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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 < 200 MeV).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 12C in the intermediate and low energy region.A comparison with mea-

surements from the Daya Bay neutrino experiment demonstrates that, after incorpo-

rating TALYS-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. XØ

1.1. Ñ�¥f�.�[�ïÄ�µ

�X¥�fÔn!Ã¥�fV�©PC±9VÔ���&ÿ�ïÄØäuÐ§ÜÝu�/e

�¸¥�$��5�.âf&ÿ¢�(±e{¡�/$�.¢�)é�.��Ú�[°ÝÑJÑ
�

p�¦ [1]- [3]"þ­ñ��,U
k��f°²¡�»��¥��Ü©rfÚ>^¤©§�Ek

�þpU�»�Df(cosmic-ray muons)�±BßCX�?\¢��e"ù
Df3kÅ�Nðc

N0�(liquid scintillator, LS)9±�á�¥DÂ�§¬ÏL1Ø�A!Ü�Ë�±9g?rf�

A�L§�)�þ¥f§l
/¤�¢�&ÒpÝ�'��. [1] [2]"

3ùaïÄ¥§¥f��(neutron yield)�½Â�ü Dfê!ü ´»�ÝÚü 0��Ý

e�)�²þ¥fê"TÔnþU
�NDf�)¥f�oNrÝ§®¤�µd&ÿì¥f�.

Y²Ú'�ØÓ¢�(J�­��I [4]- [6]"é¥f��?1���[§Ø=kÏu¢��O�

ã��.��§�kÏu�Yêâ©Û¥�XÚØ��� [1] [2]"

1.2. Geant4Û��TALYS�A�¡9Ù`³

Geant4 ´pUÔn�ØÔn+�2�¦^�âfÑ$�AkÛ�[§S§U
?nE,AÛ

(�¥�âfÑ$9�p�^L§ [7]- [9]"3�/$�.¢���.ïÄ¥§Geant4 ~�^u�

[�»�Df3&ÿìá�¥�Uþ�È!g?âf�)±9¥fÑ$L§ [7] [8]"

,
§®k�NðcN(LS) ¢�Ú�'�[ïÄL²§Geant4 3A½Ôn�LÚ�[^�e

é¥f���ýÿ�¢�ÿþ�3�É [4]- [6]"?�Ú©ÛL²§ù« �Ì�5
ug?âf

3¥$U«(E < 200 MeV) �rfõØ��5�A�.Cq§
�pUDf����[ [1] [2]"é

uLSùa±%!��Ì�¤©�0�§¥f!�fÚ³ê���12C�m��A�¡��ÑyXÚ

5 �§Ò¬3õ??éL§¥�ÅÚ��§�ª��÷*¥f��ýÿ l¢�ÿþ [4]- [6]"

TALYS´¡�Ø�AïÄ�nØO�§S§·^u1keVõ200MeVU«Sõ«\�âf��

fØ�p�^�£ã [10] [11]"�Geant4¥Äu�²�Cq�ØS?é�.(XBERT!BIC)ØÓ§

TALYS3?n�Ø�A�nÜ¦^
1Æ�.!ý²ï�.±9Hauser–FeshbachÚOnØ§U


Jø�p°Ý���5�A�¡ [10]"

�é¥f���[�?�I¦TALYS��^¿�O�Geant4���Ñ$µe§
´�ÙJø

p°ÝØ�A�¡êâ��	Ü�å"AO´3¥$U«§TALYS�Ñ�n!p!γ�12C�^��

�5�¡êâ§��©ÛGeant4�. �5
9�ï�¡?�'XJø�â [10] [11]"
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1.3. �©�Ì�ó�

�©�7Geant43LS¥¥f��ýÿ�3� �¯K§JÑÄuTALYS�A�¡éGeant4?

1?���{"©ÙÄk©Û�»�Df�)¥f�Ì�ÔnÅ��Geant4¥��'�.��¶

��ïáÄuTALYSØ�Aêâ�l�Åº:­D�?��.§3ØUCGeant4"�âf$ÄÆ

©Ù�^�e§?�¥$U«��5�AÏ��u)VÇ¶��'�?�c��.3¥f��ý

ÿþ��É§¿(Ü�æ�¢�ÿþ(J�yT�{�k�5"

2. ¥f�)Å���[µe

2.1. �»�Df�)¥f�?éL§9g?âf�z

pU�»�DfBLLS�§¥f��)Ï~¿�ü��AE¤§
´��d>^�p�^!

rf�p�^9Ø�A�Ó�¤�?éL§ [1] [2]"Df���±ÏLJ1f����fØu)�

p�^§��ÏLÜ�Ë��)pUγ��"Ð?�A)¤�γ��!n!p±90f��UY30

�¥DÂ§�qØu)��5-E§?�Ú�)#�g?¥f [1]- [5]"

3ù�L§¥§¥$U«g?âf�12C���5�Aé¥f��äk­�K�"~X§¥f

u)�(n, 2n)�A!�fu)�(p, pn)�A±9γ��Úu�1Ø�A§Ñ¬��UC?éL§¥

�)#¥f�Uå"du¥f��´�þ�*�AnÜU\�(J§'�U«S�A�¡�XÚ

5 �¬3�ªÚO(J¥wÍ�� [10] [11]"

3LS0�¥§g?¥fÏ~3�Y#¥f�)¥åÌ��^§cÙ´3A��êzMeV��

S§¥f�%Ø���5Ñ�´o¥f�����5
��"�'�e§�f�,�k�z§�

oNþfu¥f§�ÙUþ©Ù� �pU«§Ïd3?éÐÏE�Ué�Y�A�)²w��

�A [1] [2]"

γ����^KÌ�Ny31Ø�Aþ"pUγ���12C�^�§�U>uõN��L§¿�

)�	¥f"e�.éù
1Ø�AÏ���z�O p§ò��¥f��ýÿ� p"Ïd§/

Ïn!p!γ�12C�����¡êâ�å�'�AÏ�§´Uõ¥f��ýÿ�k�å» [10] [11]"

2.2. Geant4Ôn�L�¥f��½Â

�©ÄuGeant4 11.2.1�ïLS0�¥�Df�)¥f�[µe [9]"ïÄé��;.kÅ�

NðcN§ÙÌ����%Ú�§­:ïÄDf9Ùg?âf3q«0�¥���5�p�^9

¥f�)L§"�'�ØÓØS?é�.é¥f���K�§�©À�
ü«~^rfÔn�

L [9]µ

• FTFP BERT HPµpU«æ^Fritiofu�.§¥$U«æ^BertiniØS?é�.(Bertini

intranuclear cascade model, BERT)¶

• QGSP BIC HPµpU«æ^§�–�fu�.§¥$U«éØfæ^Binary?é�.(Binary

cascade model, BIC)§
é0fÚγ��E�3BERT�."

ü«Ôn�Lþ�¹p°Ý$U¥fêâ�¬(High Precision, HP)§±�y$u20 MeV�¥
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fÑ$!úzÚÐ¼L§��°(?n [9]"�©'5�´¥$U«��5�Aé¥f�)�K�§

Ïd'�­:�ØÓ?é�.e¥f��ýÿ��É§±9Ú\TALYS�¡?���Cz"

Xã 1¤«§�©æ^�;.Geant4rfÔn�L3pU«u�.Ú¥$U«ØS?é�.

�À�þ�3�É"Ù¥§FTFP BERT HP�QGSP BIC HP3¥$U«æ^
ØÓ�?é�.§

ù�´�Y'�¥f���É��Ì�5
"
NeutronHP Physics Model Energy Ranges

0 3 6 12 25 100+
GeV

FTFP_BERT_HP BERT FTF

QGSP_BERT_HP BERT FTF QGS

QGSP_BIC_HP BIC+BERT FTF QGS

NeutronHP for Eₙ ≤ 20 MeV
FTF QGS BERT BIC+BERT ansition

Note: Gradient regions indicate smooth transitions between physics models

Tr

Energy ranges are approximate and may vary based on particle type and interaction channel
Figure 1. Composition and applicable energy ranges of Geant4 hadronic physics
lists used in this work

ã 1. �©æ^�Geant4 rfÔn�L|¤9U«·^��«¿ã

ã 1¥Ð«
n«~��Geant4rfÔn�L§^u`²ØÓÔn�L3pUu�.Ú¥$U

«ØS?é�.þ�|¤�É"�©3�Y©Û¥Ì�À�FTFP BERT HP�QGSP BIC HPü

«Ôn�L��'�é�"Ù¥§FTFP BERT HP�LBERTa�.§QGSP BIC HP�LBICa

�.¶QGSP BERT HP3�©'5�¥$U«�FTFP BERT HPÓ�æ^BERT?é�.§ý

Ï(Jª³�BERT a�.oN��§�Ø2,1©Û"ù�?nkÏuâÑ¥f���ÉÌ�

5
uBERT�BIC3¥$U«ØS?é?nþ�ØÓ§
�pUu�.��"

2.3. ¥f��½Â

�©æ^�¥f��½Â�

Yn =
Nn

Nµ · Lavg · ρ
, (1)

Ù¥§Nn�q«S�)�o¥fê§Nµ�BLq«�Dfoê§Lavg�Df3q«¥�²þ»,

�Ý§ρ�q«0��Ý"T½ÂU
�ØAÛº����K�§BuØÓ�[^�Ú¢�(J�

m?1'� [4]- [6]"

3. ÄuTALYS�¥f��?��{

��EéGeant4¥f���?��.§�©J�
TALYS 1.83�TENDL-2017êâ¥��^

�eO����n!p!γ�12C�p�^���5�¡êâ [10] [11]"�Ä�TALYSÌ�·^u200

MeV±eU«§�©?�����½3TUþ«mS"

�Geant4¥�ØS?é�.�'§TALYS�Ñ��¡êâäk�¿©�Ø�AnØ�â§

Ïd���Geant4¥$U«'��AÏ��	Üë�"�©¿�òTALYS��Ü"�&E��
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i\Geant4§
´=J��¥f�����'���5�A��¡&E§^u�Y�­D�?

� [10] [11]"

3.1. '�U«��¡ �

é'TALYS�Geant4S��.3200 MeV±e��A�¡�±uy§3A��êzMeV�'

�U«S§Geant4én–12CÚp–12C��5�A�ýÿÏ~�TALYS(J�3²w�É"éuγ–
12C1Ø�A§Geant4¥Ü©õN��Ï��?n���u�Ñ�r�AVÇ"ù
�É�K�

¿ØÛ�uü��Aº:§
¬ÏL�Y?éL§È\§�ª��÷*¥f��ÑyXÚ5p

� [9]- [11]"

Xã 2¤«§TALYS�Geant43n!pÚγ\�12C��5�A�¡þ�3²w�É"éu�©

'5�¥$U«§ù«�Éò��K��'�Aº:�u)VÇ§¿?�ÚD4�¥f���ý

ÿ(J¥"

Figure 2. Comparison of inelastic reaction cross sections for n, p, and γ incident on 12C between TALYS and
Geant4

ã 2. TALYS�Geant4én!pÚγ\�12C��5�A�¡�'�

?�Ú§Xã 3¤«§3eZ�#¥f�)���'�;.�A�þ§TALYS�Geant4�Ñ

��¡(J�É�\²w"�o��5�¡�'§ù
'��A���O�U)ºØÓ�.e#

¥f�)rÝ±9�ª¥f���Cz"

�«���?�g´´òGeant4SÜ¦^���5�A�¡O��TALYS�¡§�ù«�{

3ùaE,?é�[¥J±��æ^"�Ï´Geant4¥��A�¡!�AÏ�ÀJ±9"�âf

�)¤9Ù$ÄÆ©Ù´ÍÜ3Ó�ÄåÆµeS [7]- [9]"e=O��A�¡
Ø­#)¤�A

"�§�U»��.SÜ���5§¿K�õ??é�ÚOA�"
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Figure 3. Comparison of reaction cross sections for major neutron-production channels between TALYS and
Geant4

ã 3. TALYS�Geant4éÌ�#¥f�)��A�¡�'�

Ïd§�©Ø��?UGeant4.��A�.§
æ^�«�?nª�ÚO?��{µ�

3Geant4)¤�?é(��"�âf$ÄÆ©Ù§�|^TALYS�¡&Eé'��Aº:�¥f

�z?1l�­D�?�"

3.2. Åº:�­?��.

éu?¿��Df¯~§½Â?���o¥f�z�

N corr
n =

∑
i

NG4
i Wi, (2)

Ù¥§iH{T¯�¥¤kU
�)#¥f��Aº:§NG4
i L«Geant43Tº:�)�"�¥f

ê§Wi�éAº:��¡?��­Ïf"e±\�1âf«ajÚ-EUþEiIPTº:§K�­

Ïf½Â�

Wi ≡Wi,j(Ei) =



σTALYS
in,j (Ei)

σG4
in,j(Ei)

, j ∈ {n, p, γ}, qØ�12C,

�éA�A�#¥f�)��5�A�,

1, Ù¦�¹”

(3)

Ù¥§σG4
in,j�σ

TALYS
in,j ©OL«Geant4ÚTALYSéA�#¥f�)��5�A��¡"T½ÂL²µ

éuz��U
�)#¥f��Aº:§Ø��O�Geant4�"�§
´=|^TALYS�Geant43
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�A�A�ÚUþ:þ��¡'�§éTº:�ÚO�z­#\�"

ù�?�¿Ø´éü�¯�"�?1­#Ä�§
´é�þ¯�ÚO(J¥�'��Aº:

¢�Åº:­D�"Ïd§T�{3�±Geant4?é(�9"�âf$ÄÆ©ÙØC�cJe§

rTALYSé'�¥f�)�A���¡&EÚ\Geant4?�¥ [9]- [11]"

3.3. âf«aÚ�A��·^��

þã?��.äk±e>.^�µ

1. Uþ>.µ �\�âfÄUpu200 MeV�§du�ÑTALYSÌ�·^��§�­�1§Ø

éGeant4(J�?�¶

2. âf��A�>.µ =én!p!γ\�12C��#¥f�)��5�A�?1?�§Ù{â

f!qØ9Ø�)#¥f��AL§þ�±Geant4�©?n¶d	§e,�dGeant4ýÿ�

#¥f�)�A�3TALYS¥Ø�3§KT�A�éA�­Ó��1¶

3. $ÄÆ�±µ ?���^u�Aº:é¥f���ÚO�z§ØUCGeant4)¤�"�U

Ì!�©ÙÚ�YÑ$L§"

Ïd§T�{Ì��é¥f��ù��È©þ"éu��©�*ÿþ§X"�¥f�°[U

ÌÚ�m©Ù§=ÏL�¡­D��UØv§EI?�ÚïÄ"

4. (J©Û

4.1. TALYS?�é¥f���K�9Ôn)º

�âGeant4�©�[(J§æ^ØÓrfÔn�L�§¥f��þLyÑ�½§Ý� pª

³"Ú\TALYS�¡&E�§ü«Ôn�LéA�¥f��þÑyXÚ5eü§L²¥$U«'

��AÏ���AVÇ �(¢´��¥f�� p�­�Ï� [10] [11]"

l�Nª³þw§?���(J¿Ø´é�©Geant4(J�Ú�'~ �§
´`²?�(

J�g?âf�Uþ©Ù���'"dug?n!pÚγ��3A��êzMeVU«S�Ïþ���

8§T«mS�¡�?�é�ª¥f���z��²w"

Geant4¥f�� p§Ì�5g?éL§¥eZ'��AÏ�3¥$U«��AVÇ �"

�ù
�A3ü�º:þ�p��§�)�g?¥f¬UY>u�Y�A§¦ �3õ??é¥

ÅÚ\È"TALYS�Ñ���5�¡Ï~$uGeant4éA�.§ÏdÏL�­Ïfü$ù
º:

��z§�±k�ü$#¥f�)rÝ [10] [11]"

l�{þw§ù�(JL²¥f�� ��?�¿�7L�NO�Geant4�."��U


£O'�U«Ú'��AÏ�§¿|^����	ÜØ�A�¡éÙ�z?1�å§=�3�

±Geant4Ñ$µeØC�cJeUõ�N*ÿþ�ýÿ"

'�FTFP BERT HP�QGSP BIC HPü«Ôn�L�±uy§ØÓØS?é�.é¥f�

��ýÿ�3wÍ�É [9]"BERT�.æ^ëYØÔ�Cq§O��Ç�p§�3õg-EÚU
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þ��?nþ�k�r²�5"BIC�.K�rNØf�m��N-EL§§é¥$U«Ø�AÄ

åÆ�£ãÏ~�[� [9]"

Ú\�Ó�TALYS�¡?�üÑ�§BIC�.éA�(J�NþE`uBERT�."ù`²¥

f����ªýÿØ=�6u'��¡��§��Geant4SÜ"�ÄåÆ�.k'"=TALYS?

�U
UõGeant4é�AVÇ�£ã§�ØÓØS?é�.g��ÄåÆA�E¬K��ª(

J"

4.2. ��æ�¥�f¢�(J�'�

�u��©�{3¢S&ÿ^�e�k�5§�!ò?�(J��æ��Aæ¥�f¢

�(Daya Bay)�¥f��ÿþ(J?1'� [6]"±1Ò¢��e(Experimental Hall 1, EH1)&ÿ

ì�~§Ù¢�©Û�Ñ�¥f���

Y exp
n = (10.26± 0.86)× 10−5 µ−1 g−1 cm2. (4)

3éA�[¥§Df3q«S�²þ»,�Ý�Lavg ≈ 206.3 cm"L 1�Ñ
Geant4�©(J

�TALYS?�(J�'�"

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

L 1. Geant4�©�[!TALYS?��[�¢�ÿþ¥f��'�

Ôn�L �©��Y G4
n ?���Y corr

n �© � ?� �

FTFP BERT HP 12.31 10.88 +20.0% +6.04%
QGSP BIC HP 11.88 10.22 +13.0% −0.39%

5µ��ü þ�×10−5 µ−1 g−1 cm2"

dL1��§�²?��Geant4 (J²wp�
¥f��"Ú\TALYS�¡?��§ü

«Ôn�L�(Jþ��C¢��§Ù¥FTFP BERT HP� �d+20.0%ü$�+6.04%§

QGSP BIC HP� �Kd+13.0% ��−0.39%"(J`²§ÄuTALYS�A�¡�l�­

D��{U
k�UõGeant43LS¥¥f���ýÿ°Ý¶Ó�L²§3�Ó?�üÑe§Ä

uBIC?é�.�(J�¢�ÎÜ�Ð [6]"

5. (Ø�Ð"

�©�7Geant43LS¥¥f��ýÿ�3�XÚ �¯K§JÑ
�«ÄuTALYS�A�¡

�l�Åº:­D�?��{"T�{3ØUCGeant4?é(�Ú"�âf$ÄÆ©Ù�cJe§
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