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25 - - NCQE NC non-QE
g E — Prediction E Vatm flux 18%
e 2 — v/ U ratio 5%
o N ——— Prediction (flux averaged) _ )
= - . Cross-section 18%
8 15[ —e— Data ] Primary y’s 15% 3%
§ E — Atmospheric neutrino spectrum E Secondary Y S .. 13% 13%
2 1HA— — Neutron multiplicity 21% 16%
8. - - Neutron energy 18% 14%
o5t 1.01 + 0.1 7(stat) tg;g(syst.) . Neutron transportation +7% +4%
C ' ] Data reduction 3%
0 . | . . n . 1 Neutron tagging 10%
0 5 10 Others 0.7%

Energy [GeV]
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2 — RHC v-NCQE -NCQE NC-other CC Beam-unrelated
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€ o6b | -~ NEUT533 Secondary-y production 13.6 13.1 19.3 21.4
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Bertini-style Cascade Model

e Aclassical (non-quantum mechanical) cascade

e average solution of a particle traveling through a medium
(Boltzmann equation)

* no scattering matrix calculated
* can be traced back to some of the earliest codes (1960s)
e Core code:

* elementary particle collisions with individual protons and
neutrons: free space cross sections used to generate
secondaries

e cascade in nuclear medium
e pre-equilibrium and equilibrium decay of residual nucleus
» target nucleus built of three concentric shells

19

HAYEZS 2023F&5FKS D. Wright, “Hadronic Physics I”, Geant4 Tutorial at Sao Paulo (2019)
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Binary Cascade Model

* Modeling sequence similar to Bertini, except
* it's a time-dependent model

* hadron-nucleon collisions handled by forming resonances which
then decay according to their guantum numbers

e particles follow curved trajectories in smooth nuclear potential

e Binary cascade is currently used for incident p, nand =«
 valid for incident p, n from 0 to 10 GeV
* valid for incident ©t*, =~ from 0 to 1.3 GeV

* Avariant of the model, G4BinaryLightlonReaction, is valid for
incident ions up to A =12 (or higher if target has A< 12)

23

HAYEZS 2023F&5FKS D. Wright, “Hadronic Physics I”, Geant4 Tutorial at Sao Paulo (2019)
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INCL++ Cascade Model

* Model elements
e time-dependent model
e smooth Woods-Saxon or harmonic oscillator potential
 particles travel in straight lines through potential
* delta resonance formation and decay (like Binary cascade)

 Valid for incident p, n and =, d, t, 3He, o from 150 MeV to
10 GeV

 also works for projectiles upto A =12
e targets mustbe 11 <A <239
* ablation model (ABLA) can be used to de-excite nucleus

* Used successfully in spallation studies

 also expected to be good in medical applications

26

HAYEZS 2023F&5FKS D. Wright, “Hadronic Physics I”, Geant4 Tutorial at Sao Paulo (2019)
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Figure 1.8: An example of neutron multiplicity using true CCQE v (cyan) and
v (orange) interactions in water. The left, middle, right correspond to neutron
multiplicities after primary interaction, after FSI, and after SI, respectively. T2K
beam neutrino flux is assumed.

R. Akutsu, Ph.D. Thesis, The University of Tokyo (2019)
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Energy level y-ray energy
Decay scheme MeV (J7™)

(k) /Niot

MeV (ratio) N
)

BC+d  3.09 (1/27) 3.09 (100% 3.0%
3C+d  3.68 (3/27) 3.68(99.3%)  4.2%
BC+d  3.85 (5/27) 3.09(1.20%) 4.6%
3.68 (36.3%)
3.85 (62.5%)
2C+t 444 (27)  4.44 100%) 5.8%
“N+n 492 (07) 4.92 (97%) 5.2%
"Ntn 511 (27) 5.11(79.9%) 0.0%
“N+n  5.69 (17) 3.38(63.9%) 4.5%
5.69 (36.1%)
"N+n  5.83 (37) 5.11(62.9%) 0.54%
5.83 (21.3%)
“N+n 620 (17) 3.89(76.9%) 0.0%
6.20 (23.1%)
“N+n 645 (37) 5.11 (8.1%) 2.8%
6.44 (70.1%)
“N+n  7.03 27) 7.03(98.6%) (6.7%)
“C+p  6.09 (17) 6.09 (100%) (0.0%)
“C+p 659 (07)  6.09(98.9%) (0.0%)
“C+p 673 (37) 6.09 (3.6%) 0.43%
6.73 (96.4%)
“C+p 690 (07) 6.09 (100%) (0.0%)
“C+p 701 (27) 6.09 (14%) (6.7%)
7.01 (98.6%)
“C+p 734 (27) 6.09(49.0%) 5.7%
6.73 (34.3%)
7.34 (16.7%)
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State Probability
D12 15.80%
D32 35.15%
S1/2 10.55%

others 38.50%

HEYEZR 2023FF5FKE



O 0 N o o7 N W N \\\}t

@)

i
o
&

L. Wan et al, Phys. Rev. D 99, 032005 (2019)

K. Abe et al, Phys. Rev. D 100, 112009 (2019)

NI, “BREER=1— M) /RBEHA EEBIFRNT - RFHEERICOWVWT, BRYEZ SR 2021FMFEKRE (2021)
J. F. Beacom and M. R.Vagins, Phys. Rev. Lett. 93, 171101 (2004)

K. Abe et al, Phys. Rev. D 104, 122002 (2021)

M. Vagins, “A Gadolinium-loaded Super-Kamiokande”, Neutrino 2022 (2022)

D. Wright, “Hadronic Physics I”, Geant4 Tutorial at Sao Paulo (2019)

R. Akutsu, Ph.D. Thesis, The University of Tokyo (2019)

Y. Koshio, “NEUT for NC elastic” (2021)

K. Kobayashi et al, arXiv:nucl-ex/0604006 (2006)

HEYEZR 2023FF5FKE

33


https://www-sk.icrr.u-tokyo.ac.jp/sk/_pdf/articles/PhysRevD.99.032005.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.112009
https://www.icrr.u-tokyo.ac.jp/JPSCR/2021F/sympo_sn/4_koshio.pdf
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.93.171101
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.122002
https://indico.kps.or.kr/event/30/contributions/930/attachments/229/455/Mark%20Vagins.pdf
https://indico.cern.ch/event/776050/contributions/3240660/attachments/1781020/2897453/HadPhys1SaoPaulo.pdf
https://www-sk.icrr.u-tokyo.ac.jp/sk/_pdf/articles/PhD_thesis.pdf
https://indico-sk.icrr.u-tokyo.ac.jp/event/7878/attachments/21900/28394/210903_Koshio.pdf
https://arxiv.org/abs/nucl-ex/0604006

