R T vy

University of Chinese Academy of Sciences

FIHFIBN

%

LNPRFEBEHZBRFREER PR FONE

(B3 =L s

@ _ BRHTA Z? i R AR R E R E B

SRS : P2EE |
Lk Yy
bt (R): bR B Y BIR 2 2R B

2021 4E 6 )]






Physics sensitivity study with GeV neutrinos in JUNO

A thesis submitted to the
University of Chinese Academy of Sciences
in partial fulfillment of the requirement
for the degree of
Bachelor of Natural Science
in Physics
By
Yan Qiyu

Supervisor: Professor Zheng Yangheng

School of Physical Sciences

June, 2021






PEEFHRXF
SR 3R 81t FEA

ARNAREFE : fr 2 2E A0S SR AR NFE IR 455 M2t AT i oE T
VERRUASI R . RIRFAL, BRSCh 2 2 s RN SN, A SO SR f
HA A NS T 2 A RBIRE S BT RR . XHE SO K78 TARM
SRR AN NFISEAR, 2 EAE SO AT 75 b I sl 20l . A N SE iR B4
PR AR R A ORI

[(BEcTE
H

hER B
A0 R R A

ARNGEA TR R ROE T E R B R AT AR 22 AR SO R E
Bl E R 2B R A AR B A KL AR SO RIS, FAVRZIE SO Y, m] AR I
FARWETE 2 T MFIGR AP FITR AL S5O A AR A8 SO A BB R 2 WA, T RA
RN G A HAR SR ] T BRI A 08 3

W IR AT I 22 AR SCAE R BCIE SR ) s P A B

(B FIMLEA -
oW H






w =

LTI el o — I e P el IR I R A SR, RS H Y
e A 2 BRI AT I IR AT R B LR [ 25 rh 1 S I 2 AR 22
TFIRDE I, FEARZS TR IR, AR R AR AL IR REIX
HRR T A R R B L] Rl T S e - S R SR . AT i
BV T BO T T A A T IR BE DX B mh el -0 T & B o Al T
TEBENIRW , AZBRGERERINGOLT , LI TR REX T B A -4 N 4
oo =245 PURE . JFH, FEILT TR 3R AS LREX Tl AR A T S 1Y
JiT R AU A

b AT ERRINIE - G N NG o & RN Sl - /B



YL PRS2 b A AR RE A P s Y I

II



Abstract

Abstract

The Jiangmen Underground Neutrino Observatory (JUNO) is an experiment fo-
cused on neutrino oscillation observatory, its main purpose is to answer those unknown
questions, e.g. neutrino mass hierarchy (MH) problem. Among those various neutrino
sources, those GeV energy range neutrinos represented by atmospheric neutrino could
help answering those questions. The goal of this research is to predict the ability of
JUNO experiment to answer those questions a.k.a sensitivity, using Monte Carlo simu-
lation. In optimistic view, JUNO can reach a sensitivity of ¢ = 2.45 when determining
mass hierarchy with 10 years of observatory. And predicted that JUNO detector is ca-

pable of verifying proton decay predicted by SUSY.

Keywords: Jiangmen Underground Neutrino Observatory, Atmospheric Neutrino, Neu-

trino Physics
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Lu et al. (2019a)

Figure 2.1 Mikheyev—Smirnov—Wolfenstein effect on atmospheric neutrino oscillation, the ini-
tial state of the neutrino is v,, passing through a baseline of 4000 km. The blue curve
represents propagating in vacuum, and orange curve represents propagating in a mass
whose density is 2.6 g/cm®, a.k.a. the average density of earth. The coordinates should
be interrupted as homogeneous coordinates for neutrino flavors measured. This figure is

drawn using tools by Lu et al. (2019a), MSW effect enhances the oscillation to v,
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(a) oscillation in vacuum (b) oscillation in mass
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TREEY, VS Y Lu et al. (2019a)

Figure 2.2 MSW effect on neutrino oscillation, blue curve represents normal mass hierarchy,
orange curve represents inverted mass hierarchy. This figure is drawn using tools by Lu

et al. (2019a). Oscillation can enhance or suppress oscillation v, — v,

10
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Figure 2.3 Present measurement and simulation of atmospheric neutrino flux, credits to

Richard et al. (2016)
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Figure 2.4 Compoments ratios for neutrino flux at JUNO site, including flavor ratio between
v, and v,, along with ratio for anti-neutrino v. neutrino, oscillation calculation is based
on center values published in PDG (Zyla et al., 2020) at normal mass hierarchy, original

neutrino flux is from Honda et al. (2015)
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2SN 0 e N il e ek G B QbR = iR e e I S I N B =82 41N -4 )
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Hb-I/JElt,fﬁ 4%\ o

23.1 KEHHRFHIRS
KA FEAREWRER, IRGELWATARK .. AR IR A
A PAZE RSP IR G02 v, AR p, Z ARG 1 it e

MUK Y A1 AR ), SEbr b el AE SRR I AR P Ik
Fr A MEAR AT VAo TH R e T 2 B BR (AT 1 Al o AR A e o
TR Hor, FATBaR BRI AN 2.5, XA HIBRASE AR B T — A
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Figure 2.5 Earth Model used during oscillation calculation, data from Wendell et al. (2021)

A Z R, B EITE T LA 1 (Wendell et al., 2021)
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[#2.6a52.6d.2 [8] DA }22.6¢52.6b 2 [ AH HLB R ZABL, 33245 A R THIXT 1156 Pt
PRI R A 7435 08 0K B RO 1 A ik o S ELAE XE 5 65 MU I Sl it o) 42
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Ko WAEFELE v, PRCTIIERLL 7 e 2.7, ATRAE A SRR R .

WA 2.7 BE, WTIEFERRTNE, e T8/ v, B,
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(a) Survival probability for v, — v,, normal mass hi- (b) Survival probability for v, — v, , inverted mass

erarchy assumed hierarchy assumed
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(¢) Survival probability for v, — v, normal mass hi- (d) Survival probability for v, — Vv, inverted mass

erarchy assumed hierarchy assumed

2.6 v, LAR ¥, WAF TR 06 TR REDL K B0 S e 38 , B35 V15Tt Wendell et al. (2021)
JF% 1 Prob3 T.H.UJ M Zyla et al. (2020) i85 5 558K
Figure 2.6 Relationship of survival probability for v, and v, calculation is done through Prob3

developed by Wendell et al. (2021), using oscillation parameters from Zyla et al. (2020)
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Figure 2.7 Ratios for neutrino v, v. anti-neutrino v, black dotted line represents for flux
without oscillation, as a reference; black and red line represent normal hierarchy and
inverted hierarchy respectively, un-oscillated flux is from Honda et al. (2015), calculation

is done with toolkit by Wendell et al. (2021)

PARA T IR B S, Iz St T v, AEp), X —45ietun] A
@ﬁ%%ﬁﬁ%m:W%%%@hm—%%«knfwﬂaﬂ%ﬁﬁmwm“
scale dominant JL{RL, JF5E LTt Am® = m3 —mi ). FERGEMRLT, PIRAY %
PAEES A RBIRZ S EG]I A (Hosaka et al., 2006):

Am?, L
P(v, = v,) = sin’ 03 sin® 207 sin2< 4;‘; ) (2.11)
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.9 M Sin2 2913
sin® 20,3 = 5 , (2.12)
<cos 2013 F Mf#) +sin® 265
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BT AR R
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B 06T I BRI A TP B TR I B S X, SR ke 11 F
WIRAEI . I RS IR A B, v, — v, R BT/ N T
V= v EATHHETT LI A.

232 BTmERPRHFiRE

DR g 0 o FH RE 1 o 8 P A R P A 3 3R 2 i o B SRR R B 22 5
74 GeV BE & B il 175 B AR AR R A M I BE B A A R IR R
TR TR TR G WAEFEE 8 N B 1. 540 Super-
Kamiokande Collaboration et al. (1998) W] KM KT T I v, = v, TG
SRy w20 i = WA T 0L R 7 GRS R T B 3 s NI

HI T A B L IR AT TR R R b P2, T2 Ao R U 1)
TEARC P P R B o (R AN R0 5 A A KR 401, X e e e
A S AR R . Bt LRl 2.8 DA IA] 2.9

TEAN TR M BEAT R EI T, FoATT AT DATS- 21 5 hn W 2 i) P o
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Upward v, Neutrino Flux
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MEL, FIGT MK Q T"Honda et al. (2015), $##% i3 id Wendell et al. (2021), P
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Figure 2.8 v, flux with upwards direction, with un-oscillated flux as comparison, flux is multi-
plied with E? to ensure the difference can be seen, un-oscillated flux is from Honda et al.

(2015), calculation is done with toolkit by Wendell et al. (2021)
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SO R GRS 1 T-Honda et al. (2015), $E¥% 156 Wendell et al. (2021)
Figure 2.9 flux in the direction of —0.6 < cos Z < —0.5, calculation is based on a detector that
is unsensitive to lepton charge, during calculation un-oscillated flux is from Honda et al.
(2015), calculation is done with toolkit by Wendell et al. (2021), the difference between

two mass hierarchies is more significant than that in 2.8
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24 REPHFERTFREMIES

TEHE AR R Y BIE A —RBHE ARl GUT B . BN g i
B = SRR AR (BCE DU EAEN ) SUB)c®SUQR), ®@U(1)y,
TER RS Agur T N—RB IS — R RLTEXIARIE. GUT e s 81400
I, TR AT AR T i W B T RO STHERY . (B AR, s AR
ALY, FERBE THCHEN R Z )G, GUT Bg 4 avri 1w R b 1%
AR o TEARZ I GUT BB HAy Jerh, JBXIFREIAL (Supersymmetric, SUSY) i
N VD = i) e

p— KT+7V, ©~10% years

AT . BT R T A 107 years SE Rk TR AER. 2
WSETATE R TR BN G2, TR AR T LA 2 14 16 ] A T DA 4
PR AN RS ALE . (Klinger et al., 2015)

FEYLT T B PRI RS EXTF K 0038 5475 5.3 BT, (HEXT KT i
Y Bt LRI . S2B b, K R I U i 73— P T RO ARSI K
BRI (Cheng et al., 2020b,a). £ 4.5 /44 T 772k KY 1%
Do FHRAEVLT TP 19236 T KRR T2 0 K S XI5 148 R
p— KT+ VI E AR,

Gity 4.5 AR TTATUL, KPR PEm KT 52 EERAR.
AN TR BT AR IS, P TAE 10 48 ki K+ 06
BOEIE A I LR 2.1 577

S ERBUR FHERE P i R BRI K, IEF

L. TR O, R R TR

2. CIRT RN T 2Kz 5

3. C TR TR 2 S5 A AR AR
TR 02GeV < E,;y < 0.4GeV (Alt, 2019) [RERTIBUE RIS, X4
AR AR AT, SChRib R B as A BB R T 5. 9F o T 4y
R, S SHERR N u ATHRERE KT | m (R

TE BRI FO LI B 1 S FE N T 0.23, [AIE, T RATIR IR o 20
6.74 X 107 AT o FhXH T 10 4F AL 0.67 4 p —> K +V HH.
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A 2.1 100 AEATLT TP B - 2R ES LR AP B 1 i K < file, VSR N0 B
Be il A2 K 1 T-Andreopoulos et al. (2010, 2015), 4 1 fig & DUBSFE AT W BUOR A
F-Agostinelli et al. (2003); Allison et al. (2006); Allison et al. (2016) J-%1] Geant 4

Table 2.1 Expected K" event rate induced by atmospheric neutrinos by 10 years of observation,
the cross-selection and event generation is from Andreopoulos et al. (2010, 2015), particle
propagating is simulated using Geant4 developed by Agostinelli et al. (2003); Allison et
al. (2006); Allison et al. (2016)

A Ve Ve Vi Vi
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i, TSR, XEE PR AR, KA TR A AT DA
AT RCHEIRIY . YL P BTSSR K TS T A R B A BB



YL PRS2 b A AR RE A P s Y I

20



3 E LIRSk

FIF LNPRFEE

il

31 BE

bl
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o SERHERCT O (RS RACTEE h BT 9K (An etal, 2012), T
W=7 S HE 15 (RENO Collaboration et al., 2012) DA K kG 34k H il 79k 37 S5 56
(Apollonio et al., 2003);

o s P35 : T2K(Abe et al., 2011), NOvA(NOvA Collaboration et al.,
2016) DA IR ZH T H ik 555 (Deep Underground Neutrino Experiment, DUNE)
(DUNE Collaboration et al., 2020) £¢;

o KA Super-K (Walter, 2008) DA K HAK{E# Hyper-K (Hyper-
Kamiokande Proto-Collaboration et al., 2018) 4%;

o KPFHY T T5E5; : Borexino 3£56 (The BOREXINO Collaboration et al., 2020)
PA Az Super-K., Hyper-K 5255 .
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E 2012 4F | KA1 P - S26 F Bs A fR AL B A 2 B sin®(6)3) = 0.092+0.017
(Anetal., 2012). Xt EIRE A YR N5 00 75 IRAESR ol BEZ e B b sl 1 I
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(a) Use PDG’s center value as 0,5(Zyla et al., 2020),
blue and green represents for normal hierar-
chy and inverted hierarchy respectively, a sig-

nificant difference between the two can be seen

e

VISOSim

Vi V.

® sin®9(12):0.207; sin?9(23):0.425; sin?3(13):0;
AmA(21):7.37€-5 eVZ; Am2(32):2.49e-3 eV2; 5CP:248°;
Anti-e; E:0.003 GeV; L:53 km; p:2.6 g/lem?
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Anti-e; E:0.003 GeV; L:53 km; p:2.6 glcm?

(b) B 6,5 Sy 0, Ferplli fho 15 o 50 DR o7 T 1 R ek
Wy, Wik EZeferr b IL P RS, 2RI
MR 2E 3

(b) Use 0,5 = 0, blue and green represents for normal
hierarchy and inverted hierarchy respectively,
the two lines overlapped, with only slight phase

difference

Pel 3.1 e e Fh i AT v i e it SRR i 3 MeV DR JEZR I S3km F I 1T
W5, fEH 7 VISOSim 11 (Lu et al., 2019a), w[EURBMT- 0,5 =0, v, 5%
A TWRPRE, MTAET 00,5, v, RGNS, 2R A hE

FCVF S S V10 00t o 5 6y DX 550

Figure 3.1 Calculation of electron anti-neutrino’s oscillation under typical energy 3 MeV and

baseline length 53 km, 6,; # O allows the v, oscillation becomes 3 flavor oscillation, which

gives a more significant difference in different mass hierarchy assumption
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LT AP ol 15 2 B S HE P el A R PR TR, ERR KR
DA PR A TR 25 BT S VR T ] R B 1 SE R AE A S 1 A YR R il 2R A5 1T P
RA B REER I BRI o

32 SINIREFSREIR T

AN IS SE - Qv i I B W Y EA N =102 B 2 - @ E v R R 2
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(7] P P 2 Ry T B A ) P g A Pl R 1) v B TR G RO A AR AR, 9 L
53 kem 33X AN HAR B B S 2 S T SR R B S R AR T BB e
T 0 BB U . (Anet al., 2016)

LLT TR SE 5 — A TN R AR S50, A TN IR AR ) 2 0 TR &4 55
. fu3%E KamLAND 525 (Eguchi et al., 2003), Borexino 5255 (Bellini et al., 2014) .,
RENO 5234 (Ahn et al., 2012) DA K WIS S25 (An et al., 2012) 25, [ HRAHEN 2%
(1) S B RN BE A A TN RO, X T ARG I T i 8 1 T s i — A~ ok
AR RE R X LG R ER AR N 5 i e 1 A 2R UM R 5T, T2 SRR T
PRI SSRGS 2 1 i 20, T BT IRGORL RN 5 Rl I R AR 2%
Ao VLT TR SE 502 B AA LR DA PR 5T S i R B IR R AR Sy, Xt AR YL ) 55
e AH AR T A S I A B ) SE 4 T

32 LT TP o R M Es ik, B sDH BT PR A 1928 A 141 5 (The JUNO
collaboration, 2019)

Figure 3.2 Layout of the JUNO detector, taken from website of JUNO collaboration (The JUNO
collaboration, 2019)
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M EARIE 35.4m. HR T A AR GORE T RE R TUARE IX LA IR - X
SEIN IR AL N IR P 220 4% P22 1 AR - BBk S e i A W SR T 4%
HE TR .

KL HL R AL

o 171624~ 20" Hrh e

= 25 12600 MEEBOCRATEE , H JUNO &R, W sl ;

— #55000 4~ R12860 T E=IGRTIEE , i H AR S .

o 25600 /3" SHUAFEE
EAT— T D BRI e A R R AR T 75% (An et al., 2016)

XFF 207 SEHLREHEE ) 1% H I R)JEE 5 (Transit Time Spread, TTS) DA LW 7=
FA R RIS (Qian et al., 20215 Li etal., 2021), ARG & 5 AT A
F 2 PMT [EA i a) B A E Y. X020k B TEi FHE e e
RHEAC R RELIEA R Ak . SEHL AT 75— N A SHOS BRI R R,
e YR A D TR 5 R TR

2 3LILTTI B 7938 207 el T PR

Table 3.1 Measured Performance for 20” PMT on JUNO experiment

H1%E7 TTS (Qian et al., 2021)  TTS(Li et al., 2021) DN (Li et al., 2021)

EN 2.6ns 1.15ns 15kHz
AR 19ns 7.65ns 32 kHz

3" SR A R O S AR TR AR 25Tk 3%, TR AR ST
HEATEAKR, 2R B T 3R, T2 DS
ORI RE SR L, JFRTRERE I RL A TS SR T
JEHRRHE R RSl R = A e TRROK, TRME 3" BE A
AT 36 B AR 8 1455 T T ISP TR AR AR Y B2 B

TEH LIRS NE 565 BARZ N 43 m Y EEE A 4R . W& 2079 30 keon (15
ik, ST K —J7 T AR p* B8 HAR ) B A IR 1
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H IRy UL A A
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H LT A AT SR ARSI 2 1) T DA PR A 48 S, AR I TR B =
B4 (Baller etal., 2014) I & E A ARG IRBIARLIHE ST - 73 SMEXTU1E
] M 75 (Hyper-Kamiokande Collaboration et al., 2011), [AJJRAARSZE6 1 £ 5 4 9
WA o (HUZ IR AR IR I A D0 A T R A AY RE B EUEERG S (Loo, 2016), ARYEAN
et al. (2016) FRIRERL, 75 R P s T-REIX, fiE i T 0K B fiEak 3] 3%/ E/MeV
IR HE R LT REK Y SO R T B %£748 (Inverse Beta Decay, IBD), 244X H
TRAPR TR S A S E IS AE, AT IR T 1Y RE R AR
St Z 3| i TR EAE VORI EPERIBRH] (Mosel et al., 2014), X LL[R
HFFAERE T ok - S R A AR — & e

3.3 Fully-Contained 5 Partially-Contained

X Pl RERE DN R, SR TR RE R OB AR A AR R TR Y
FB1 1 o3 B O AR A E AR SR T RE ORI, it il e A 248
TRMELAMIT . Ed, AR AYH NS L (Friedland et al., 2019), T2, XL
TR T SRR g B RS BIAR 2 iP2E

o Fully-Contained, FC S5l JfrA AL T II7ELRI a5 P i 1k ol 2 e
XA DL UL RE FE RE AR SF 4R

e Partially-Contained, PC H-f0l, f7AEARSAL T LA HURIA TN ER AR 2), 3X
Flvivg o0 T {7 BE B ME AR T
PR RIS By, XTI AT R T Fully-Contained 45, &
FREER, LT RS 5 TR TR T A R S RE R B R ATE E <
10 GeV FJIX ][] (An et al., 2016; JUNO Collaboration et al., 2021). F:Z ZMFAHE &
JE IR T FE R R p AR T kR, REREEA SR
I PR P

5 H i) (JUNO Collaboration et al., 2021) %fF Fully-Contained ZF-{5i] [1%) fifi 1€ 4%
(5]

o BORMRT ST LA AR T B TOUGH 2 HAE TR 48 Y F42 R < 16m,
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JE B TR R — 2 AT AR R A THERR , B AN K S TRk
P NFREY g it s R AMIR RS T 2 p T SR — D UMe al KR4 . JTUNO
Collaboration et al. (2021) X F-X A4 (145 BN A2 - ik IS 5501 97%
#fs2 Fully-Contained 5], H HIX AL RCRZE 63%. [FIEFX e
FH L p RCRAEES] 1 -23%x 1077,

34 HREFREES]

1 JUNO £l b, Wit Sl A AR = A R iy ks 1, B
RGBT AT R RAE S EVHE . (@R T7E JUNO ALy it
RERTDAZN AP, —J7 Wil il #2 (Charge Current, CC) 75 —Fg it
#£ (Neutral Current, NC) , A1) 5ok K il r it i A 27 A 5 v sl R DX
WA T (R R i g el ie R i 1, SHWETL X, H—T7
17, AHENE v, PRCTRYRERE, TR B v, S0, S )
Al i oK

o Gkt il G HL B, RO R F OIS T A SR
P B

o MBI P v, F1
Xy FLIAL DA B R PRI DX, — RN S AE R B R S S IR E A Tl & B AR A
TEGEVT R L B . A 3.3 Bl DAR WX IR 1%L, 18 E ~ 400 MeV
Bt A E— IR TR, X R RO REE BERAY TR, R I R, P A T 2 ke
IR o X R AT ) R A ) Y R AT LA R el N P T A

73— J7 WX T R R IR RIE 2], XA RS, A e B
e B TAEINARA FRE BT B B 22 AR ol R AR M 1) - BB Ay e aed T B8
SYPA R R A= OE, AR GeV REARAY AL LB T 25 R/ N T 2m, i A
BEERMFERE ARSI AN e ARG RURTE IR -

p A I TR NN B BE B A — N E EK e, (Settanta et al., 2019;
JUNO Collaboration et al., 2021) i i 5 & 7M7) 4 51 A8 5

. n-R
= hit_< - V) (3.1)

Hmp BRRi. . Ry 200X RTFAEAS 3" U, e B vty ARl A &
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Pel 3.3 vhbhigg Ty LI JHBIBRTEE , el 51 Fi Settanta et al. (2019)

Figure 3.3 Event rate comparison between NC events and CC events, credits to Settanta et
al. (2019), event rate for NC events drop significantly at £ > 400 MeV, this is due to
difference in cross selection. And this suggest that by selecting events with £ > 400 MeV,

it can suppress NC events

ORI B R DU . T e BT A E R AR, STk
{37 2 R AR P IO 5 W S RS o KA 1 11 9311 JR 56 5
o TRAEHTA 3" SN L 1o, BRI o (1.,,) BAE RS IWA 7ok
JB 745 . JUNO Collaboration et al. (2021) Hifiid o (tl,,) > 95ns fF R %51

SR — X /2 JUNO Collaboration et al. (2021) $5 i/, T L A2
BH v, FEAENY m SRR p R HRE SN v, iR (HEAE)R
SCHRTAE S, N 1 ORI A B R L7 BEARE w AT RS S TR EE, T
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BT, A IR BN T Ag e (Meson Exchange Current) i 7 (Lu et
al., 2019b)
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Figure 4.1 By-event 7z° multiplicity, dotted lines from upwards to downwards are integration
position for 10%, 90%, 95% of CDF. A long tail distribution of z° can be seen from those
dotted lines.
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Figure 4.2 By-event z* multiplicity, dotted lines from upwards to downwards are integration
position for 10%, 90%, 95% of CDF, alongside with the long tail seen in 4.1, we can see
a difference between GENIE and GiBUU models, those difference can make up the sys-

tematic error when estimating reaction matrixes
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Figure 4.3 By-event 7z~ multiplicity, dotted lines from upwards to downwards are integration

position for 10%, 90%, 95% of CDF
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Figure 4.4 The distribution of energy taken by final state .~ during a v, charge current event,
event generation is from GENIE developed by Andreopoulos et al. (2010, 2015) and
G18_10b_00_000 model with it
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Figure 4.5 By-event ;~ multiplicity, dotted lines from upwards to downwards are integration
position for 10%, 90%, 95% of CDF, two Kkinds of target nuclei is separated, event genera-
tion is from GENIE developed by Andreopoulos et al. (2010, 2015) and G18_10b_00_000
model with it. The left one is similar to fig. 4.4, which means the distribution of ; energy

fraction is dominated more by reaction on C atoms
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Figure 4.6 The distribution of energy taken by final state protons during a v, charge current
event, event generation is from GENIE developed by Andreopoulos et al. (2010, 2015)
and G18_10b_00_000 model with it, proton can take a large fraction at lower energy and

decrease at higher energy
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Figure 4.7 The distribution of energy taken by final state 7" during a v, charge current event,
event generation is from GENIE developed by Andreopoulos et al. (2010, 2015) and
G18_10b_00_000 model with it
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Figure 4.8 The distribution of energy taken by final state 7~ during a v, charge current event,
event generation is from GENIE developed by Andreopoulos et al. (2010, 2015) and
G18_10b_00_000 model with it, events without z~ falls in to the bin which fraction = 0,

compared to 4.9, there is more energy taken by 7+, this agrees to the result of events count
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Figure 4.9 The distribution of energy taken by final state 7° during a v, charge current event,
event generation is from GENIE developed by Andreopoulos et al. (2010, 2015) and
G18_10b_00_000 model with it
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Figure 4.10 By-event 7~ multiplicity, dotted lines from upwards to downwards are integration

position for 10%, 90% of CDF, two kinds of target nuclei is seperared
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Figure 4.11 By-event 7~ multiplicity, dotted lines from upwards to downwards are integration
position for 10%, 90% of CDF, two kinds of target nuclei is seperared, only those events

that produces neutrons are included
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Figure 4.12 Range of neutrons in liquid scintillator, it is a decreasing distribution like
expo function, simulation is done with Geant 4 framework developed by Agostinelli
et al. (2003); Allison et al. (2006); Allison et al. (2016), using interaction model
QGSP_BERT_HP, the events count rate v. track path plot shows a decreasing distri-

bution, which suggests neutron’s stopping mode is different from ionizing particles
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Figure 4.13 The distribution of angles between final state ;1 and initial state v , and the re-
lationship to neutrino energy, notice that every slice along energy axis is normalized to
make its maximum becomes 1, simulation is done with Geant 4 framework developed
by Agostinelli et al. (2003); Allison et al. (2006); Allison et al. (2016), using interaction
model QGSP_BERT_HP. There is a spread distribution of cos A#, suggest that the angle

between neutrino track and muon track can be great.
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Figure 4.14 The distribution of angles between final state ;. and initial state v ,acutof L, > 5m
is applied, and the relationship to neutrino energy, notice that every slice along energy
axis is normalized to make its maximum becomes 1, simulation is done with Geant 4
framework developed by Agostinelli et al. (2003); Allison et al. (2006); Allison et al. (2016),
using interaction model QGSP_BERT_HP, compared to 4.13, the
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Figure 4.15 Probability of production and its threshold of K™, the left edge of the block repre-
sents the threshold of generation, and the color represents for probability, event genera-
tion is from GENIE developed by Andreopoulos et al. (2010, 2015) and G18_10b_00_000

model with it
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Figure 4.16 Probability of production and its threshold of A}, the left edge of the block repre-
sents the threshold of generation, and the color represents for probability, event genera-
tion is from GENIE developed by Andreopoulos et al. (2010, 2015) and G18_10b_00_000

model with it
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Pel 5.1 B A3 dis vl dnd o BIRG RE S DU SRR, PRI i E— 20k, #34> E Jiliigy)
KB RASET 1, WRCR TP R IR &K B T Andreopoulos et al.
(2010, 2015) JF % 1) GENIE UJ J o) G18_10b_00_000 5%, SR A0k 1T P i A 4
Mk (Agostinelli et al., 2003; Allison et al., 2006; Allison et al., 2016) J %1} Geant
4 HEZRE5 ¢y QGSP_BERT_HP BiMUEAyT, ATEBREFER W], Wi 1 ik T AL

Figure 5.1 Response matrix containing all charge current events, no further cuts are ap-
plied, every slices along E axis is normalized to make its integration equal to 1. The
energy response matrix is far away from linear correlation, energy reconstruction
requires a response matrix near to linear correlation. Final events from neutrino
events is generated from GENIE developed by Andreopoulos et al. (2010, 2015) and its
G18_10b_00_000 model, interaction of those particles to detector is simulated via Geant
4 developed by (Agostinelli et al., 2003; Allison et al., 2006; Allison et al., 2016) along with
QGSP_BERT_HP model, unless specified separately, all figures in this chapter is done

using such tools.
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1 XK

Figure 5.2 Energy deposit in water pool, events are classified in to types, one is u stays in scin-
tillator, another is y escaped from scintillator. There is a significant fidderence between
those 2 kinds of events: those with escaped muons can get more energy lost, or to say, the

energy escaping process is dominanted by escaped =, this agrees to that the muons can

fly the longest path.
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Figure 5.3 Response matrix containing all charge current events, no further cuts are applied,
every slices along E axis is normalized to make its integration euqal to the fraction of the

selection in the energy bin, it is more close to linear correlation compared to 5.1, while

variation can be seen at lower energy side.
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o C TN #HKZEN (Lu et al., 2016)
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Figure 5.4 Effiency of the selection, considering the requirement for track length (require u
track to satisify that L. > 5m) and the final state particles not to overflow the detector,

we get low efficacy on both low energy side (due to track length requirement) and high

energy side (due to “no overflow”’ requirement)
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Figure 5.5 Response matrix after all selection is considered, as described in 5.4, the correlation

is more close to linear situation
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et al., 2017)
Figure 5.6 Time signal induced by Michel electrons, notice the triple-peak structure of the

shape, simulation via JUNO Offline Software (Huang et al., 2017), the triple event situa-

tion can be used to identify K™ or ™"
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Figure 6.1 The relationship of y* and iteration times, the marker’s center represents the aver-
age of y° at this iteration time, and the height represents for width of the distribution of
z°. Ttis clear the average of y” decrease at begin and increase then. This figure and fig

6.2 both used RooUnfold framework developed by Prosper et al. (2011)
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Figure 6.2 The result of unfolding, vertical axis is shown in relative units
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Figure 7.1 Expected and fitted v, charged current events count for coming directrion of —1 <
cos Z < —0.9, raw flux data for neutrinos is from Honda et al. (2015), calculation of
oscillation and parameters known is from Wendell et al. (2021) and Zyla et al. (2020),
efficiency of selection see fig 5.4, cross selection is from G18_10b_00_000 model of GENIE
(Andreopoulos et al., 2010, 2015)
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Figure A.1 Relationship of appearance probability for v, and v,, citations see fig 2.6
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Figure A.2 Relationship of appearance probability for v, and v_, citations see fig 2.6
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Ffis® C Protons and Charged Pions in Liquid Argon

Liquid argon time projection chamber is another approach of measuring detailed
parameters for neutrino interactions. Here I will show some results on pions and protons
in liquid argon at relatively low energy points.

For this part I am using QBBC on Geant 4 (Agostinelli et al., 2003; Allison et al.,
2006; Allison et al., 2016), with a rather simple detector geometry, it is a simple liquid
box with all initial state particles start in its center along Z-direction. It has no external
field applied, to match the design of several real liquid argon TPCs.

For analysis in TPC, it is able to give us information about the geometry of the

track and the energy deposit along the path of charged particles.

C.1 Process during propagating

Those charged particle can undergo various processes in simulation. To look into

this, we will look into
e The process that particles undergo, per step
e The process that stops the particle, defined as last kinetic energy loss process

e The process through which the particle will be lost in propagation

C.1.1  Per step process

As discussed above, per step process means process that a particle may pass through
during the whole simulation. I am recording those information from Geant 4 per step
information.

For protons in liquid argon:

e hloni: hadron ionization

e > 0.4 MeV (When kinetic energy is above 0.4 MeV)

— CoulombScat: Coulomb Scattering. The threshold is not accurate for Coulomb-
Scat, it doesn’t have physical threshold, just a matter of sampling.

e >3MeV
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— protonlnelastic: proton inelastic (a.k.a. nuclear reaction)

— HadElastic: hadron elastic

And hadron ionization takes most fraction of per step process among all those per-step
processes. Since ionization describes a process where particle loss its kinetic energy
nearly continuously, ionization is the dominant per-step process for every particle type

or evergy point I have looked into.

And at higher energy, nuclear reaction becomes possible, it’s due to kinetic barrier
is overcome at higher initial state energy to overcome binding energy. Also, at higher
energy, the phase space of nuclear reaction will increase, means it will be more likely
to perform nuclear reaction.

And for 7™ per step, things are somehow different,

e hloni

Decay
> 2MeV

pi+Inelastic: ™ inelastic (a.k.a. nuclear reaction)

CoulombScat

HadElastic

> 2GeV

hBrems: hadron bremsstrahlung

hPairProd: hadron pair production

The different can be seen clearly: #+ will decay. And at higher energy, #* will introduce
bremsstrahlung and pair production. Bremsstrahlung and pair production are not seen

from proton that is heavier and not so easy to undergo those processes.

7~ 1is also different from all above:

pi-Inelastic: z~ inelastic (a.k.a. nuclear reaction)

hloni

HadElastic

Decay

hBertiniCaptureAtRest: Rest z~ get absorbed by nuclear.
> 3MeV
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— CoulombScat

x~ is very different due to hBertiniCapture AtRest, where a z~ at rest may get captured
by a nuclear, by coulomb force between them. This process will make the nuclear to

break apart into smaller nuclei, and may release gamma rays.

7+ may decay, its also different to proton, which will not, at least in current ac-
knowledgements. Decay can happen at any time. For z™, it can decay when propagat-
ing, or when at rest. But for z~, when it lost all its energy, it will quickly get absorbed

by a nuclear, rather than to decay.

C.1.2  Stopping or disappearing process

Another story is stopping process, it is defined as the last process recorded, be-
fore which, the particle have non-zero kinetic energy, and after which, the particle gets
disappeared or have an energy lower than a tracking threshold.

For stable particles, disappearing process is the same as stopping process, they just
lost all energy and stays where it is, no longer leave information on tracker. But for
unstable particles, if it loss all its kinetic energy, it will either decay or get absorbed.

For protons, which are stable, they can

e Stopped with a process, and stay there

— hloni, high fraction at low energy

e Disappeared with a process

— protonlnelastic, high fraction at high energy

The fractions are likely to equal at about 350 MeV (Momentum 883 MeV/c) kinetic

energy.
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Range for different stopping mode
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K| C.1 Depth distribution for proton at kinetic 350 MeV, you can see particles stop both either

hloni process and protonlInelastic process and they take similar fraction, this figure and
all figures in this appendix is using Geant 4 framework developed by Agostinelli et al.

(2003); Allison et al. (2006); Allison et al. (2016), unless specified separately

zt are unstable, thus they can disappear by decaying, what I observed is that:

e Stopped by hloni process, and decay then
e Undergoes pi+Inelastic and disappear

e Undergoes Decay and disappear

At lower energy hloni then Decay take the most fraction, and pi+Inelastic for the

higher energy. Likely equal fraction at around 150 MeV (Momentum 251 MeV/c).
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Range for different stopping mode
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P& C.2 Depth distribution for z* at kinetic 150 MeV, like the plot above for protons, but the
shape for inelastic process has different shape, , and for the Decay process in figures, the

event count is so small that the bars are hard to see

That process that makes z~ different from its partner is “Capture at Rest” (hBer-

tiniCapture AtRest).

e Stopped by hloni process, and hBertiniCapture AtRest then
e Undergoes pi-Inelastic and disappear

e Undergoes Decay and disappear

Similarly to 7™

, at lower energy hloni then capture take the most fraction, and
pi+Inelastic for the higher energy. Equal fraction at around 150 MeV (Momentum

251 MeV/c).
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Range for different stopping mode
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As we are going to work with lower energy, so following part we will only focus on
hloni stopping particles. Since we will see for those hloni stopped particle, the detector
can tell more useful information. For example, range will be related to energy when
stopped with hloni process, but not with those Inelastic process. For hloni stopped

particles it provides unique handle to get momentum and PID from range and %

C.2 Range distribution

C.2.1 Range Distribution for protons
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(a) Range Distribution for protons, kinetic energy (b) Range Distribution for protons, kinetic energy 100 MeV, you

50 MeV, at this energy point, its range is small, can see a peak for hloni, and (nearly can’t) see the pro-

.y e . tonInelastic process that takes a uniform-like distribu-
which is also seen on other particles

tion from 0 to stopping point, with a very low fraction
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C.2.2 Range Distribution for 7™+
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(a) Range Distribution for z*, Kkinetic energy (b) Range Distribution for z*, Kinetic energy

50MeV, compared to what we see in 100 MeV, 100 MeV, like what for proton, there is a peak
pi+Inelastic takes a low fraction that we can’t for hloni, and a decreasing distribution for
even see pi+Inelastic

C.2.3 Range Distribution for 7z~
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(a) Range Distribution for 7z, kinetic energy 50 MeV (b) Range Distribution for z~, Kinetic energy 100 MeV

C.3 Range v. Energy Plot

Range v. Energy plot
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(a) Range plot, in double log scale, it is linear and the (b) Figure from Hamacher-Baumann et al. Hamacher-

curves for z* overlapped with each other Baumann et al. (2020), in comparison
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The power law can be retrieved by Bethe formula:

()= 2 (2N (2l (C.1)
dx m,c? 2 \drng I-(1-p2 '
Dismiss the subleading terms part and abstract constants, we get:
dE 1
— — m —
dx 02 (C2)
m
E

By integration, we can tell that range « E? and range « m~!. The fit results are slightly
different, which is about Range  Energy!”’ for pions and Range « Energy'”> for
protons. When the +10% width in range distribution being taken into consideration.
Figure C.7a makes it possible to tell the energy of a particle, when given its range
and its type, and when it stopped by ionization. Non-ionization process can stop the

particle every where.

C.4 PID in magnetic field free TPC

For big liquid argons, its impossible to cover the detector with magnetic field, that
means we are not able to tell its momentum from the radius of track. Another PID

method should be constructed. In this part we will look into end of track i—f.

C4.1 End i—f Distribution for protons @ 100 MeV
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(a) End ‘:I—f Distribution for protons, using the last 10% (b) End ‘;—f Distribution for protons, using the last 5 cm

range range (if range < 5 cm, use range instead)

Those figures both gives a triple-peak structure called Bragg peak. The origin of

the secondary peaks is under investigation at the time of writing.
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C.42 End ‘;—f Distribution for 7+ @ 100 MeV
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(a) End % Distribution for z*, using the last 10% (b) End % Distribution for z*, using the last 5cm

range range (if range < 5 cm, use range instead)

The two peak structure also exist here, suggests we can distinguish hloni from

Inelastic for 7+

C43 End j—f Distribution for 7~ @ 100 MeV
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(a) End % Distribution for z~, using the last 10% (b) End % Distribution for z~, using the last 5cm

range range (if range < 5 cm, use range instead)

And the shape of the distributions are nearly the same for z*.
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We can run the simulation for different energy and different types of particles, and

keep track of the position of the ionization “cluster” in those figures, we can see that:
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(a) Ending 10% path % v. Depth plot, with error bar (b) Ending 5 cm path (if whole range is less than 5 cm,

included%, lines for z* and 7~ overlapped

use whole range) 3—5 v. Depth plot, with error

bar included%, lines for 7+ and =~ overlapped

Here comes a possible method of determining both particle type and energy from

magnetic field-less TPC:

1. Measure the range and ending 10% path averaged (:l—f of a unknown particle

2. The two value should fall into one of the two lines, unless

e it is not protons or pions, or

e it stopped with proton/pi+/pi-Inelastic process (nuclear reaction). In this case

we don’t expect to get so much information from TPC.

3. depending on which line, we can use the model built with range-energy plot to

tell its energy /momentum (in practice, we need greater Bragg peak to make sure we

can measure range correctly, so this is more likely to work for protons)
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In a real TPC, we can only see ionization from various particles, that makes it hard
to tell if a track have more than one particle. This can be hard to solve and need further

investigation.

78



275 3CHk

SE 3k

Abe K, Abgrall N, Aihara H, et al. The t2k experiment [J/OL]. Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment,
2011, 659(1): 106-135. http://dx.doi.org/10.1016/j.nima.2011.06.067.

Agostinelli S, Allison J, Amako K, et al. Geant4—a simulation toolkit [J/JOL]. Nuclear Instru-
ments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment, 2003, 506(3): 250-303. https://www.sciencedirect.com/science/article/
pii/S0168900203013688. DOI: https://doi.org/10.1016/S0168-9002(03)01368-8.

Ahmad QR, Allen R C, Andersen T C, et al. Direct evidence for neutrino flavor transformation from
neutral-current interactions in the sudbury neutrino observatory [J/OL]. Physical Review Letters,
2002, 89(1). http://dx.doi.org/10.1103/PhysRevLett.89.011301. DOI: 10.1103/physrevlett.89.
011301.

AhnJ K, Chebotaryov S, ChoiJ H, et al. Observation of reactor electron antineutrinos disappearance
in the reno experiment [J/OL]. Phys. Rev. Lett., 2012, 108: 191802. https://link.aps.org/doi/10.
1103/PhysRevLett.108.191802.

Allison J, Amako K, Apostolakis J, et al. Geant4 developments and applications [J/JOL]. IEEE
Transactions on Nuclear Science, 2006, 53(1): 270-278. DOI: 10.1109/TNS.2006.869826.

Allison J, Amako K, Apostolakis J, et al. Recent developments in geant4 [J/OL]. Nuclear Instru-
ments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment, 2016, 835: 186-225. https://www.sciencedirect.com/science/article/pii/
S0168900216306957. DOL: https://doi.org/10.1016/j.nima.2016.06.125.

Alt C. Sensitivity study for proton decay via p — K* + Vv in the deep underground neutrino exper-
iment [EB/OL]. 2019. https://indico.cern.ch/event/801048/contributions/3479565/attachments/
1899333/3134574/ChristophAlt_ProtonDecayInDUNE_SPSAnnualMeeting_29_08_2019.pdf.

An F P, Bai ] Z, Balantekin A B, et al. Observation of electron-antineutrino disappearance at daya
bay [J/JOL]. Phys. Rev. Lett., 2012, 108: 171803. https://link.aps.org/doi/10.1103/PhysRevLett.
108.171803.

AnF, An G, An Q, et al. Neutrino physics with JUNO [J/OL]. IOP Publishing, 2016, 43(3): 030401.
https://doi.org/10.1088/0954-3899/43/3/030401.

Andreopoulos C, Bell A, Bhattacharya D, et al. The genie neutrino monte carlo generator [J]. Nuclear
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors

and Associated Equipment, 2010, 614(1): 87-104.

79


http://dx.doi.org/10.1016/j.nima.2011.06.067
https://www.sciencedirect.com/science/article/pii/S0168900203013688
https://www.sciencedirect.com/science/article/pii/S0168900203013688
https://doi.org/https://doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1103/physrevlett.89.011301
https://doi.org/10.1103/physrevlett.89.011301
https://link.aps.org/doi/10.1103/PhysRevLett.108.191802
https://link.aps.org/doi/10.1103/PhysRevLett.108.191802
https://doi.org/10.1109/TNS.2006.869826
https://www.sciencedirect.com/science/article/pii/S0168900216306957
https://www.sciencedirect.com/science/article/pii/S0168900216306957
https://doi.org/https://doi.org/10.1016/j.nima.2016.06.125
https://indico.cern.ch/event/801048/contributions/3479565/attachments/1899333/3134574/ChristophAlt_ProtonDecayInDUNE_SPSAnnualMeeting_29_08_2019.pdf
https://indico.cern.ch/event/801048/contributions/3479565/attachments/1899333/3134574/ChristophAlt_ProtonDecayInDUNE_SPSAnnualMeeting_29_08_2019.pdf
https://link.aps.org/doi/10.1103/PhysRevLett.108.171803
https://link.aps.org/doi/10.1103/PhysRevLett.108.171803
https://doi.org/10.1088/0954-3899/43/3/030401

LT T S8 AL L AR RE XY P (ol A 0

Andreopoulos C, Barry C, Dytman S, et al. The genie neutrino monte carlo generator: physics and
user manual [J]. arXiv preprint arXiv:1510.05494, 2015.

Ankowski A M, Benhar O, Coloma P, et al. Comparison of the calorimetric and kinematic methods
of neutrino energy reconstruction in disappearance experiments [J]. Physical Review D, 2015,
92(7): 073014.

Ankowski A M, Coloma P, Huber P, et al. Missing energy and the measurement of the ¢ p-violating
phase in neutrino oscillations [J]. Physical Review D, 2015, 92(9): 091301.

Apollonio M, Baldini A, Bemporad C, et al. Search for neutrino oscillations on a long base-line at
the chooz nuclear power station [J/OL]. The European Physical Journal C, 2003, 27(3): 331-
374. http://dx.doi.org/10.1140/epjc/s2002-01127-9.

Baller B, Bromberg C, Buchanan N, et al. Liquid argon time projection chamber research and de-
velopment in the united states [J/OL]. Journal of Instrumentation, 2014, 9(05): T05005-T05005.
https://doi.org/10.1088/1748-0221/9/05/t05005.

Barr G D, Gaisser T K, Lipari P, et al. Three-dimensional calculation of atmospheric neutrinos
[J/JOL]. Phys. Rev. D, 2004, 70: 023006. https://link.aps.org/doi/10.1103/PhysRevD.70.023006.

Bellini G, Benziger J, Bick D, et al. Neutrinos from the primary proton—proton fusion process in the
sun [J]. Nature, 2014, 512(7515): 383.

Bilenky S M, Faessler A, Gutsche T, et al. Neutrinoless doublep-decay and neutrino mass hierarchies
[J/OL]. Physical Review D, 2005, 72(5). http://dx.doi.org/10.1103/PhysRevD.72.053015. DOI:
10.1103/physrevd.72.053015.

Blennow M, Coloma P, Huber P, et al. Quantifying the sensitivity of oscillation experiments to the
neutrino mass ordering [J/OL]. Journal of High Energy Physics, 2014, 2014(3). http://dx.doi.
org/10.1007/JHEP03(2014)028. DOI: 10.1007/jhep03(2014)028.

Brun R, Rademakers F. Root—an object oriented data analysis framework [J]. Nuclear Instru-
ments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment, 1997, 389(1-2): 81-86.

Buss O, Gaitanos T, Gallmeister K, et al. Transport-theoretical description of nuclear reactions
[J/OL]. Physics Reports, 2012, 512(1): 1-124. https://www.sciencedirect.com/science/article/
pii/S0370157311003619. DOI: https://doi.org/10.1016/j.physrep.2011.12.001.

Prosper H B, Lyons L. Proceedings of the PHYSTAT 2011 Workshop on Statistical Issues Related
to Discovery Claims in Search Experiments and Unfolding: CERN, Geneva, Switzerland 17 - 20
Jan 2011. PHYSTAT 2011 Workshop on Statistical Issues Related to Discovery Claims in Search
Experiments and Unfolding [C/OL]. Geneva: CERN, 2011. https://cds.cern.ch/record/1306523.
DOI: 10.5170/CERN-2011-006.

Cheng J, Li Y F, Lu H Q, et al. Neutral-current background induced by atmospheric neutrinos at

80


http://dx.doi.org/10.1140/epjc/s2002-01127-9
https://doi.org/10.1088/1748-0221/9/05/t05005
https://link.aps.org/doi/10.1103/PhysRevD.70.023006
http://dx.doi.org/10.1103/PhysRevD.72.053015
https://doi.org/10.1103/physrevd.72.053015
http://dx.doi.org/10.1007/JHEP03(2014)028
http://dx.doi.org/10.1007/JHEP03(2014)028
https://doi.org/10.1007/jhep03(2014)028
https://www.sciencedirect.com/science/article/pii/S0370157311003619
https://www.sciencedirect.com/science/article/pii/S0370157311003619
https://doi.org/https://doi.org/10.1016/j.physrep.2011.12.001
https://cds.cern.ch/record/1306523
https://doi.org/10.5170/CERN-2011-006

275 3CHk

large liquid-scintillator detectors: Ii. in situ measurement [J]. arXiv preprint arXiv:2009.04085,
2020.

Cheng J, Li Y F, Wen L J, et al. Neutral-current background induced by atmospheric neutrinos
at large liquid-scintillator detectors: 1. model predictions [J]. arXiv preprint arXiv:2008.04633,
2020.

DUNE Collaboration, Abi B, Acciarri R, et al. Long-baseline neutrino oscillation physics potential
of the dune experiment [Z]. 2020.

Eguchi K, Enomoto S, Furuno K, et al. First results from kamland: Evidence for reactor antineu-
trino disappearance [J/OL]. Phys. Rev. Lett., 2003, 90: 021802. https://link.aps.org/doi/10.1103/
PhysRevLett.90.021802.

Friedland A, Li S W. Understanding the energy resolution of liquid argon neutrino detectors [J].
Physical Review D, 2019, 99(3): 036009.

Friedland A, Li S W. Simulating hadron test beams in liquid argon [J]. Physical Review D, 2020,
102(9): 096005.

Gagunashvili N D. Comparison of weighted and unweighted histograms [R/OL]. 2006. https:
/lcds.cern.ch/record/950710.

Gaisser T K, Honda M. Flux of atmospheric neutrinos [J/OL]. Annual Review of Nuclear and
Particle Science, 2002, 52(1): 153-199. https://doi.org/10.1146/annurev.nucl.52.050102.090645.

Guo W 1. Atmospheric neutrinos in JUNO [J/OL]. J. Phys. Conf. Ser., 2017, 888(1): 012205. DOI:
10.1088/1742-6596/888/1/012205.

Hagiwara K, Hikasa K, Nakamura K, et al. Review of particle physics [J]. Physical Review D
(Particles and Fields), 2002, 66(1).

Hamacher-Baumann P, Lu X, Martin-Albo J. Neutrino-hydrogen interactions with a high-pressure
time projection chamber [J/OL]. Phys. Rev. D, 2020, 102: 033005. https://link.aps.org/doi/10.
1103/PhysRevD.102.033005.

Hellgartner D A. Advanced Event Reconstruction in LENA and Precision Attenuation-Length Mea-
surements in Liquid Scintillators [D]. Munich, Tech. U., 2015.

Honda M, Kajita T, Kasahara K, et al. Calculation of atmospheric neutrino flux using the interaction
model calibrated with atmospheric muon data [J/OL]. Phys. Rev. D, 2007, 75: 043006. https:
/Mink.aps.org/doi/10.1103/PhysRevD.75.043006.

Honda M, Athar M S, Kajita T, et al. Atmospheric neutrino flux calculation using the nrimsise-00
atmospheric model [J/OL]. Phys. Rev. D, 2015, 92: 023004. https://link.aps.org/doi/10.1103/
PhysRevD.92.023004.

Hosaka J, Ishihara K, Kameda J, et al. Three flavor neutrino oscillation analysis of atmospheric

81


https://link.aps.org/doi/10.1103/PhysRevLett.90.021802
https://link.aps.org/doi/10.1103/PhysRevLett.90.021802
https://cds.cern.ch/record/950710
https://cds.cern.ch/record/950710
https://doi.org/10.1146/annurev.nucl.52.050102.090645
https://doi.org/10.1088/1742-6596/888/1/012205
https://link.aps.org/doi/10.1103/PhysRevD.102.033005
https://link.aps.org/doi/10.1103/PhysRevD.102.033005
https://link.aps.org/doi/10.1103/PhysRevD.75.043006
https://link.aps.org/doi/10.1103/PhysRevD.75.043006
https://link.aps.org/doi/10.1103/PhysRevD.92.023004
https://link.aps.org/doi/10.1103/PhysRevD.92.023004

LT T S8 AL L AR RE XY P (ol A 0

neutrinos in super-kamiokande [J/OL]. Physical Review D, 2006, 74(3). http://dx.doi.org/10.
1103/PhysRevD.74.032002. DOI: 10.1103/physrevd.74.032002.

Huang X, Li T, Zou J, et al. Offline Data Processing Software for the JUNO Experiment [J/OL].
PoS, 2017, ICHEP2016: 1051. DOI: 10.22323/1.282.1051.

Hyper-Kamiokande Collaboration, Abe K, Abe T, et al. Letter of intent: The hyper-kamiokande
experiment — detector design and physics potential — [Z]. 2011.

Hyper-Kamiokande Proto-Collaboration, :, Abe K, et al. Hyper-kamiokande design report [Z]. 2018.

JUNO Collaboration, Abusleme A, Adam T, et al. Measuring low energy atmospheric neutrino
spectra with the juno detector [Z]. 2021.

Katori T. Meson exchange current (mec) models in neutrino interaction generators [Z]. 2013.

Kelly KJ, Machado P A N, Martinez-Soler I, et al. Sub-gev atmospheric neutrinos and cp violation in
dune [J/OL]. Phys. Rev. Lett., 2019, 123: 081801. https://link.aps.org/doi/10.1103/PhysRevLett.
123.081801.

Klinger J, Kudryavtsev V, Richardson M, et al. Muon-induced background to proton decay in the
p—k+v decay channel with large underground liquid argon tpc detectors [J/OL]. Physics Letters
B, 2015, 746: 44-47. https://www.sciencedirect.com/science/article/pii/S0370269315003081.
DOI: https://doi.org/10.1016/j.physletb.2015.04.054.

Kodama K, Ushida N, Andreopoulos C, et al. Observation of tau neutrino interactions [J/OL].
Physics Letters B, 2001, 504(3): 218-224. http://dx.doi.org/10.1016/S0370-2693(01)00307-0.
DOI: 10.1016/s0370-2693(01)00307-0.

Lalakulich O, Gallmeister K, Mosel U. Neutrino nucleus reactions within the gibuu model [Z]. 2011.

Learned J G, Dye S T, Pakvasa S, et al. Determination of neutrino mass hierarchy and013with a
remote detector of reactor antineutrinos [J/OL]. Physical Review D, 2008, 78(7). http://dx.doi.
org/10.1103/PhysRevD.78.071302. DOI: 10.1103/physrevd.78.071302.

Leitner T, Mosel U. Neutrino-nucleus scattering reexamined: Quasielastic scattering and pion pro-
duction entanglement and implications for neutrino energy reconstruction [J/OL]. Phys. Rev. C,
2010, 81: 064614. https://link.aps.org/doi/10.1103/PhysRevC.81.064614.

LiZ,Zhang Y, You Z, et al. Event vertex and time reconstruction in large volume liquid scintillator
detector [Z]. 2021.

Loo K. Extending physics potential of large liquid scintillator neutrino detectors [J]. Research
report/Department of Physics, University of Jyviskyld, 2016(2016, 14).

Lu X G, Pickering L, Dolan S, et al. Measurement of nuclear effects in neutrino interactions with
minimal dependence on neutrino energy [J/OL]. Phys. Rev. C, 2016, 94: 015503. https://link.
aps.org/doi/10.1103/PhysRevC.94.015503.

82


http://dx.doi.org/10.1103/PhysRevD.74.032002
http://dx.doi.org/10.1103/PhysRevD.74.032002
https://doi.org/10.1103/physrevd.74.032002
https://doi.org/10.22323/1.282.1051
https://link.aps.org/doi/10.1103/PhysRevLett.123.081801
https://link.aps.org/doi/10.1103/PhysRevLett.123.081801
https://www.sciencedirect.com/science/article/pii/S0370269315003081
https://doi.org/https://doi.org/10.1016/j.physletb.2015.04.054
http://dx.doi.org/10.1016/S0370-2693(01)00307-0
https://doi.org/10.1016/s0370-2693(01)00307-0
http://dx.doi.org/10.1103/PhysRevD.78.071302
http://dx.doi.org/10.1103/PhysRevD.78.071302
https://doi.org/10.1103/physrevd.78.071302
https://link.aps.org/doi/10.1103/PhysRevC.81.064614
https://link.aps.org/doi/10.1103/PhysRevC.94.015503
https://link.aps.org/doi/10.1103/PhysRevC.94.015503

275 3CHk

Lu X, Haidari R. Visosim—visualisation of oscillation [EB/OL]. 2019. http://www-pnp.physics.
ox.ac.uk/~luxi/visos/im/.

Lu X, Sobczyk J T. Identification of nuclear effects in neutrino and antineutrino interactions on
nuclei using generalized final-state correlations [J/OL]. Physical Review C, 2019, 99(5). http:
/ldx.doi.org/10.1103/PhysRevC.99.055504. DOI: 10.1103/physrevc.99.055504.

Mosel U, Lalakulich O, Gallmeister K. Energy reconstruction in the long-baseline neutrino experi-
ment [J]. Physical Review Letters, 2014, 112(15): 151802.

Nakamoto T, Ishibashi K, Matsufuji N, et al. Charged particle identification including pions by
pulse shape discrimination with an NE213 liquid scintillator [J/OL]. Rev. Sci. Instrum., 1995,
66: 5327-5330. DOI: 10.1063/1.1146106.

NOvA Collaboration, Adamson P, Ader C, et al. First measurement of muon-neutrino disappearance
innova [J/OL]. Physical Review D, 2016, 93(5). http://dx.doi.org/10.1103/PhysRevD.93.051104.
DOI: 10.1103/physrevd.93.051104.

Qian X, Vogel P. Neutrino mass hierarchy [J/OL]. Progress in Particle and Nuclear Physics, 2015,
83: 1-30. http://dx.doi.org/10.1016/j.ppnp.2015.05.002.

Qian X, Tan A, Wang W, et al. Statistical evaluation of experimental determinations of neutrino mass
hierarchy [J/OL]. Phys. Rev. D, 2012, 86: 113011. https://link.aps.org/doi/10.1103/PhysRevD.
86.113011.

Qian Z, Belavin V, Bokov V, et al. Vertex and energy reconstruction in juno with machine learning
methods [Z]. 2021.

Reines and Cowan C L, Reines F, Harrison F, et al. Detection of the free neutrino: a confirmation
[J]. Science, 1956, 124(3212): 103-104.

RENO Collaboration, Ahn J K, Chebotaryov S, et al. Observation of reactor electron antineutrinos
disappearance in the reno experiment [J/OL]. Physical Review Letters, 2012, 108(19). http:
/ldx.doi.org/10.1103/PhysRevLett.108.191802. DOI: 10.1103/physrevlett.108.191802.

Richard E, Okumura K, Abe K, et al. Measurements of the atmospheric neutrino flux by super-
kamiokande: Energy spectra, geomagnetic effects, and solar modulation [J/OL]. Physical Review
D, 2016, 94(5). http://dx.doi.org/10.1103/PhysRevD.94.052001. DOI: 10.1103/physrevd.94.
052001.

Schael S, et al. Precision electroweak measurements on the Z resonance [J/OL]. Phys. Rept., 2006,
427: 257-454. DOL: 10.1016/j.physrep.2005.12.006.

Settanta G, Mari S M, Martellini C, et al. Atmospheric neutrino spectrum reconstruction with juno
[J]. arXiv preprint arXiv:1910.11172, 2019.

Settanta G, Mari S, Martellini C, et al. Atmospheric neutrino spectrum reconstruction with juno

83


http://www-pnp.physics.ox.ac.uk/~luxi/visos/im/
http://www-pnp.physics.ox.ac.uk/~luxi/visos/im/
http://dx.doi.org/10.1103/PhysRevC.99.055504
http://dx.doi.org/10.1103/PhysRevC.99.055504
https://doi.org/10.1103/physrevc.99.055504
https://doi.org/10.1063/1.1146106
http://dx.doi.org/10.1103/PhysRevD.93.051104
https://doi.org/10.1103/physrevd.93.051104
http://dx.doi.org/10.1016/j.ppnp.2015.05.002
https://link.aps.org/doi/10.1103/PhysRevD.86.113011
https://link.aps.org/doi/10.1103/PhysRevD.86.113011
http://dx.doi.org/10.1103/PhysRevLett.108.191802
http://dx.doi.org/10.1103/PhysRevLett.108.191802
https://doi.org/10.1103/physrevlett.108.191802
http://dx.doi.org/10.1103/PhysRevD.94.052001
https://doi.org/10.1103/physrevd.94.052001
https://doi.org/10.1103/physrevd.94.052001
https://doi.org/10.1016/j.physrep.2005.12.006

LT T S8 AL L AR RE XY P (ol A 0

[J/OL]. Proceedings of European Physical Society Conference on High Energy Physics —
PoS(EPS-HEP2019), 2020. http://dx.doi.org/10.22323/1.364.0041.

Smirnov A Y. The Mikheyev-Smirnov-Wolfenstein (MSW) Effect [C]//International Conference on
History of the Neutrino: 1930-2018. 2019.

Super-Kamiokande Collaboration, Fukuda Y, Hayakawa T, et al. Evidence for oscillation of atmo-
spheric neutrinos [J/OL]. Physical Review Letters, 1998, 81(8): 1562-1567. http://dx.doi.org/
10.1103/PhysRevLett.81.1562. DOI: 10.1103/physrevlett.81.1562.

The BOREXINO Collaboration, Agostini M, Altenmiiller K, et al. First direct experimental evidence
of cno neutrinos [Z]. 2020.

The JUNO collaboration. Layout of juno detector [EB/OL]. 2019. http://pic.ihep.cas.cn/tpk/dkxzz_
tpk/JUNO/201906/t20190621_5326745.html.

Walter C W. The super-kamiokande experiment [J/OL]. Neutrino Oscillations, 2008: 19-43. http:
/ldx.doi.org/10.1142/9789812771971_0002.

Wendell R, Super-Kamiokande collaboration. Prob3++ [EB/OL]. 2021. https://github.com/
rogerwendell/Prob3plusplus.

Wright D, Kelsey M. The geant4 bertini cascade [J/OL]. Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 2015,
804: 175-188. https://www.sciencedirect.com/science/article/pii/S0168900215011134. DOI:
https://doi.org/10.1016/j.nima.2015.09.058.

Zyla P A, Barnett R M, Beringer J, et al. Review of Particle Physics [J/OL]. Progress of Theoretical
and Experimental Physics, 2020, 2020(8). https://doi.org/10.1093/ptep/ptaal 04.

84


http://dx.doi.org/10.22323/1.364.0041
http://dx.doi.org/10.1103/PhysRevLett.81.1562
http://dx.doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1103/physrevlett.81.1562
http://pic.ihep.cas.cn/tpk/dkxzz_tpk/JUNO/201906/t20190621_5326745.html
http://pic.ihep.cas.cn/tpk/dkxzz_tpk/JUNO/201906/t20190621_5326745.html
http://dx.doi.org/10.1142/9789812771971_0002
http://dx.doi.org/10.1142/9789812771971_0002
https://github.com/rogerwendell/Prob3plusplus
https://github.com/rogerwendell/Prob3plusplus
https://www.sciencedirect.com/science/article/pii/S0168900215011134
https://doi.org/https://doi.org/10.1016/j.nima.2015.09.058
https://doi.org/10.1093/ptep/ptaa104

B

SRS v AR 2 8 2 ) SRR 2 2 B 1 KIS B 28052 DA S A R 1) = i [
EXFRAIE T A BEBERAEF AR RIS T3HA8T, NI IOTHS,
ArHGEVE T BRI LS IR A U o S B R SR A PP S B 5K B 4T
W, AT YR TR T I RIE ORI AR Z AR . AT ATERTFEHE TS
FEARG U T RMRE BRI, BTG S, XmIE SO AT e
S

5 H LR A BB B AR5 B3 S i oA FOR AR B . 73 AMA
Z AR Kai Gallmeister 2 1o S {141 23 Bh B fg ke 17— 28T GIBUU
FORPEF . s T T TR A X R SO Je LRk, Al TR I g T Tk

b, I ER P EREBE R T BAR M XA B XA AR
By, AR RELE TR B L T HAH ERA BN, A W] BE 58 BUX s S .
TEXHL, ALBR] RTERI MR W, SRR SRR TRKR
R SR o B T Rl R RS R S, BRI TR A P T R A s il
FIAERY, SCBRRY SO FAT PASE MUK e SRS 1 SR

'Prof. Kai Gallmeister from Universitit Frankfurt helped me out of some GIBUU problems by mailing list, thanks

for his patience solving my problems.

85



YL PRS2 b A AR RE A P s Y I

86



	摘 要
	Abstract
	目 录
	图形列表
	表格列表
	符号列表
	第1章  引言
	第2章  质量顺序与中微子振荡与大气中微子
	2.1 中微子振荡的理论推导
	2.2 中微子振荡的物质效应
	2.3 大气中微子
	2.3.1 大气中微子的振荡
	2.3.2 自下而上的中微子流强

	2.4 大气中微子与质子衰变的搜寻

	第3章  江门中微子实验
	3.1 背景
	3.2 江门中微子实验设计
	3.3 Fully-Contained 与 Partially-Contained
	3.4 中微子味道鉴别

	第4章  中微子与核作用的末态粒子
	4.1 πpm,0 计数
	4.2 粒子带走的能量占 Eν 比例
	4.3 中子的能量分布
	4.4 µ 与 νµ 之间的夹角
	4.5 较重的强子

	第5章  Geant4 模拟
	5.1 能量沉积的响应矩阵与筛选条件
	5.2 综合筛选效率
	5.3 Michel 电子

	第6章  去卷积(Unfolding)
	6.1 直接使用逆矩阵的缺陷
	6.2 贝叶斯迭代
	6.2.1 贝叶斯迭代的正则化


	第7章  质量顺序的敏感度
	7.1 对于江门中微子实验的敏感度的估算

	第8章  总结与展望
	附录 A  νµ的振荡概率
	附录 B  中微子流强的拟合
	附录 C  Protons and Charged Pions in Liquid Argon
	C.1 Process during propagating
	C.1.1 Per step process
	C.1.2 Stopping or disappearing process

	C.2 Range distribution
	C.2.1 Range Distribution for protons
	C.2.2 Range Distribution for π+
	C.2.3 Range Distribution for π-

	C.3 Range v. Energy Plot
	C.4 PID in magnetic field free TPC
	C.4.1 End Ex Distribution for protons @ 100 MeV
	C.4.2 End Ex Distribution for π+ @ 100 MeV
	C.4.3 End Ex Distribution for π- @ 100 MeV


	参考文献
	致谢

