0 0 Probe, 1BV A Probe(t; E,r,0) = E - R(t;r,0). XT-T % Probe
Bk,

PR RAEMES 2 BEZE R(1r,0), E SAZKBRENSZIFEEATHIE . £ —
MBS e, (EEVEAIVRE T T Zemike 2300 Z,(r, )1 AL HIL
2T Py (1) VE N IEACEEC I XY Probe, B

InR(t;7,0) = ) a,Z,(r,0)P(1) (3.15)

nl

M1 Z(r, 0) K€ SOSAE AL A b, 7 Z AU A2 AT 17— 1k B Py
(5 SCEG2 [—1, 1], 7226 PE [ 8] 28 14w di 3012 X T P

BHGARAEE . MCMC 88 FBt, i RS EEE S T R Bt AT . AR
VeI

AW FURE BE 245 1 S TR AE R ADG A I R AL, B 28048 Probe . J't Probe
MR AET, JETIEGEENE (r,0) KA, HIETRE PMT AR U S HUL Y,
JUFRAENG . =f— IR w2 U6, 3. 7.
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(a) ENGF =P B2 E g (b) =R I 5 1 6% 1A
K 3.7 et r. PMT I E (M TEMIETS), JeFHGEA PMT A B8R ES

R, FELR5E (r,0) KITEOL T, R(tr,0) FXT 1 2 BHHY, WE3.8FR.

Photon travelllng time vs vertex cosO atre[0.6,0.61]m

10

103

102

10!

10°

0 T T T T T T T T - 1
—-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
cos6

K 3.8 7£0.6m~0.61m#Ak, cosd —t B "4EE 7K AL T4 5 x 10867

HFOEE [, ATLLAN 11 R(z; 7, 0) 554 T 0 PMT B 06 3 SR 4 25
A TR R BARO GRS EE . e 1) £, 220 (r, 0) P E T Kl 3.9:
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(a) FEE PMT BUE TSI EASE, 54 (b) BEE PMT SO (TR BN G, B
S5 S IX 3T A i/ ELI LTG5 R B

(c) ML 5¢ JJ R I S S 3 Bl 1Y) SR AR N (d) AR AR XA — RS

Bl 3.9 e CATHE 1, (r, 0) ALHIEFH0E PMT MALH CRIEBEN T4 5 x 103496
R

Khr b, B T EARS - IRRAHNE B e, Bl . PMT B
IS AR B B IR Z B8 S, ARG SEIAEEN, (EXF Rt r, 0)
UG Rt %8 s O s T 2038, mf IS BIBL R PYR)E 1 (1813.10):
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Photon %avelling time vs vertex cos@ at r£[0.6, O.g}]m Photonzotgavelling time vs vertex cos® at r[0.6,0.61]m

(4]

0 T v — 10° 0.0 T T T T T 10°
-1.00-0.75 -0.50 -0.25 000 025 050 075 100 -1.00 -0.75 -0.50 -0.25 000 025 050 075 100
cos@ cos@
Y A
(a) EASE (b) — IR
Photon travellmg time vs vertex cosB at re p 6,0.61]m Photon travellmg tlme vs vertex cosB at re [0 6,0.61]m

0T T T T
-1.00 -0.75 -0.50 -0.25 000 025 050 075 100
cos6

0 T T T T T T T 1
-1.00 -0.75 -0.50 -0.25 000 025 050 075 100
cosO

(o) B e PMT it ok (d) BAF IR A D

B 3.10 CKBENL 5 x 10367374028, 0 A4 HI7E 0.6 m~0.61m &b, cos® — 1 1Y
“HEEITE

FERAT 2205, MFHERel, YT RZEER; HELHT A, PMT
FEARBIEm, 67 AT A —E RJT, AWFFUR M mllr R BodATintl. BEA
ViDL

2
LPrObedirect(t; r,0) = A(r, 9) exp [—l <ﬂ> ]

2 o
2o (3.16)

¥ AnZ,(r,0) [ 1<r—2nrnzn<r,0>>2]
=———eXp [—x
\/ﬂa 2 c

255 ML EL 6=0.2 ns.

HRAE 3.2, BERUK) B ST TR LProbey,o (1; r, 6) J93EEIIAE 5 R LA,
S BRI 24 T3P A B R R MR RCE M TSN Ky RIFIIG
THN M, WEE—ABH(A,), (r,), BEITREG R, 0 bIA
BHO
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[S0]

M K
InL{A,}, {7, 0Tk 0k) = Z In LProbe g oci(t,5 ¥ s 01) — Z J LProbe g . (t; 7y, 0, )dt
m=1 k=1 0
M A Z (r, .0 Z(r,0,)\°
zz IHZn n n(rm’ m)_l<tm_ZnTn n(rm’ m)>

m=1 V2ro 2 °

K (6,0}
— Z J LProbe g 0. (t; 7y, 0 )dt

k=1 0

(3.17)
A AL A 0 R EAE ¢ < 0 [R5 X 0)

HTFEAEEE KA InL(A,), {t,}7 0 1o 0,) SEEE . AL AR,
B P AR JEE 2 2T 0 T Bz AR AL o) Bk AT AL R . AR T T pytorch 2]
AL Adam P BEHUBEE N FF 040 88347 S B0 & - K R 40 100 Mt
W, BCRMBEATERE R, SUEIEELT 30 HXFR Zernike BREIE . HLit 316 MK
.

1e8 1e8

8 8/

6 61

Q Q
£ 4 < 4

| |

2 21

0 01 . |

0 5 10 15 20 25 30 0 200 400 600 800 1000
iteration iteration
(a) 1000 F& AT 2% R £ (b) B 30 FEEACH 2 R AL

K301 BRI Adam DAL SN S Bl 18

ATELE Y, 55 10 RS ARk s B 208l Adam 1 BEHLIS T B0
o, BENE L — @ MR AE Y REARAE, PRI T DU BIFE B I 18] RIS AR R A 43
KRB RAEBA . HBEBRAE, R PRI G4 RABAE, TREVIIRBEA
TR AE

WU R BB NS RAE N R AESHL 2 [ R@r, 0)dr, 133
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1.37382 x 102

1.26896 x 10t

1.1721 x 10°

1.08264 x 1071

1072

K3.12 EASIE Probe LA 4R B s Bl RATHDE RAMT B .

ALVEH, EMGERARREE. 5k, 0=05 0 = i EAREHE,
JCHE 0 = o IR, RO XN 208 0, EREAEMN LS XK 1~2 &
e, i N EAE AR, BB SR IR D6 Probe.

Uil 3.13, X bb U n EE 0 BT B RT DLSE TS I X L 5
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(a) BB EASE (r, 0) ETT (b) R4 ELAG G Probe (r, 0) B K H T #

7t Probe EEEH T E (b)

O mEE @
K303 LA AEI S Probe (r,0) 15 M2 B4 B 7 E AL
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Forr, BJ7 B e i R BT AR 1) S Gk TR S 801
XTENSOCHAT IS MR LG, SRR AT e LU R
o JGEHUI Zernike & oR HOHE DA 22 1E 4 SO X BKAS, BT AR E R 0 = o 4b
HhI D, FERE TR s, S ARN X, 0 = » WS R
o
v,V QR =T RS 1 INTETI | O 0 LTI IS S G A SO
—InL({A,}, {7,}|7ps 071> 0) ) Hessian 5 AE IE &, A4k il @R ™,
BN . X HHE— R ESEBILEER.
BT Probe A& A KT, ZIRTHMEER, AFARGSIRA, HIERK
Ak LT 750t Probe MR ZE )7 %, UG BITELFRO45 R 1R TRMAR T, 33
K 7 U1 gkl S 73 20 1) Probe B4

3.6.3 BAPPE2 EREEMH/NY

M AL SR AR TAR BE FAF A ma N2 Ze VE R, EDXUS VR B RE, B Probe 45
BeR s, mTRAZRE S N

Probe(t; 7, 7,) = Probe(t; 7) + Probe(t; 75)
FIANIE T B RIS I
PrObeDNj(t) = fj

Horh f; 5B j % PMT FRG R 2
X SR -+ 5 R P A S8 -

Probe;(1; 7, 73) = Probe;(t; 7) + Probe ;(t; 7,) + f; (3.18)
Fitk, 725K (3.13) T P(;| 7, 75) M EIEA -

NPE 0

In P(Lb’jl%, 75) = 2 lnProbeji(t,-; 71, 75) — Z J Probej(t; 77, 75)dt
i=1 JE{PMTId} 5
NPE

= logsumexp(Iln Probeji (t;;77). In Probeji (t;;77), In ProbeDle_ )
i=1

00 00
JelnProbej(z;%l)dt + J elnProbej(z;%z)dt + fthindowSize
0

jE{PMTId} L
(3.19)
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20 (3.15) 153 InProbe;(#;7) = In E +In R;(#; 7).

4%, 456 (3.13)(3.19), AILARARL E PMT B R XU YR A0 S LA 6
B, InL(E) 1,7, Ey 1y, P |iD))e

TR 1) LA, 1 Rk AT T EEx 212Bi-212Po S5 4T T AR 5 BT 5T . AR
3.1 R, FICEF A AL E —E DR A ER A US R A B A [
SRR B R (B 1,7, Ey by, Fy) FEIRN (B, 11,7, Ey,ty)e VB4 RAE 4.3
T
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F4E MRER
4.1 A EHIEREXDITER

I W SR AL F 4], 212Bi-212Po 1R A IR 25 1 A -
- 18{5 5 Re&EIX [ [60,120] PE
« PUYE T HEE XA [10,250] PE
o PRI [H] [A] B | AF] < 300 mm
FEIRRAET )R, S R fl R ROCR T R 5252 A — @ MR R fl ok
%ﬁ%%ﬁ@%%,%ﬁ@$%£% WG 3.3 HHIE, MRS E T2 RE0
il R AT T, RIS Rk 4.1
é%%ﬁﬁ%ﬂ%ﬁ@ﬂ%ﬂ%%%@@?:

><l

l

Sperated trigger efficiency

1.0 A

Efficiency
2 c

©
I
1

i
N
1

0.0

T T T T T T
400 500 600 700 800 900
ns

K41 X Mg (iR =D

Hrp 2L R N R4 TR, R 4.2 B
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T4l RIBEEF fh  RE
INfrajlE] R RUROR S SR AR AR P22
0 795.90 0 35220 0.000 0.000e+00
1 800.78 707 35202 0.020 7.477e-04
2 805.66 4267 34991 0.122  1.749e-03
3 810.55 8139 35550 0.229 2.228e-03
4 815.43 11885 35036 0.339 2.529e-03
5 820.31 15645 35055 0.446 2.655e-03
6 825.20 19497 35241 0.553 2.648e-03
7 834.96 26497 35795 0.740 2.318e-03
8 839.84 29175 35142 0.830 2.003e-03
9 844.73 32453 35444 0.916 1.476e-03
10 849.61 34595 35180 0.983 6.818e-04
11 854.49 35318 35369 0.999 2.018e-04
12 859.38 35340 35340 1.000 0.000e+00
Sperated trigger efficiency
1.0
0.8
W
0.2
0.0

800

42

810 820

830

840
ns

850

860

XU e e b 2 OB /O
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BEAL, WS L2 R G0N T GBS TR0 B 5 v . LA Ar=888.67 ns Jy
B, ML il TR RS il A I 8] 2 2204 (4.3):

16000 1
14000 1
12000 1
10000 -
8000 1
6000 +
4000 1

2000 -
||‘, | |

0= . . '
860 870 880 890 900 910
At ns

43 At PEAE A

1T FADC (R 4h it Ar /& 7 BE5U% WA, Ar 19583 ATk 56 ns. V2L
IR X RE R SEBN T RETE K, X WARAR T A4 4.1 TP XA Z160 ns 2
A

X [RIN BER i 2 0 (A 0% 40 M7 FO BN 140 43 BRI 2E 60 ns, LB ¢ 1) 1]
AT B EAZBENLA . T 22Po HUE BT L 300 ns, BHIHLIZ SR B2 i i)
A 7= — s B

BRI TR 212Bi-212Po RIS (] 43 A5 1 4.4, RAEE L EoR 212Po #
FHTEHCRE IR . BhAh, HRAERA PR SRR, 1E At > 860 ns J5 AES 52 4
%, BRIEMEAE A RCEIEIE, R AEE B I 1A bin, TEVEWE %
TR IR o

© XHEEAESRAESKATE TR, EREEVRKREAFHEERA B TERS.
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Distribution of coincidence time ht

Entries 751832
Mean 2.883e-06
Std Dev  1.247e-06

12

10

ol v b b b b b b e b e 10 14107

44 i S D 7 5 S A SR 531

LA HE SR 212Po B LR .

Bt RIS HACE43F RS, FIRECE RN [ S AR 5 2
PR LI B3, BEAT A7 bin AIAPR BB & . (HAZBR TINE], 1% ARG
KIFRE, WTEARRIREAEAT, A FBI R BRI VEM T 212Bi-212Po F % LR,
4.2 ETREGERSHMELRIBEEAS TSR

ESEME IR HGI R HOR (E4.5):
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Truth time interval between
subevents of splitted events

2500
[ Truth At of all pile-up events
[ Truth A t of events splitted
2000 A [ Reconstructted A t of events splitted
[ Reconstructed A t of selected events
0
L 1500 A1
)
N2
Ic
T 1000 A
500 -
0 T T T T T
0 100 200 300 400 500
At/ns

K 4.5 FBALKZRIREG] Ar. 40 diptesttkmeans1d §75i% J5 LG Ar. EERFIH) Ar

A LLANSRIEAE Ar € [300,400] ns 1435 7 65500 Do i e 1) 3

TEESLEAE S, BT BY) 0 v ReAT 2 R UK & B Y, i DL ZE RS
NSRS . B SR e i 5 07 B IERT I Ar /A (B4.6(a)) . /2
U 2 A R M D) AN S0 S B . A Ar > 185 ns fERWIDIE 2648, 21
Egelayed - 1471 HJTHE (4.6(b)):

Reconstructed time interval between Reconstructed vertex distance of subevents
subevents of splitted events (No cut) and Egelayed Of splitted events

1751 — bin width=5ns Cut: Eprompt, delayed € [0,5] MeV & At>185ns
150 ! At=185ns . -—- Ei_s(t]a;;z\jmcm
1n S 40
s LHJ ! ULU LIJ _ 7 E=1.5MeV
.é 100 % iy 30
2 2
% 751 g 20
50 4 0.
10
25 0.2
0l— , . . , , 0
0 100 200 300 400 500
At/ns Edelayea/MeV
(a) RAGAEAT e F 5 00 B IdE I 1 Ar 43 A (b) WL IHILE T Egetayeq - 147

K 4.6 W8S Z5 005k

ATLAE PR R — R, 5 a £ AR, I Bi-Po 55,
F |A71<0.2m 1E RIS 2 LRI 2 1 o ST AR I Eoggayeq - At —4EFIITIEAT,
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Neutrino Experiments and Pile up Analysis
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A4 Plle up analysis. ...ttt 51
A.1 Radio active backgrounds in liquid scintillator based neutrino ex-

periments

Since neutrino rarely interacts with matter, detectors have to increase their target

mass and suppress various background in order to obtain higher statistics and sensitivity.

Decay of radioactive isotopes is usually the dominant component among all known back-

grounds, and those isotopes are classified as primordial, cosmogenic, and anthropogenic

radio nuclides'!.
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Figure A.1 Calculated energy spectrum of neutrinos and backgrounds in Borexino phase I de-
tector!?

Radioactive backgrounds have large impact on MeV scale neutrino energy spectrum.
Figure A.1 shows the theoretical energy spectrum of solar neutrinos and their radioactive
backgrounds during Borexino phase I. Neutrinos like pp-v and pep-v is covered by various
backgrounds, complicating the total spectrum fit.

Because of inverse beta decay (IBD, v, + p — e* + n) , anti-neutrino detections
benefit from the coincidence analysis of prompt positron and delayed neutron capture.
But some radioactive backgrounds like *He and °Li have a § — n similar to the inverse
beta decay ], since et and e is hard to distinguish in liquid scintillator.

Also, *C can smear the energy spectrum by piling up with IBD events. Although '#C
events cannot trigger by themselves, they can pile up with other events and complicate the
energy measurement on low energy neutrinos. Current study in JUNO is proposing algo-
rithm like clusterization, to strip off '*C events in order to increase the energy resolution
of IBD events, and boost the sensitivity of mass ordering. It is also essential to separate

14C and pp-v events for studying solar neutrinos, since the most dominant background of

pp-v is *C, shown in Figure A.1.
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A.2 Jinping Neutrino Experiment

China Jinping Underground Laboratory (CJPL) is an excellent site for neutrino ob-
servatories, due to its extreme low cosmic muon flux, comparing to some existing labo-

ratories shown in Figure A.2.
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Figure A.2 (Color online) Cosmic-ray muon flux of CJPL and a comparison with other labora-
tories

Jinping neutrino experiment aims to measure solar neutrino spectrum precisely. De-
tection of CNO neutrinos and precise measurements of all neutrino components will solve
many open questions, including standard solar model parameters, metallicity problem,
and oscillation probability transition from matter-governed region to the vacuum-like re-
gion. It also improves the precision of measuring 6, and Am%2 51,

Due to the low flux of nuclear reactors, Jinping is also ideal for detecting natural anti-
neutrinos such as geo-neutrinos and supernova relic neutrinos. The signal of detecting
anti-neutrinos is via IBD events, and the main backgrounds are reactor anti-neutrino IBD
events, cosmic muon spallation product SHe/”Li with their #-n decay signal, and invisible
muon background introduced by atmospheric neutrino charged current process. In these
cases, radioactivity is not the major background, thanks to the coincidence analysis on
IBD events.

One of the requirement of solar neutrino measurement in Jinping is high radio purity
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of liquid scintillator. The primordial radioactive isotopes inside liquid scintillator is 238U

and 2>?Th. They continuously decay to a series of daughter nucleus while generating a,
and y particles with MeV kinetic energy, which forms the radioactive background among
the whole detector. So suppressing the contamination level of 2**U and 2**Th will boost
the precision of solar neutrino measurements at Jinping.

The Jinping 1t detector aims to verify the techniques and materials necessary for
future experiments, including radioactivity measurements of liquid scintillator. The mea-
surements of >*U and 2*2Th contamination in liquid scintillator is one of the major goal.
Due to the small radius of the prototype, s generated by isotopes like “°K on the PMT
window can easily penetrate the water buffer and reach the center of the detector, caus-
ing large number of background events. The key of measuring 232Th radioactivity inside

liquid scintillator is to count 2!?Bi-2!2Po coincident events.

A.3 Coincidence analysis

100 ps scale coincidence analysis is mature in various experiments. It can be ap-
plied to 2!*Bi-21*Po for 23U contamination measurement. The basic concept is to find
dual event with small time intervals, applying energy and spatial cut to rule out most of
coincident backgrounds, and perform a fit of 2!*Po decay time on the time interval dis-
tribution. However, 212Bi-21?Po can be difficult since 2'?Po has a half life of 299ns, and
many events cannot be recorded into two triggers, causing significant loss in detection

efficiency. Therefore, new methods have to be developed for >'?Bi-2!2Po.

A.4 Pile up analysis

Pile up is commonly seen in short time interval coincidence analysis. 2'?Bi->!?Po
events can easily pile up, resulting in two events recorded within one readout window
in most cases. Therefore, effective method of reconstructing those events can greatly
improve the sensitivity of 232Th.

If the time interval is large enough, the hit pattern of such pile up events can be
separated via clustering algorithm. The ®°Kr pile up reconstruction using dip test and
kmeans1d is successful in KamLAND, mentioned inl®1, In this work the first PE of each

PMT is extracted, forming a hit profile which can then be classified as single events or
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pile-up events by dip test. Although 1t prototype has only 30 PMTs, all PE information
can be extracted using optimized waveform analysis introduced in!”! and conduct dip test
and kmeans1d algorithm successfully.

Dip test is a statistical metric for judging distribution’s unimodality. If only a single
event occurs in the readout window, all PEs will arrive continuously in most cases. For
pile up events, the hit profile may include dual peaks, and dip test will indicate that they
are not unimodal. By testing the hit profile of all readout events, pile up candidates can be
selected and applied kmeans1d clustering algorithm to tag all PEs. After PE separation,
reconstruction algorithms for single point source can be applied on the two events, and

coincidence analysis will be performed accordingly.

EEPEN

[1T  C. Arpesella, H.O. Back, M. Balata, T. Beau, G. Bellini, J. Benziger, S. Bonetti, A. Brigatti,
C. Buck, B. Caccianiga, and et al. Measurements of extremely low radioactivity levels in borex-
ino. Astroparticle Physics, 18(1):1-25, Aug 2002. ISSN 0927-6505. doi: 10.1016/50927-650
5(01)00179-7. URL http://dx.doi.org/10.1016/S0927-6505(01)00179-7.

[2]  G. Bellini, J. Benziger, D. Bick, G. Bonfini, D. Bravo, M. Buizza Avanzini, B. Caccianiga,
L. Cadonati, F. Calaprice, P. Cavalcante, and et al. Final results of borexino phase-i on low-
energy solar neutrino spectroscopy. Physical Review D, 89(11), Jun 2014. ISSN 1550-2368.
doi: 10.1103/physrevd.89.112007. URL http://dx.doi.org/10.1103/PhysRevD.89.112007.

[3] F. P. An, A. B. Balantekin, H. R. Band, M. Bishai, S. Blyth, D. Cao, G. F. Cao, J. Cao, W. R.
Cen, Y. L. Chan, J. F. Chang, L. C. Chang, Y. Chang, H. S. Chen, Q. Y. Chen, S. M. Chen,
Y. X. Chen, Y. Chen, J.-H. Cheng, J. Cheng, Y. P. Cheng, Z. K. Cheng, J. J. Cherwinka, M. C.
Chu, A. Chukanov, J. P. Cummings, J. de Arcos, Z. Y. Deng, X. F. Ding, Y. Y. Ding, M. V.
Diwan, M. Dolgareva, J. Dove, D. A. Dwyer, W. R. Edwards, R. Gill, M. Gonchar, G. H. Gong,
H. Gong, M. Grassi, W. Q. Gu, M. Y. Guan, L. Guo, X. H. Guo, Y. H. Guo, Z. Guo, R. W.
Hackenburg, R. Han, S. Hans, M. He, K. M. Heeger, Y. K. Heng, A. Higuera, Y. K. Hor, Y. B.
Hsiung, B. Z. Hu, T. Hu, W. Hu, E. C. Huang, H. X. Huang, X. T. Huang, P. Huber, W. Huo,
G. Hussain, D. E. Jaffe, P. Jaffke, K. L. Jen, S. Jetter, X. P. Ji, X. L. Ji, J. B. Jiao, R. A. Johnson,
D. Jones, J. Joshi, L. Kang, S. H. Kettell, S. Kohn, M. Kramer, K. K. Kwan, M. W. Kwok,
T. Kwok, T. J. Langford, K. Lau, L. Lebanowski, J. Lee, J. H. C. Lee, R. T. Lei, R. Leitner,
J. K. C. Leung, C. Li, D. J. Li, F. Li, G. S. Li, Q. J. Li, S. Li, S. C. Li, W. D. Li, X. N. Li,
Y. E. Li, Z. B. Li, H. Liang, C. J. Lin, G. L. Lin, S. Lin, S. K. Lin, Y.-C. Lin, J. J. Ling, J. M.
Link, L. Littenberg, B. R. Littlejohn, D. W. Liu, J. L. Liu, J. C. Liu, C. W. Loh, C. Lu, H. Q.
Lu,J. S. Ly, K. B. Luk, Z. Lv, Q. M. Ma, X. Y. Ma, X. B. Ma, Y. Q. Ma, Y. Malyshkin, D. A.

52


http://dx.doi.org/10.1016/S0927-6505(01)00179-7
http://dx.doi.org/10.1103/PhysRevD.89.112007

Martinez Caicedo, K. T. McDonald, R. D. McKeown, 1. Mitchell, M. Mooney, Y. Nakajima,
J. Napolitano, D. Naumov, E. Naumova, H. Y. Ngai, Z. Ning, J. P. Ochoa-Ricoux, A. Olshevskiy,
H.-R. Pan, J. Park, S. Patton, V. Pec, J. C. Peng, L. Pinsky, C. S. J. Pun, F. Z. Qi, M. Qi,
X. Qian, N. Raper, J. Ren, R. Rosero, B. Roskovec, X. C. Ruan, H. Steiner, G. X. Sun, J. L. Sun,
W. Tang, D. Taychenachev, K. Treskov, K. V. Tsang, C. E. Tull, N. Viaux, B. Viren, V. Vorobel,
C. H. Wang, M. Wang, N. Y. Wang, R. G. Wang, W. Wang, X. Wang, Y. F. Wang, Z. Wang,
Z. Wang, Z. M. Wang, H. Y. Wei, L. J. Wen, K. Whisnant, C. G. White, L. Whitehead, T. Wise,
H. L. H. Wong, S. C. F. Wong, E. Worcester, C.-H. Wu, Q. Wu, W. J. Wu, D. M. Xia, J. K.
Xia, Z. Z. Xing, J. Y. Xu, J. L. Xu, Y. Xu, T. Xue, C. G. Yang, H. Yang, L. Yang, M. S. Yang,
M. T. Yang, M. Ye, Z. Ye, M. Yeh, B. L. Young, Z. Y. Yu, S. Zeng, L. Zhan, C. Zhang, H. H.
Zhang, J. W. Zhang, Q. M. Zhang, X. T. Zhang, Y. M. Zhang, Y. X. Zhang, Y. M. Zhang, Z. J.
Zhang, Z. Y. Zhang, Z. P. Zhang, J. Zhao, Q. W. Zhao, Y. B. Zhao, W. L. Zhong, L. Zhou,
N. Zhou, H. L. Zhuang, and J. H. Zou. Measurement of electron antineutrino oscillation based
on 1230 days of operation of the daya bay experiment. Phys. Rev. D, 95:072006, Apr 2017. doi:
10.1103/PhysRevD.95.072006. URL https://link.aps.org/doi/10.1103/PhysRevD.95.072006.

John F. Beacom, Shaomin Chen, Jianping Cheng, Sayed N. Doustimotlagh, Yuanning Gao,
Guanghua Gong, Hui Gong, Lei Guo, Ran Han, Hong-Jian He, and et al. Physics prospects of the
jinping neutrino experiment. Chinese Physics C,41(2):023002, Feb 2017. ISSN 1674-1137. doi:
10.1088/1674-1137/41/2/023002. URL http://dx.doi.org/10.1088/1674-1137/41/2/023002.

John F. Beacom, Shaomin Chen, Jianping Cheng, Sayed N. Doustimotlagh, Yuanning Gao,
Guanghua Gong, Hui Gong, Lei Guo, Ran Han, Hong-Jian He, and et al. Physics prospects of the
jinping neutrino experiment. Chinese Physics C,41(2):023002, Feb 2017. ISSN 1674-1137. doi:
10.1088/1674-1137/41/2/023002. URL http://dx.doi.org/10.1088/1674-1137/41/2/023002.

Benda Xu. Pileup reconstruction. Mar 2013.

E. Bao, Y. Wu, B. D. Xu, D. C. Xu, Y. Xu, and G. Zhang. Accurate and robust PMT waveform
analysis. 2021.

53


https://link.aps.org/doi/10.1103/PhysRevD.95.072006
http://dx.doi.org/10.1088/1674-1137/41/2/023002
http://dx.doi.org/10.1088/1674-1137/41/2/023002

iR B #HAEAR
B.1 M EHEZRERNA

20

K B.1 BRI
B B.1 AT S RO z Bl R ST BN 2, SR ES 4% r, PMT

Y2078 s R DN FR R, BEAS PMIT #2252 31 14 i ST R 11 LU -5 AR O T sk S AR
i Q, MG INBCT$4 R Y -

(z) = ﬁjzd[)

= Lo, J (20 + r cos 0) sin 0d6

4r
i 6=0 (B.1)
:% J {z0+ l\/Rz—(zocosﬁ)z—zocosﬁl cos@}sinede
6=0
_2,
=37

R B S T 75 2 LT B 45 SR 1 e A % Bt (2.1) FRE.

54



EFHA RIS MR AR R
BT

55



ZAEWINGID TR

FAMA

EW AL 5 12017012143 P | W 72

W H

BBE 1t 5236 Th232 A=Y e 3

A% BAL
S\ Ao EE . W FEIMAE A KR

i&afa A Sk A% 3 7B~ TP
=2 Fpir 46U SR HRAMEANN ™ Th
£3 JASLS

*
3| +0R. RIFm |
| A KRR R 3k 45 R FARRYS
WeB & 2R B
o~/ LA Q328 4, Fi6X e
RFENEF: g% ’Eé
ERZHAKET: z /g
297 % At /A
e Rl
| 2agelhekaA
2
%
.8
A

ERHHAKE T 2{%

ol # U BIYHE




ES EAN LR
a1, A2 A #@%@;\%;@

1
b L5 ARG IR AIERERS
® g ki) <2 AT o e
ﬁ’aiﬁﬁfs 'Q; 2 2 ewmES. iif@
74¢/$ 6 FJ} B
il -2y T e i
Lin
i
¢
wmamﬁ$=;1é§;_
® AL B
k1 fets) 3 0% 1 9.
i
fis
%%
"

ERMLAKE, __%
2oefe JR), m

i

2.2/ % 4 BRH

BEHARAET:




	锦屏 1t 实验中 Th232 衰变产物的搜寻
	关于学位论文使用授权的说明
	中文摘要
	ABSTRACT
	目 录
	主要符号对照表
	第1章 引言
	1.1 MeV 能区的中微子实验与放射性本底
	1.2 锦屏中微子实验1 t原型机
	1.3 江门中微子实验在低能区面临的14C本底问题
	1.4 研究意义
	1.4.1 搜寻232Th本底对锦屏中微子实验的意义
	1.4.2 发展基于统计模型的双点源算法对大型液闪中微子实验的意义


	第2章 锦屏1 t探测器采数情况与数据预分析
	2.1 探测器各阶段采数情况
	2.2 PMT 波形预处理
	2.3 探测器刻度
	2.3.1 PMT 增益刻度
	2.3.2 探测器时间刻度

	2.4 简单事例重建算法

	第3章 研究方法
	3.1 212Bi-212Po 级联事例特征
	3.2 212Bi-212Po 级联事例的模拟
	3.3 短时间间隔级联信号对电子学系统的影响
	3.4 触发事例间级联分析
	3.5 触发时间窗内的双事例拆分与级联分析
	3.6 触发时间窗内的双点源事例重建与级联分析
	3.6.1 使用统计推断进行重建的一般方法
	3.6.2 Probe 探测器响应探针函数简介
	3.6.3 BAPPE2 重建算法简介


	第4章 研究结果
	4.1 触发事例间级联分析结果
	4.2 基于双事例拆分的触发时间窗内分析结果
	4.3 基于双点源重建的触发时间窗内分析结果

	第5章 总结与展望
	5.1 212Bi-212Po 搜寻结果与 232Th 含量估计
	5.2 双点源重建算法在液闪探测器中的应用价值

	插图和附表索引
	参考文献
	致 谢
	声明
	附录 A 外文资料的调研阅读报告
	Contents
	A.1 Radio active backgrounds in liquid scintillator based neutrino experiments
	A.2 Jinping Neutrino Experiment
	A.3 Coincidence analysis
	A.4 Pile up analysis
	参考文献

	附录 B 补充内容
	B.1 加权平均算法重建顶点

	在学期间参加课题的研究成果
	综合论文训练记录表


