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ABSTRACT

Neutrino experiments rely on PMTs to capture photons generated by physical events,
aiming to reconstruct the location and the time. Therefore the gain calibration of PMT
is of great significance to improve the energy resolution of the detector. Some neutrino
detectors, including JUNO, use the MCP-PMT produced by North Night Vision as the
main detecting force. This brand-new type of MCP-PMT applies ALD coating to increase
the multiplication factor of photoelectrons on the MCP surface, as well as the collection
efficiency of PMT. It also brings a unique ‘long tail’ structure to the single photoelectron
charge response spectrum, which makes it difficult to calibrate and use.

In this study, the Gamma-Tweedie mixture charge model proposed with 8-inch MCP-
PMT is applied to 20-inch ones and indicated similar behaviors. Furthermore, light in-
tensity is taken into consideration of the calibration method, thus improving the fitting
accuracy of the high charge area entries, also making possible utilization under intensive
light circumstances.

The charge spectrum of this work is obtained from waveform analysis method FSMP,
and the best Gaussian Mixture Model is found as a maximume-likelihood approximation to
the Gamma-Tweedie mixture charge model. The iterative method of waveform analysis
becomes a reality, and the accuracy improvement of gain calibration could be expected,

finally the energy resolution of JUNO as well.

Keywords: PMT; MCP; gain calibration; charge model; Gaussian Mxiture Model
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MCP
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DFT
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FFT
IFFT
FSMP
BIC

FEFSK

VLITH R AR G (Jiangmen Underground Neutrino Obser-
vatory )

TE LR INBRAA N SR U 1 & R 48 (Online Scintillator Internal Ra-
dioactivity Investigation System )

¥ B AN (inverse beta decay)

ALY TE TN

2,5- R IR mE

1, 4-X0 Q-FEREHE) X

FHLF (photoelectron)

FeHAEHEE (photomultiplier tube)

JRFUiAER 2 (atomic layer deposition)

WOEIERR (microchannel plate)

Rl & Y A4 (microchannel plate photomultiplier tube)
JE R E] (transit time )

JE RIS [B] 2 %% (transit time spread)

BT RCR (quantum efficiency)

W& F (collection efficiency)

A PR 2 B0 B A8 e (Discrete Fourier Transformation)

PR 25 Hi0Y B A5 4 (Inverse Discrete Fourier Transformation)
s (d Bk A5 4 (Fast Fourier Transformation)

PRI B4R (Inverse Fast Fourier Transformation)

P BEHLUCACIB BE 7L (Fast Stochastic Matching Pursuit)

DU 45 SMEN (Bayesian information criterion)
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Above the ground : ;r Underground/online
: Purification
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2.1 MCP-PMT B¢ F B fariR &Y
2.1.1 MCP-PMT 943 i &

PMT BRI R Bk T A B R 35 . QE R %5 CE &% H 1, QE A PMT
JEAR R S DG E S AL FRERE, CE &I FEEE, FHkE]
[T R S5 AL T EE N HUE .

T HEm QE &L, £E JUNO A 20 < MCP-PMT HA LA N RHIE:
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2. anode

3. down MCP

4. insulated trestle table

5. transmission photocathode

6. glass shell
7. reflection photocathode
8. bracket of the cables

9. glass joint
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M, HIERERERG I ARG et 0, Ak 2.2 B a0 SR AE KON i TE B 52
I, Xk R RO, v T AR EERRLL, E R MCP e
ATREE A XA BPGanEl 2.2 1 MCP 1 5 MCP 2 HI4L4& . I TTEZ8) )7 ) 5]
AN TSR v, 8RRV I B B B A DLIE N 5 7 AR AR KRRV 3 — 2 MCP,
M R SR L, (RIS L G A B 99 7 AN 25, PRUEDS IR B BOR )
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HLF R BEREME AL IZR AT 51 . fEJR R, R T ALO; — MgO B &%
JEVEN ALD BRIEFEHN 58, R BIBE M RS il 14 6, SERAFar IIE .«

FESS AT T Furman BB ISR BEL I b, S v 5 3 22 A= AR LA T B 4
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o FETRZE R R AEHVETUN

o BENBRZIET, KBS ERZ

o SREERELE T RERCH R T, TFRAE IR T

FE =R 2 rb A I R IR A S B il 2 e 2E AV 7,
HAE A I T AT DU A B AR ORI LT, NS, ST
REE E. SiRERIMEL A 6 FFEMA, H Furman BIBY45 H -

2 E
0,,(E,0)=060)D | < . (2.1)
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7E 8 ~F MCP-PMT FJ . B 1 L fmp i S AfF 70 (81 ey, B 30E N MICP {35486 1) R A7
e 2K Gamma ) IR o 142 FUTERE— IR, A3 FE T AN 05 il A
PO A, FRRIRLIR, RPN 5 2] LA Gamma 73 A AH T HoAth o FH 40 A7
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SEAEARIE X W] M2 BE 4R 0.

[FI, 3RO ST TS AR R AR I 2 2R A% 3 ik N MCP A5 3G 1) s - AH
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Wo TE 8 TR R A, B RO IR LA 4 R IR [F]— 4~ Gamma 7377
(o, Brg)o TE2.1.1 T, Furman BEBY45 H B RS H 720 H IR TEAS 73 A i 4
W DRI R S H - (14 BT T 38 40 TT AR AR N

0= X" O
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BRIV AR ANVEFR 73 A1 A0 Gamma 79 A < FIEEAT TR 5S40 & € (1,2) 1) Tweedie
I3 . Tweedie 73 A7 & — FIRF IR BIFREOR /0 A, W & WA MR, o AR
H, ¢ MR %E:

E[Y] =
Y~TW¢(;4,62) = { 1= u (2.4)
var[Y] = ¢u*
(2.3) W (2.4), AISML 58 &,
2+ oy
E= v a (2.5)
(N
=1 — (2.6)
A,
1+a,) -
o=(+a,) [,mtsﬂfs ] rars 2.7

Xt R AR R T SR OR BUBE N R 2 M R R B R R Z T, AR
BT 5E M AR E SN MCP BT R, BB ER 2 RIEEAT
i, UL XHIE T TR S TT AR, AIxt TTS A viik. ‘EA14E MCP
TG AT A, L 2 T LA RS Gamma 70 Aii T, f) KitiR . %57
ATVENHIEH T REN MCP S35 1 AT 45 2R, B3R 7R T MCP-PMT X HU% R

KT, RIERTLLE SO 0y = § S5k n = YoE = .

ZI, MCP-PMT )50 HL Wi B R A AR RN -
S(q) = pol(a, ) + (1 = p))Tw, (1(0,,),0%(0y5)) , 05 = (A sy, Byy). (2.8)
Horr po MREF R G, B DA ITE RERE BT IR RS
MR TR LG, E5IF . REMEER S B R R BEMR, TN
RIAA LS R AT R 2 55
1. UL p,, REZEE N MCP 534, P 1—p,, FIREZ S o MCP X i ALD I%)Z
2. fidy MCP LR T p,, FIBERFATHE IR T RS, BL 1 - p,, HIHE
kN MCP #4715 1
RN py = (A = pg) - (1 =p,)o 1. F pj, BEHE p, < As PRUNTEAE
HLIIE BN, I E LR 2 8eR, MHETFEsia ke ffE
F, {45 H 3 N LR AR RAE N ST, 40 2.4 FR
8 SFHEFLH, $RH 2. H p, ~ 90% BAEMASETNA p, > 75%. KIS
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o, = ‘/;—’2 € 0.05,0.3] 0, (2.10)
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AT FE UL A SR UK — XA
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22 SXEHENUERE

HT—RBOCZI B, Bt s 2805 28+, HiENEA
THEHAT LA I N AFIHFE SRR AN AR . an R Re 8 DU AT Re 4200 MR A A Y i 4R
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BERHRCERT) .

221 HEXEFE
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VAN Og P ’
Doane Az - = &M TARIES A
81 M O =\ Ginymes)

hzz% it B B4 AN U
IQR P/ firgh &M TARIES A0

Freedman-Diaconis #EN] ——

n V3, WARAEREA SR T8 KIS L T BENS LU AR B R VG SR SR GG R 0 AT o 45 BT
&, AHH 58 Freedman-Diaconis #E U SR XS Hfef 11 20847 70 X T8, BEATHLE .

222 ®mINZFE

AYTLYE q N B R, g Roass i AET R X B A X TR, ny 85
i NEJTEIX R B SEBR it , sih o s, S FIE N =X, 05 ¢ R i NETT
X o] (A, BRSO, Al 245

Sup g;
ei(9)=NJ qdq-f(q;O) 211

infg;
Hr f(q; 0) REBRAEL & SHUEE 0 I HLr i 1 2% A1k 22 85 152 bR 4
W B 7 B — AN X TR A — Vil D4 A, AT BAE L 2 %(0):
— e.(0)]?
7= M (2.12)

0;

Srb o2 (R 1 AT IR LSRN 7 2. 0 TR, (P BB

e BRI % o2 SAEHISIA n, BH{0IT2 o2 WM TEO i
WA R I A, B TEBIH N Wb, DL MR S N
T\ RAREE p 55N Np BRI 20 Np), FHAI 02 = n;:
RO L
i 7

1

(2.13)

SRR RS X R AL 9 25 B RS HEAT BOR B I BT Bali R, W mra el
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R oA, BRI R 22 T LR U i e it ik v ook, s A 5 2 5807
YRS IRE, B 67 =e;:

2
1(6) = Z — (2.14)

R REUER, XWHIE e AR BT LS, EEMEERRIE, (HEA]

TEAT PRFEA R R I WA BT AN ] -
(2.13) T BAFA XA F I EL AR
(2.14) TFEGANXEHFE LB Z, THARNNT, SUARERE L.

EARTF A, RINI%ME Freedman-Diaconis WM RI4r 1) & 7 B, @211
X [E] 0T ik S B 20%, BRI (2.13) R A KA, Bl TR X ) oh #os
Z, EH Qa4 1N IMERT BREUE A IE

%?Uﬁm%%ﬁ%ﬁﬁ,ﬁ@%%ﬁ%%ﬁ*%ﬂ%ﬁﬁ%@ﬁN@M
Carlo #H0L, 182 42 FIMERE AT, ANMARNEHEE 2 MERGEXE, X
ZAE R ) A BV E AR o DR SEBRAS A A SR IS IR R E, omT DU
x> Indf VERVEHII A LR (AR

5 S FHE ndf NEE USRS B 7. (212 1/ p? AREEE A
W27 57 Z WA, €58 dE ndf HHERREYE L B A HERS
(AR 22, ZE 30 AR 2 I O B ] e AU AN S d s B A 22 . —
BT AN 2mdf < 1 ARIRHIIE, y2/mdf = 3 ~ 10 NEIFHIE .
2.2.3 RKRINRE

ﬁﬁ%%q%ﬁ%%,%%i%i%ﬁﬁﬁ@ﬂ%ﬁ%%%@@,%ﬁmﬁ
XTI, n; Ron% i DETEIX AR, SFHOE N =Y"n, n=(,ny,-,n,)
IR X R ) &, e, e i A7 B X 8] 1) A9, %E@ﬁ%%ﬁﬁ
M e X, ATH TS H:

supql«
e,(0) = NJ dg - f(q:6) (2.15)

inf g;

A WA AE R H e S HUER 0 EHUIEL e ZAIRIXUN o 2% XTI S H n 7T LA
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PNSHEON N B m IRZ ISR, 1R 2 7 A0 5% BN -
P(n,e|0) = P(n|0)

N [a®]" [en®]™
“nlen) | N| T|N (2.16)
N e (6)
"~ ongleen,! NN
XF(2.16) BU 45
¢ = In P(n|6)

= Znilne[(9)+lnN! - Zlnnj! — NInN
i=1 j=1

= ) n;Ine,0) +C
i=1

(2.17)

Hrh CREREBAZE 6 TRIHELL ERARMIRRE a8 KB,
RANRIEAR BT e/ 3Rk, AT BB se, B8 X R AR n, 38047 253K,
UR2% BAT RE o " MERIELE T BUBLIA o8 BiseAT 70 AT 2 E L A UL 5 0 B HE
AW FCE I s ik, (HFERESEEL T R BRI G .

2.3 FEMTREICREFRE

HF =R, B REGR I ZI B TTE R BEI N b B
1. B TABETTHT 5 E R MCP-PMT B T £ 5051 &4 PMT, A A HaKERIRK
L, SRR LA A T VA REE ey 1 DX sk H B FE T AR B AR Tweedie B> 5%
TG LT L [F] Dk
2. X TAROGR A ZI BEH R, RGETHER 0 HA TH BB HERR A2 SO s T i 21 2
b, AR A
3. f£ PMT HZIE 55cbriaqT, mIREBRDEmEE L E T2 TIHEA
] 2 A G EE R I L
MEGIN 0 HE AL, B KIRm SR, SRR EBUVNMIGE, A
111 E FEL Ay T ) B T 452 v v Pl AR R RET B 22 D6 L1 I o RO R 2 B 52, 2
e H AR MCP-PMT 38 2 2 2 vRERf 28

16



2.3.1 EENXEBEFHBERENE
He N EURMIHEE N w B9ERA A, B

+00 n
P(PE = n) = z(n; ) = ”—'-e-“ (2.18)
n!
i=0
5E OB occupancy N HIE /D —A PE BTk
NZIPE
occupancy =
total
_ef-1 (2.19)
eH
=]1—-e#

2OEH TN O 0 I, B RNBCH G LTI B R ROZ RSO 0, FAT I B
ALLA A2

Sope(9) = Nopg - 6(q) = (05 u) - 6(q) (2.20)

2T BOVIEEREE ke NT I, BT BEAERCT kD FOGHE TS

k +o0 +o0
S, (0 = z q;) = n(k; ) - J dq; - S(qy) - J dgy - S(qx)

i— - —00
i=1 N

Y - (221)
= r(k; ) -f(q) R ® S(qz-
*
Hrp S (q) NG HLF T DA R T e A, AR e T AR G AR N
— Mk F B

FL/0®g®] =FLf 0] - FlgO)]. (2.22)
RIS (2.21) fHfd B AR et k e N SRFIRIAS B ol 1 I (¥ L fif

Soipe) = ) alkyw) - S(p). (2.23)
k=1

Horb=(p) (R H - ek FIRAES —DMEE (p) EREUE. 518 (2.23) 4h4
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0 /MG HLT IS (T 95 R HSRAT
Ssipe(p) = ) alkyu) - S¥(p) — (ks )
k=0

00 —u ~ B
:;;)ek_x'(ﬂs(p))k—e g (2.24)

— M=) _ pmu
— e H(eHSP) _ 1),

I AR, BESRHE R 2 A H T BT AL Y 5 — A E R
(VBRI BIVE A 73 AT P BT SEELAR AT SR A, REAN TR B 0 75 ok,
ATFEILEER, REATHRMIERITE, KIS R S50 2 T .

HHE 0 R Aar Ab O ME A ) 7R B LR G5 0 DG T 5 O HL 7 Tweedie
F 73 ) TR -
Siotal(q = 0) = S>1PE(q = 0) + Sope(q = 0)

= Zn(k u) - S*(q = 0) +2(0: )

8||

=D alkw)-SKq=0)
k=0
—U

k_

(2.25)

8

[uS(g = 0)]*

8 1

= k_ [M(l—Po)e ]
0

r—\

u[a-poe-1|

2.3.2 £4& Simpson #{EF 5

580 2.3.1 Frid 7%, — SO LRI H FFT 5 IFFT B 2l — RV FE
W) S AR E R IS S el ke R L R R R b D O A E
B k. W BB 784G 7L, Lagrange fi{E %5 Newton-Cotes
TEVESE, EHARTINASITER N R 5%,

K4 Simpson FR7375 /& Newton-Cotes F{EVEIIFFARIE A, Finlid A T 1E] s
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SE MRS E X 8] _E B ER 7o H BRSO A T

, ni2 )
J f(x)dx = Z i [ (x0i20) + 4 (xgi_1) + f(x3)] = ! (()é) 5

i=1

n/2

= g [f(xo) +4f(x)+2f(x)+ - +2f(x,_5) +4f(xn-1)+f(xn)] — me)(f)

[ n/2 n/2—1 2 n/2

FO0) 4 X SO +2 X, fa)+ )| - B Z FOE).
i=1 i=1

(2.26)
Hot x; NEEIIE h KT FIRE a = xp < x; < = < x, = bo BREESEL
ﬂ%@% AT, Rif:

n/2

- Z FOE) = FD@), ¢ e [min(E), max(&)] (227)

RS (2.26) IRATN ~12 r(g) = — 20 (g, 15 R DY
BORAE L, R HACS X F = &&HT%ﬁﬁ,Am%W%%m,ﬁ%%ﬁﬁ%
FER 3.

24 Simpson FAZ3E A T EAE AR E MUK BREUE, EHSXARZ . FRIX
[P IR L, ERIRILRLE, RAE ARSI RAE r bR 200 3 SR F A 3 [X
(R ATAL P T3 35 48 F 52 & Simpson A58 . N T RATRERGINR 2, 7 BRFE
s IAIRE h R ATRE/IN . Freedman-Diaconis #E 45 X I8 h o n™ 13, X T4t &
TR PR FEL AT 20 B A S AT U I 2 X TRV O L [RIFRER /DN, A SR B AR AR ik

R LT
233 BHEMTHRAERESMEE

THENLIFABEE R ELE Syoai(q) BREGHFATA B A4, AR 4 AT R 2
{8 BLIH-A5 4t ( Discrete Fourier Transformation, LA i #K DET) %f Hat 47180, F4#
WA B S B AR #: (Inverse Discrete Fourier Transformation, LA T f&#% IDFT).
2 TRERA P 5 M e O T AT F .

DFT 5 IDFT 454 77 1 Re s 75 BRI BB T 6 75 /N (R A B Dy 1 8 fe B2
AR 5 AR e, DRI 2 SRR (RIR& 2 e /NN, B AT S B AR B, B A )
BN 24 FH e B 2.1 T8
EIE 2.1 (Nyquist-Shannon RHEEIR): X T HAG 7 o PR H] CRI{E BLIH-AR 3 )5 40
A IRIXIR VSN ED) Flansis EIROY £ RIEESHE S, ARy 512547 %

19



Fe, HETRRIFYIGESESMERMARERS, WNUAMET 27, Kz
HEAT KA

FESRERH,  H T S R H ) L AR R AN FA R R IR, R DLROE AR
B T PR, R R B SRR AR /D s T BN AR ) A%, RARIESHE T
(1) 3 25 B R BOL IR . FEAFE Y, K4 4KHE Freedman—Diaconis #1151 73 1 HL
Tr v X A 4k S 20 53 52 32 ), PR3N IX [A] 228 3% A vT DA 2 W i A2 4L, AT BLA
OB T R IRIES AT R E

PRI {8 B A ¥ (Fast Fourier Transformation, LA~ fi#K FFT, 186 & y2: [A] 2 & Fi
IFFT) J&—Fh DFT BImsk &k, M T DFT A 2E0 0 FR S B A, BE K AL
% DFT 5L O(n?) WA 2 24 FE BRI S O(nlogn), X F AR5 44 MCP-PMT
BT Mg BRI B .

ZE PR, A8 B AR 0 T 7 A SR B S e A AR 5 TG 55 R AN R I
(SR B S RE AR, A A HRAE AL, R @ BB 7>« FFT 5 IFFT 1
W R SR, R EAT BN BRI N AR, BRI T

24 EEZEFE
241 HENEERTTRACIE

PMT HAZTESS 7 B KRk, 2 u T PMT 38E RS PSR b S
RARTBUR A RIS s 071 ki, KRR kg (e, 7T LUK R4 A PMT (0 7
T Bk IE A = 2080,

« 0~ 10mV, FEHABETRI (S Tk

« 10 ~ 100 mV, 32 RIRTICH 1 TT#R 5

« 100 ~ 500 mV, FEH u FEUMSERIETTHR

FESCPREATRE R, B T R (M OGRS X R HL A e R, B AFLE
B p T 5 RO A IR STk 0 sy, HAE R A BRI X k. | T X =
J& RETE R X3 DUk, DRI 7 2 5 N — A FLar 400 G ) 1) B A BT

IR JFIAA . BEFas A 5 2380 / 232 Th /49K & B 5 R RS K 2 R I S2 56
AT, BRI R, WK 2.5 k.

So T AN [ B B B 7 24 SR B [ R SR o F T IR T 7 SR, IR M 7 R R 4
10 ~ 50 kHz, {Hi T RERK S CGaHAZD 387 NEE20 /> PMT [H i B 740
SRTERI R ED, EHRIEES 50 kHz RARFF G IS 50 ns BB BT Ml 1E, U
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N E N —
£ = : )
i oise 3 i

Q o 10 T £
s 10 E Natural radioactivity = Natural radioactivity
& o) Muon ~“ Y Muon

5 |1 - 2 4 ; -~ Sum

10 'L]1 ; Sum 10 :

by D'"—"‘-"n,.!-__,! _
5-""‘1rlr'|]'u"||
=2 W b Lo L Lol Lo b L L e Lo Lo Lo b o Lo M il [If 4
10 20 30 40 50 60 70 80 90 100 0 20 40 60 80 100 120 140 160 180 200
Nphotoelectrons detected /p.e. Nphotoelectrons detected /p.e.
(a) HPK PMT fitted curves (b) NNVT PMT fitted curves

K1 2.5 Dynode PMT 5 MCP-PMT & A it £ 7]

B A EABARIF S BORAT £y, < 1 Hz, SZBRANR B, BRI e 75 (0 L
BEEH=ZENPLIFFETTRR. KIEE 2.5 \TUCNTE 4 5556 HF (photoelectron
B PE) 7K W e 75 fid i e il HA AR (1 20 £5 4245, v LA B 5 —

SF T OB KB, 140 OSIRIS Lo 2 fih & % 4 1.5 kHz, FAfik
MK N p = 0.01 PED!, XtF 1.2 A5drfr T %38 i b A EOG R & AT
75% ~ 78% 5J%, YA P FHRM RN 29.1%M, AT UL iAo @
T8~ PMT #:5% PE WK IAEE N 3.3 Hz, R PE YaTHURMERSE R 3.3 IR SFiafaid
&, X5 AEOGEE RE ~ 2x10° PE/ 12 m KRR/ G . Mg &
JBT AR, RAE M LA B e A R, eI Bl 5 PE BN GIE

CL& S8 RO 7 o6 T PMT TAEMIR I [E A e 4, AT E L
BK G RESE AR N ARG 1) AN A R K o BERE 5 /K RERS 33— 2D BE M A FlA A 3
TR AL 4R, R T AR TR 1 UL 20 VB2 K PRI PRI 25 HH R e e 43 11 55

TN H ) U/Th 55036 S HE 3 AR B (103 B2 21 Ak 4], e R g iR R 25l
NE, &5 3 VOB INEREIERR G, OSIRIS P 214Bi —214 Po KL FH 451 1 F 451
~2x1073 Hz/20 m® JF % ~ 1 x 107! Hz/20 m?, 7£ OSIRIS ¥R %% kA T3
LR A AR ERA 30 (5 220E, {HAE TUNO rh J R 2% X — L ks s i gs, A
I HSE TUNO A S R0 25 75 EEAE WA TN SRR A6 21 5 &0 LV AESR S I B i AT I
A

AW S A OSIRIS BIBOCZIEERE, 4765 BEARIR, B FE I 5 £
FUEFBTRIE L S £ PE .
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242 BAZIE
SEBRZIEE R RPN T A8 (PMT), ASFEDEHES 6N ST M RE,

HHLFIRE PMT 250, miXFEEEREEE (PMT) My, 2.6 5 2.7 Bk,

DRI A T ¥ B Ly e 57 5 6 5 5 380 N B T Tm) i A AR i 2 (R 9 4H S [ A5 A8

H PIATNNG]
Selected charge fit of channel 11

Selected charge fit of channel 11
5000 1 Charge entry of PE 12004 Charge entry of PE
—— Charge entry fit —— Charge entry fit
® Real zero entry: 364970 ® Real zero entry: 195942
40004 Expected zero entry: 378296 10004 Expected zero entry: 197852
occupancy=0.212 occupancy=0.070
light intensity=0.238 light intensity=0.073
Gamma: 800 Gamma:
» 30004 a=31.881 0 a=33.918
2 B=0.039 k B=0.041
b= ratio=0.373 o ratio=0.322
5 Tweedie: 5 600 Tweedie:
A=2.286 A=2.307
2000 a=5.530 a=6.621
$=0.010 400 1 B=0.011
X?=919.1 of 92 bins X?=106.1 of 51 bins
10004 Total x2/ndf=919.1/85 Total x2/ndf=106.1/44
200 A
T y v 0 T T T T T T y
3000 3500 4000 500 1000 1500 2000 2500 3000 3500
Charge [ADC*ns]

0 T - T T T
500 1000 1500 2000 2500
Charge [ADC*ns]

(a) run 0313/144257 channel 11 (b) run 0314/163415 channel 11

B 2.6 Channel 11 fEANFREL run A HL A i fUL &

Selected charge fit of channel 21

Selected charge fit of channel 21
Charge entry of PE Charge entry of PE
1600 4 —— Charge entry fit 12004 —— Charge entry fit
® Real zero entry: 437523 ® Real zero entry: 190547
1400 Expected zero entry: 443377 Expected zero entry: 192646
1000 A
12004 occupancy=0.069 occupancy=0.097
light intensity=0.072 light intensity=0.102
Gamma: Gamma
0 10004 a=19.379 ¢ 8001 a=18.808
2 B=0.026 g B=0.025
£ ratio=0.338 £ ratio=0.348
w 800 Tweedie: w6004 Tweedie:
A=2.279 A=2.403
a=5.105 a=4.970
600 B=0.010 ] B=0.010
X?=182.3 of 66 bins 400 X?=123.7 of 55 bins
400 Total x2/ndf=182.3/59 Total x?/ndf=123.7/48
o
e 2004
200
0 T v y v v v 0 T v y v y v
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 3500
Charge [ADC*ns]

Charge [ADC*ns]

(a) run 0313/144257 channel 21 (b) run 0314/163415 channel 21

K] 2.7 Channel 21 ZEA[EREL run W HE A i 40L&

% 18 24— O R BT B B0 5 U AL B AR, S — 0
KA KW IE R S WOE NI A E AR B NS AR A AR EA, %
JEZAN G AL B2 50 H e B AT B A AH OG . B 2.1.2 T PMT S0 Opyr =
(Pos @, By Ay y g, Bys) 73 FEEDREL run % H AL (FRON separated fit) 5 AT A run 348
FFR—41 (FRA joint fit), 43 A5 Aar 2 21
F—H AL EMEH 7 ANE BZER S KT joint fit,

Xt T separated fit,
P H g 1 7R EL RIS, LR 6 A PMT 285 run Y6582 A H HE
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X AT 78 A48 A ) OSIRIS WOGZIEE, A74E 30 A run IS, #hE 90L& 7 2
36 MEBE, N TAHMENGEESE, ¥ joint fit FFESUHA:

o BB T3 B IAFAE PE IR ELS PTG R L E/E 2 (2.19) H ) occu-

pancy YIEHIA ;

o XPTATE HATRE, A 1 T EDRIETN SIS BB Opyrs

o XFTAE—A run BEATE, R 2. T Opy AL EAS GRS

« B3 dotsRiEN 2. AN, A IZERE, BRI

Lz, 2. FEEBERNG6, 3. FEBEN 1, LU TR B B EER
iG, BER T UERBRIFSGE T IERUR.

24.3 ZIEHRBRE

D {E BEN] (Bayesian information criterion, LR fEi#% BIC) J&—F ¥z
M T AR EERE B2 4L

BIC=klnn-2¢ (2.28)

Horb k A EHEE, n NFEARZEL, ¢ JRTEDSR KA. BIC ff XU ISR R
¥, FIFAEA PRBA rh TR 3%, BIC St/ MR AR f R g p el 10T
HEEEIEL (2.28) T REL L XTI B A SRS n SXE TR
%, R A SO DA B R A . X T PMT % HLT- FL g e 97 1% 5 ) 5
HEOCNMS A ERR SR AN, WTUME BIC HlE. EET715 2.4.2 2w
Pt LA J71%:, BIC 45 40 2.8 Fivw
M EL 5T T4 channel, BEAZIE ) BIC ZEAAMML, MXHRZELE 1073 &
HUW, XEHEEWER—EE (PMT) EAF run B8 H R —HS2 (RIED T
HHEHED WA BERm, B EWE:
1. joint fit V& R WA RO T FAT 1 I RFALE 5
2. separated fit A] BEAA/E I FERL G 1 iR) @, 23 BIC #EM A& TR, %A 15
FILLER R B8 0
3. joint fit A RIFHZAGRE ST, FESEPRM PR AT RE L& 205 .
ZEE R R, 20 < MCP-PMT I 51 HL - F faf i B 501 98 5 W06 N JFE A B 1)
HEMH RN .
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BIC

differ

Comparison of BIC

le7
-1.70
Y
Py F/‘ Moobies
] ! J\
1 ] i \
Vo \ \
il i y L 1.60
¥ |
I
1 /
¥ v/ - 1.55
| 1 \I
]
I l) - == BIC: joint fit
' v ——- BIC: seperated fit [ 1.50
- 1002
- 1001
- 1000
- —1000
- —1001
- —1002
0 10 20 30 40 50 60
channel

2.8 joint fit 55 separated fit ) BIC XI Lt
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EIEFE HEBEIMERRERE
3.1 PREBEHLECEERE R

PRI 2SR A A 2445 S KEE PMT e, 2S48t [a) (a0 1 TTS B8] %D
WRA—NEHT 28 PMT, WIFEME R TAEFAET, AR PMT BAGAH R 1 545
e, #hRek B IRA L O e ik o SR, 2D G 2IIAR, &6
FE, M 87 ) FL R R T HERR, 1S OG T INE S & B B RE R . BIIK I [A] 73 HF A
e . XTI, A WA AR T B

1. DOGHLT I8 2IA T I — B TH AR RS 5 4 i oK (B4, JF
BB BRI BRI BAE S, fHLEHRE R RBADCHE FHOF ) ItES
BlgResE, W EME SRR E EAHE GEE N 10%) I Z 9 2k A

2. HAR RIS, S5EBREANPICMRER, B23& 68713

KIS [A] o

XFI7 1, BT R —ANBE R AN 18] & IR 5E 5 7 B RT REAFAEAS 5 ik, 1M
JUk IR S AE P R R A KRN, AL AR B 4 R AT RE AR AR W 22 o RIS, AR
JCH T e B AR A, T7E 1 Regild 250 0 RIEAEDEE
TH, Rk AR 2, R st E 0 R ECONE R . X T
B HE%, HTARDCRETFEENSES, J5iE | WA IMNERETHLX 75 H &SR
T EIKIS ], AT AE S5 B (R 67 B 9 P AR UL B

XTI 2, M ARP PMT SARM TAER L, BT R, EBIEE, B
FEARJERACEAR, FOtHFRENRES REHAEZESR . MREHEHAER R
T EIL AT IR GBI, 1521106 7202 -5 I K 25 50l e s AR 5 R i (R I Ay
THgI W2, MRS5S () e o e S E o PR .

N T EIEGE R R PR S E PRI, E AT,
BREAEAF R FRE . BER A M REA S [E] G 7 [H) 2 4 B n] AR
() 5 B L SR AR B S LR I 45 AR 2 0 B

BLid BEHLUC AL I8 B 4032 (Fast Stochastic Matching Pursuit, BLF i #% FSMP)[20]
S Pl B ER I S /R v KEE SRR 2 7772 (Reversible Jump Markov Chain Monte
Carlo), REWEAEAN[RILERE FIFEA D B RAE, HFIH Metropolis-Hastings 55 KA 771,
SEUUCRAFEIBEER (H R AT REPIRSIFE ), &N 5 /R a] KEE a0 A .
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25
——  Waveform
PMT 2 Charge 10
LN 0.8
4 > 15
E 08B
z = (ty,tp,...) g :
10 5
g 0.4
( 5 0.2
Reconstruction 0 0.0
-20 0 20 40 60 8 100 0 100 200 300 400 500
t/ns t/ns
Sample from Poisson process Convolution with SER waveform

£ PMT 1, JGH TS, £ B a5 R i1 B GRS TR Y ;. FSMP REAE
ANFEIFEAZ RN, 2245 3 5 B HILEC I 2 00

K 3.1 FESMP W Hr )5k

EEXF dynode PMT, %75 12A 09 HL6 fL 1 HUGT AR A e i oA, Ol o7 HUI A
FAGM AT, R BE L B AT A N R k- 0 Al s 4% MCP-PMT,
7K O i 7 LT AR R R RO T R AT 2 A, RSO A
WRIEREAFAT AR IR, &R A BoA % B SRR 5 07 22 8 ] e i
A R B LS 2 A T B0 20, MR 05 A B 3% i SHOE R 520t

14>| L L A
12F -
10} —— Total ]

g sl 1MCPE & Channel PE
5 6: — 2MCPE _
= — 3MCPE ]
O 4; ]
] — 4MCPE ]

2 ]

O_Iy L I_

0 o I1OI00I o I2OIOOI o I3OIOOI o I4OIOOI o I500_O
Charge/(ADC-ns)

e R 4 MEHAEIAR 1 24 MEHEBE TSRS, WECETIRE AR

iR &

K132 FSMP Hifi {5y

FH T EAEIEES 8 <+ MCP-PMT OGR4 5 brfiid 4 F 3575 2 T M
M55, SR 1 REE SN0 PERIIRTT . LIRS N EGE, IR TR
(VR N BRAR R IR I, 2O VEEBRARIG LT, mT DA ) I RE & 1) 2 He
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12%

3.2 ERZIE

FSMP I T 43 b7 77 ¥ T LA 210 i 7 35 785 14 Fi i 45 S5 SR AR D 220 B 1 P A 3 4
N> RIZ RS 7R ZEHOBETE 7 dr . [FIRE, 40 3.1 TR, FSMP RIS H Ay 152 4
VR RAEARHE DRI T 20 T TRV R T BRI B o TR TR 43 T 5 20 32 45 SR AH LA
B EMFME T, A THBZESEIE AT R AN BT EE, TEEE S0
SZ G AT A AN, HEWELE RS, WS E 7 s
5o o

TEBA HE NGRR3R0 = LA MCP-PMT (1) H faf 54 I T 43 4
P BL A N, C A SEPRIBOC I Y _EHUS T AR O A R, 521 TTS
M (1.719 +0.001) ns /N E] (1.703 +0.007) ns2% . 76 B4 78 23 W3 EHL A Gamma-
Tweedie V& & MBI LI BN, TUUIHE B8 0 4 M 30 & S B LT 135, 3R 75 50 HEAA 1)
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A.1 Introduction

Photomultiplier tubes (PMTs) with microchannel plate (MCP) and atomic layer
deposition (ALD) has been applied in Jiangmen Underground Neutrino Observatory
(JUNO) and China Jinping Underground Laboratory (CJPL)!!. 1t’s proposed to over-
come the poor time performance of the existing dynode MCP-PMT, aiming to increase
the quantum effeciency of photoelectrons (PE). Lin Chen et al concluded from Monte
Carlo simulation that 97.5% of photoelectrons land on the MCP active area, emitting mul-
tiple secondary electrons from ALD. The acceptance fraction of impinging PE is nearly
100%H.

However, these MCP-PMTs possess a unique long tail structure in their charge re-
sponse spectrum compared to traditional dynode PMTs, from which calibration difficulty
arises!?]. Traditionally, dynode PMTs’ single electron response (SER) charge spectrum

resembles Gaussian or Poisson distribution. Therefore, a Tweedie distribution would be
2
p
For now, some papers on ALD MCP-PMTs are published. For 8-inch MCP-PMTs

enough to calibrate the charge response expectation 4, and variance o,

with ALD, Aiqiang Zhang et al only fitted local peak by Gaussian model, but didn’t cali-
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brated the long tail structure and give y, and 65 (2] For 20-inch MCP-PMTs, H.Q. Zhang
used ameasured SER of MCP-PMT output and randomly sampled it to simulate the charge
response of MCP-PMT. They came to a conclusion that there was no good charge response
model for these MCP-PMTs 3!

However, in our waveform analysis workflow, charge model calibration is essential.
FSMP is adopted in waveform analysis. It requires a charge model result as prior input and
output the best fit charge response, light curve and waveform with PE as final posterior
result through Reversible Jump Markov Chain Monte Carlo!*!. The accurate fit charge
response is required for waveform analysis to achieve more accurate waveform analysis
result. By applying FSMP again, we obtain a new set of waveform results, thus obtaining a
more accurate charge calibration result. Through several rounds of calibration, we expect
to reach a reasonable convergence solution. A poorly fit charge result is most likely to

achieve poor optimization, therefore a reasonable MCP-PMT calibration is needed.

A.2 MCP-PMT Charge Model
A.2.1 Gaussian Mixture Model

Aiqiang Zhang proposed a Gaussian mixture charge model based on his former
work!?l. The charge response consist of several Gaussian components, each of which
is contributed by different integer numbers of true-secondary electrons. Therefore, the
components’ expectations satisfy p, = kp, and variances satisfy 61% = kag, where u
stands for single electron response expectation and ¢ stands for single electron response

variance. The total charge response could be represented as:
4

Oum = ), N(ku, ko?) (A1)
k=1

Such model is adopted in our early attempt, however not suitable for single PE charge

response selected by FSMP, shown in Fig A.1.
A.2.2 Gamma Tweedie Mixture Model

Jun Weng proposed a charge model based on MCP and ALD mechanism, suggesting
that the number of true-secondary electrons follows Poisson distribution, and single elec-
tron charge response follows Gamma distribution. Therefore, the total charge response

could be considered as a mixture of Gamma and compound Poisson-Gamma distribu-
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tions ]

Onmcp—pmt = Po X Opeak + (1 — pp) Oy
© 7 (A.2)
= Po X Qpear + (1 = 10) D, D, O

n=0 i=0
In equation A.2, p; is the probability of PE not emitting secondary electrons, O,k
and Q; follow Gamma distribution, and the number of true-secondary electrons n follows
Poisson distribution.
Especially, compound Poisson-Gamma distribution is a special case of Tweedie dis-
tribution, whose power parameter statisfies p € (1,2). Tweedie distribution is widely

used in generalized linear regression.

A.3 Mixture Fit Methods
A.3.1 Non-linear Least Square Methods

Assume the the parameters are 8 = (a, f, u, ¢, p), observed charge data set is

(¥1»¥25 ¥y ), and the mixture distribution function is f(y) = zf1(») + (1 — 7) f,().
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The target parameters are:

wis = argmin ) [(y[ ~f (y|9))2] (A3)

0,m) i
Then Hgs 0'3 are:
#q=ﬂ-%+(1—7v)-ﬂ
) s @ ) (A4)
Oy =7 'ﬁ+(1—ﬂ) PP
A.3.2 Expectation Maximization Algorithm

At the (r + 1) iteration, the posterior probability of y; belonging to k th mixture
component is:
D) 2 £ 100)
ik - A(r A(r
T 2y i 16,
Q function is defined as the expectation of log-likelihood (E-step):
2 n 2 n
A(r 1 A(r+1
0= Y log £+ Y Y B log z, (A.6)

k=1 i=1 k=1 i=1
Gamma distribution f;(y) and Tweedie distribution f,(y) is irrelevant, therefore

(k=1,2) (A.5)

could be maximized separately.
Use @,(:), 7%,(:) to generate new parameters (M-step):
n
A(r+1 Ar+1
0" = argmax 3 5y log £i(3)
i=1
o (A7)
A(r+1) A(r+1)
e T, Z Dij
i=1

6, #() are the final estimated posterior parameters and mixture ratio.
A.3.3 Correlation

If the charge model is accurate, meaning residuals y; — f(y) N (u, 62), NLS is

exactly the same as EM:

£0)= Y og P5116) = =55 Y~ ()P —nlogo —Tlog2x  (AS)
SR
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