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AR ARAFIRMNER S, FEEZETFTENPFREELRRKE, FFEHFIERMEERRE
EMARIFETEE. SEARKAE, Geantd FEBHLIBIENIRE S I F I EFEERS R
%, TESHPREX(E < 200MeV) BF-ZIEEMER B ESHHIEMERX. ARE—MHE
FTALYS #% KRBT ERGeantd FFFZEIEIETTEA, ERIEFGeantd FHLEMMKRSEHNES
HATHEMLE, FIATALYS EHAENPREXEFF RFMMDSH5HE52C WIEEMER
R RFITEEZEMAEMN. SKITESLENEELLE, FTFP_BERT HP RER+20.0% b4
£+6.04%, QGSP_BIC_HP H+13.0% F&ZE—-0.39%. £RKRA, ZHEUEBERERADFZ
FUSHEE, ARMEARIEPFARARREENEERR.
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Abstract

In deep underground low-background particle detection experiments, neutrons in-
duced by cosmic-ray muons constitute one of the dominant background sources lim-
iting the detector sensitivity. The neutron yield, which characterizes the neutron
production capability of muons traversing matter, is a key physical observable whose
simulation accuracy directly impacts the reliability of muon-induced background stud-
ies.Previous studies have indicated that the Geant4 Monte Carlo particle transport
toolkit exhibits systematic deviations in predicting neutron yields in organic liquid
scintillators. One of the primary sources of this discrepancy arises from the use of
parameterized approximations for hadron—nucleus inelastic cross sections in the in-
termediate and low energy range (E < 200MeV).To address this issue, we propose a
correction method for neutron yield simulations in Geant4 based on nuclear reaction
cross sections calculated with the TALYS code. While preserving the original cas-
cade structure and final-state kinematic distributions in Geant4, this method employs
high-precision cross section data from TALYS to perform an offline, vertex-by-vertex
reweighting of inelastic interaction probabilities for secondary neutrons, protons, and
gamma rays on '2C in the intermediate and low energy region.A comparison with mea-
surements from the Daya Bay neutrino experiment demonstrates that, after incorpo-
rating TALY S-based cross sections, the relative deviations in neutron yield are sig-
nificantly reduced for both physics lists. Specifically, the discrepancy for FTFP_BERT_HP
decreases from +20.0% to +6.04%, while that for QGSP_BIC_HP improves from +13.0% to
—0.39%. The corrected simulation results show substantially improved agreement with
experimental data.This approach provides an effective pathway to enhance the predic-
tive accuracy of Geant4 for neutron yields in liquid scintillators, and offers a refined
methodology for modeling muon-induced neutron backgrounds in deep underground

low-background experiments.
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1. 2518

L1. P FARREUNARE R

BEE B, T e DU S AR DA K IR T BRI SE SE AN R R, IR TR R
FAEE P R TSR A AR JEORL PRI 2 56 (LA fa R AR Hb AR AS R S 56 ) o AR TR 28 il AL AURS FE AR F2 1 1 5
EEOR (1] (3] JFEE R BARRENE A R 55 ¥ 1 1 A 2 i RS Ay R T A LR R Oy, (EAT A
/b BE T T 46221 (cosmic-ray muons) W] LA%F % o = 0E A\ SEE KT, X LB 1A A WK A KR
A i (liquid scintillator, LS) & J& Bl AF L AL &8, 2@ id ez e B B8R 3 DA S IR 58 T )
PEEE R AR E T, T R S35 5 m AR SR AR [1] [2].

TEIXREW T, H 77 (neutron yield) ¥ & SN AT B T4 AT ERARA BRI AT A ol %5
AR YRR B T A R SRR EE, OO PR IR A8 T AR
KPR EE AN [F) S 6 45 B B 2/ bR [4])- [6]. XA P2 847 nl S ARLL, AR Bh TS5 W ik e
BUWARARE, WA BT 52808 i b i R gz 4240 1] (2]

1.2. Geantd BfEE5TALY Sk N &\ & ELE

Geant4 2 = B 1) 5 A2 W) B AU V2 A% FH RE 5 2R RO B, Refg Ab 3 A2 2% JLA
SR P BT 58 SR AR RS AR [7)- (9] AR R SERR I AR 5T, Geantd ] T8
T LB ARG R R REETT.  IRGokL 7 A= Bl ke b iz i 72 (7] [8].

SRTT,  EABAAIN R (LS) SEERAAR SR LR, Geantd 7EHFEW B RAMBANZAF T
Xof v PR I S N AR AE ZE R [4]- (6] HE— DR, X 22 T EORIE T IR GOk T
FEFREEX (B < 200 MeV) 58 - B AR#E MR RGEAL, AR mBES T A S IR [1] (2] X
TLSIXRLA, ENFEER A, s B A 2k 52 C 8] 1 s B — B IR 4
Pefi 72, AU AE 2 PRI RE P IZ P TEOR, e BRI b 7 A0 i 125 S 96 I &8 [4]- [6].

TALY Ss2& [ [7] 1% S SEAf 98 B oH AR P, & A T 1keV - 200MeVEEIX P 2 Bl N 5 K+ 15 [
TRAH EAEH A [10] [11]. 5 GeantdH & T2 50 1 A 1% A B AL (W BERT. BIC) AN A,
TALYSTEAC B AZ S NI S A T 2R TP A A DL I Hauser—Feshbach &t it # i, #E
PR AL SR B (W AR S ST [10]6

B A P RSN R 2 1E 77 SR TALY SBIAE FH AR B AR Geant4 ) 5 B MIS HESE, 17 /2 A2 fit
e b A% S SR LB A AN . Rl R AE R REIX, TALYS%A Hin. pv v S5R2CHERMAE
HPERTAE, TR 1T Geant AR5 AL M 22 K R A i) g AT 2 1 5C RAGALARAE [10] [11]6
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1.3. ANXHIEETIE

AL 5EGeant 4 ELS o o 17 UL A7 (0 22 1 A, 2 Y B T TALY S [ WA T X Geant4 3t
TR CEE S FHAE 77 AT 11 3 Z BN 5 Geant4 A AR B B HE 5
bt i 3L BE T TALY SEZ S N s (4 1 48 T B AUIZ IERE,  fE A 38 Geantd R KL 112 3]
DATIIZEAET, B IR ARAE DX AR FE S NEIE 1) A B MR fie i BLBUE I R B AL Th P T
M ERIZERE, FFE5 A RS SR B 4 R A Z T VAR A R

2. PFEHH SRIER
2.1. FELEETE P FHRFTRIRRRLT Rk

FRE T RS T LS, R AP A R AR B OB R T AR A H R LA A
S8R AH ELAE FH B S S 3 (R R B SRR R (1) [2)0 B 7 A B AT LIt i e T30 4 5 IR A% R AE AR
HAEM, BlEd g EeE s e m e S 2. MIGUR M A RIS 2 ny pBA KA TR R AR EAEAY
B ARdE, SRR A AR R, BE— D AR RIR ST (1] [5).

fEix— iR, AR X R TS 2 CRY RS S SIX i T UG B Y. it T
AR (n, 20) L R TR B (p, pn) JSLEA By S50 R MR R, #54s B HE AR i 7 o
PR T IORE A, TR TR KRN A A B S, YeH AR X S R T 1 R G
M i 22 2 7E LA B 5 b K [10] 11

FELSA B, KB TR G858 R oAbt E 2R, IR LT 2 HE Me Vit
W, SR AR S O R SR I BRI —. ML N, R RAM A TR,
Gk LG T R, AR RE SR A S ) R RE X, DR AE SRR AT T Rk S 8 R A B R BOR
R (1] [2).

YVHTERIAE I = BRI IR b SR RS RCHE R, AT RR AR 2 AR R R I
ARSI e ARSI R X B A% S S I ) SRR A T e, R O A e e PRI, A
Bin. p. 5 12C R AT S AT B0 20 TR O S BOEIE, 2 e rh -1 = BT A R0 A% [10] [11).

2.2. Geant44NIBF|REHFFHENX

AILHEET Geantd 11.2. 18 FLSA i 1 2 7= A ih FRUAESE [9]. W Fi X GO AL HLIK
RINERAR, H BB TR ABME, =R 1 KRGO 77288 XA ot v () JE 35 AH BLAE F 2
A R N AN R A% A DA B T P B S, AR SR E T R SR T B A
% [9]:

e FTFP_BERT HP: &t X K HFritiof SZH A, A {K AR X K H Bertinit N 2 B4 % A (Bertini
intranuclear cascade model, BERT);

e QGSP_BIC_HP: =X KSR 5288, H{KEE X X% 7K H Binary UK 8 (Binary
cascade model, BIC), TiXJ /¥ Flyit £/ {8  BERTHL.

PRI ER A 380 55 v b AR g P T HdR A5 Bk (High Precision, HP), PAPRIE(R 20 MeVH
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THza. BAAFIRIS R B M AL R (9], A SCOTE R A2 TP AE X AR 3 SN 77 AR I B2,
DRI I EU 2 2 0 AN [ R BB Y T rh P ) 22 57, ARSI N TALY S THNE 1E J5 A8 1k,

W 1FT7R, A SCR ) 3170 Geant 45 14 BE 51 28 15 5 AE [X 52 A5 78 R AR A1 g [X A% P 2 R A 7Y
B EFEZER. Hd, FTFP_BERT_HP 5QGSP_BIC_HPZE FPILAE X K T AN [E) i S Bk i 7Y,
XA SR LR R A 2 S I A ERYR

FTFP_BERT_HP

QGSP_BERT_HP

QGSP_BIC_HP

NeutronHP for E, < 20 MeV

Figure 1. Composition and applicable energy ranges of Geant4 hadronic physics
lists used in this work

1. ASCRHHI Geantd 55 WL R R X 3&E TG s 2

B 1 R T = WL Geantd 3 T YIRS, F T UL B A B 5 R AE A Ae sz A A A ik e
X A% N AR E 2 e A SCHE fa 220 i h E E IR BFTFP_BERT _HP5 QGSP _BIC_HP W
P E s R/ AR R, Hd, FTFP_.BERT_HPRREBERTZHMEM, QGSP_BIC_HP{EBIC
AL QGSP_BERT-HPTE A S0y 1K BE X S FTFP_BERT _HP A R FIBERTZ AR Y, Til
Wgh i 5SBERT KA S A—8, 8ARRITHI. XFELEEGHTREPFHHERFE
KI8T BERT 5BICTE R AE X A% N AL ER AN, T JE = B sL I B A £

2.3. FFEZHEN

AR H 5= 85E N N
= L LN— s 1

Nu : Lavg P ( )
Hrp, NOWEEXHNFPERST T, N AFSRX OB TS, Lo BT AERX A 570
K, p XA B . 1Z0E LRSI B J LT RO I B, 8 T AN R SR AR se i 25 R 2
AL AR [4)- (6],

3. ETTALYSHIHF=HIZIEFE

Y.,

R IE RS Geantd W T =R IME IERE R, ASCHEHL T TALYS 1.87E 5 TENDL-201 7408 F — 35
PRI EAR M. pe v 52CH AR AR T 2 [10] [11]. FREBITALYS E ZE A 1200
MeV LA RREX, A& IE VO B R 5 76 & A8 & X 7] Y.

5 Geantd ™ % N KA R AR LU, TALYSZ i 048k i $odfs B A 58 78 70 A% s B 3R 1K 3
DRl e AT A 9 Geantd IR AE X 0% 8 S NIETE I ANEE S %, AR SO AR TALY SH 2 # R 34545 B 4%
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ik NGeant4, T & AN H2 U rf 77 400 %5 U AH OC 1) JE 3 M e Bl R RIS 2, FH T 5 2R 1 S RAUE
iE [10] [11].

3.1. XIBREXMBEE RmE

XL TALY S5 Geant4 N B BRI 7E200 MeV BA R B SR AT BAK I, 78 L+ 25 E Me VX
BREX Y, GeantdXin—'2CHlp-12CHE M i 87 1) T 38 5 S TALYSZS RAFE M B2 5 X T
ROYeHE N, Geantd #5322 14 s 430 38 F Ak Bt 400 15 1 45t B om S A R . IR B 2 R R
HARBR T A NI, Ml G Rd R R, REAFEENH T RG M5
1 [9]- [11]e

Wi 2f7R, TALYSSGeantdfEn. pFly NG2CHE#: R N AT EAFE B2 7. X T A
FAERIHRAE X, X 22 5K T 42 5 e R O B T et () R AE 2R, it — 20 A% 3 31 o 1= B0

gk
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Figure 2. Comparison of inelastic reaction cross sections for n, p, and v incident on **C between TALYS and
Geant4

2. TALYS 5 Geantd%tn. pAly N2 CAE 3 SN 8 T 1) L s

B2, Wl PR, A TS5 7 AR R R NGE E, TALYSS Geant44s
MBS R Z R EMYR. 5EARF IR AT b, XL SR S N TE Y 72 7 5 e AR AN [RI B T
R A SR DL R R 2 TR T B AR AL

— A ELEAE IE T2 A Geantd PN A Y PR AR 551 S 2 A8 T 5 9 O TALY Sk, B M ik
FEIX R RGP L EHER o TR R Geant A IR S SR THT . e B30 T8 16 43 LA ROR A BT
(A il e FAB B 27 3 A R M B AE Rl — B 1 A HEZR A (7] (9] A 30 i s 2 4B T 11 AS 8 25 R AR 12
RE, WTRERARR R N B — B0, RN 2 RGO SE TR AE.
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Figure 3. Comparison of reaction cross sections for major neutron-production channels between TALYS and
Geant4

& 3. TALYSY Geantd X} 3= i mh 177 A2 1 J o 785 T 1) Bl st

PR, RSO B AZ S Geantd )i JZ [ SR, 1K ) — s Ab BRI e iH 2 1505 vk (R

B Geantd 42 i (0 KA 4 5 R AL T8 8 52 04, AR I TALY S 5 B S8 e B T A (1 o 5
TUHREEAT B2 IR AL Z 1E.

3.2. RN L NEEIERE

MNTAEE—ANE T, 2 XEERKE T 55N

Ng = 3 ONEW, 2)

Forbr, a3 Pz B A BERE AR T IR BT A, NEPRIR GeantdE I T AR RS 1

e, W Rt ST S R AR TS IEALEE R 1o 28 AN S RERL T Fh 2 RIRE 1 R 8 Bbnic iz 0, A
A7 XN

TALYS EZ \
?%yéﬁ’jemmmhw&ﬁwx

Wi = Wiy (E:) = FLRSLIR LA 77 A B RS )
L S

Horb, o5t 5ot AYS 73 i3I8 GeantARITALY SX R R8T b7 AL AR bk S BB T 120 R -
XA AR A T R BT R, AN E IR i GeantdMIRZ, 12 A TALYS 5 Geant4 £
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R S N2 AN g B b RO EUARL, X2 T R e o S ik S0 A

KB IEFFA R BA B RS AT L, TR KR F G4 5 b (1 B S B2 Tl A
SRR T EIRAL I, %07 A AR R Geantd 2 6 45 ¥ [ K B hE 118 B 2 00 A RAE R AT HE T
fETALY SAF B o177 A S S8 I ATE B 51 A Geant4Z1EH [9]- [11].

3.3. N FMAF R MIERYIE A SEE
ERE IR RA LN I 525

1. EBIBR: YASK FBhEER T200 MeVIE, HF#HTALYS & AR, SERL, A
*F Geantd4h BAEIE 1L

2 WFSREEAR: WA po A NIFEON HH B TP LR R RO TETE, AR
Fo BB P T R BT R Geant A FARAEIE: BLAN, 5 — HiGeant4 T
BT 7 RS TALY S NS, DR AR LB AR

3. BEVFERSF: BIE AT RS A ST TR, A 2O Geantd E AR R A BE
W AT S s i e

PRI, 12059 3 B X o 7 P R AR AR B 0 TR I &, AR T s E e
WA B AT, A I AT REAN A, TR HE— 2B

4. ER I
4.1. TALY S IEXS opF /= &RAD R0 2 40 TR A A

RYE Geantd JRIABANSE R, RITAF5E T Y BEBIRM;, o7 7= Ay SR B — 2 18 0 i e
o SINTALYSHEIEAE B )G, PIRIERSIZ NS B 7 P AU M BL R GE 0k TR, R {RAEX K
B Joc I EH T ) Joe I ABE =R i 22 iy S 3 80P 1 U s F) S 2 TR R [10] [11]

MWEEAR S R, B IEJE RIS RIFA SN IR0 Geantd 45 AE G — UG 478, T2 Ui B IE 45
RERBRF R MEVIMIG BT RHn. pFy B ERAET LT 2 80E MeVAEIX A (18 R %
&, AZIXTA] YA A A2 L fie 2% vh 1 = BTk B B A

Geantd ™ F =i ey, 5Bk B IPCOLFE 8 T D8 S NI 7E HR A B8 X 16 N ME 2R A K
1KY f NAE BANTI S W Al i, PEAE IR b F A Ak e R B N, A 25 TE 2 R kR
% B, TALYSZ A IE 5501 485 T 3 5 K T Geant 40t RS RY, PR i o A R PR 1~ PR I 3 L T A
PITTHER, AT LA BB R T = AR [10] [11]).

ML E, X85 RE 75U 22 B8 1E I JE 06 U8R B e Geanta B Y, U ELRE
P 5% B B DX R DG S N IETE, SR SR RIS ) A A S N A T L BT RR AT 0 R, B ATAE R
FF Geant4%yia fE L AR [ AT T o5est 44 0 I & 0 00

L FTFP _BERT _HP 5 QGSP _BIC_HP W R EL 51 R AT LAR I, A [E 4% P A R 56 vp 7 =
B TAFAE R % 2R [9) BERTHAUR HIESEY L, HEACRE S, B1E L KRR fE
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B A BORA K TE. BICH RN B s % 1 2 [0 () — AR R, X AR RE X A% N 5l
JIEEI A IR H TEAREL (9]

FINAHF I TALY S#KTH 2 1E 518 f5, BICHIARUN B 45 R B AR E 5 TBERTAE AL, X i B
TR o 2 TRIANAR T R BB A 5, 5 Geantd N BR8N /12 B 5. BITALYSfZ
15 RE S 208 Geantd X e ML R (43R, (EAS R A% A I 7Y B B 1K) 80 0 22 Rp AR ATS 2 R Wi o 24 4
R

4.2. SARLEPHF LIRS

RS A SC T VEAE SERR AR 6 1E T B e, RS IE S R 5 K B HE AR T S
¥ (Daya Bay) {0 sF T2 & 45 k4T e (6], LA1S 5256 K7 (Experimental Hall 1, EH 1)
AR, LIS T4 B R PR AN

Y, 2P = (10.26 £ 0.86) x 107° p ' g~ em?. (4)

TEXT AL, BF7ESE X N FP IR FE I Ly ~ 206.3 cmo 3 145 H T Geantd R 46 45
5TALYSE IE45 B 1 H A

Table 1. Comparison of neutron yields from original Geant4 simulation, TALYS-corrected simulation, and
experimental measurement

% 1. Geant4JFIATHLL. TALYSHE LA S0 I B rh 7)™ 4l LA

BV IIES JRAE Y BIE 3y, J5 4 i 22 (ENREES
FTFP_BERT_HP 12.31 10.88 +20.0% +6.04%
QGSP_BIC_HP 11.88 10.22 +13.0% —0.39%

W PRI 1070 pm g em?®s

BRI W, KA ERGeantd 45 B W 8 &6 70 7%, 5| ATALYSEF & )G, W
Ry BT 5 2 f 5 SR 4 BT 92 {4, L P FTFP_BERT HPI i % H1+20.0% 0% 1% #1+6.04%,
QGSP_BIC_HP ¥ ffi 2 ] FH-+13.0%47 /N $1—0.39%. 45 3 91, K& FTALYS/Z ¥ # 11 ) 85 2% =
WAL 7 2 B W5 2 3 Geantd ELS Hh oh P2 4 UG 18 IR 2600, 6 AR (R4S 1 5Em5 B, 4
T BICHBER 45 5 5 S5 & 4T (6]

5. ZiRSRE

AL H G Geant4FELS o i 1 P BTN A7 AE IO R G 22 i AL, $ Y 7 — 3 T TALY S e N AT
(R LB T EIRAUE IE T 0. 2T VEAEAN U Geant AR E M MR KL 718 8 22 0 A B RT3 T
A FHTALYSEEME in. pe 52 CHE RIS B b 5772 A AR5 S B TE A 2080, 0 mP (IR A DX O B S
T i 7 kAT 1 geit BB 1.

LKW, REE X 1A% A 5 S I AT AR T 2 A S R A B R 5
ATALYS M &, Geant4 ) o3 B PTINAEK LA BIS0GE, AN FEYELSER T 1K) 22 204 Bl
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N, Hrp ST BICUBRMR R M 85 R 5 SRIR AT & 5 4. AL, X T sl Ry s E, A A
P S N Bt o] S B S S TEREAT EAAL, DS R P RS RS i T R AT iR A%,

AH DA . B, HETR R P CRAZ S RRE X s pe OB, X
Ao RS AN B R RE X B IE R e IFe Hok, ASCEEGHR 7R — &, MRS T
RIRE G A 20 A0 0223 8] 3 A 45 SE AR WL B, 3 5 AR R SR T A vh 45 5 S 40 S A S I A8 T iR AT
W Ft.

6. ZE£InH

ARG E K HRRA RS (W H g5 12405125, 12575210). E 5K & AmE A R (30 H 4
51 2024YFE0110500) )3 #o

S22 3Rk
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