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General Information (1)
Focus :

o capture/annihilation processes
o gamma-nuclear interactions (at several hundreds MeV)

o hadron production in hadron-nucleus interactions at intermediate or high energies
Models : Bertini, INCLXX (pbar annihalation), FTF, QGS

Regression : 11.2.p01

Selected regression results are shown in a form of chi2 tables

Selected plots are included to illustrate model-to-model comparisons

o Selected results from FLUKA.CERN are included (per single user license)

= References : https://fluka.cern/documentation/references

= Use of components from from Geant4 standard FlukaCern example
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https://fluka.cern/documentation/references

General Information (I)
 Use of FLUKA.CERN via interface to Geant4

o Version 4.4.0, i.e. re-ran the same as in 2024 benchmark
= Fix in the FlukaCern/Flukalnterface
= Results from the latest FLUKA.CERN 4.4.1 can be added
o Inthe 2024 benchmark
= FLUKA.CERN-based application was a modified FlukaCern example

= Geant4 interaction XSEC used in the normalization, where applicable

o In the current round

= Optional use of FLUKANuclearlnelasticModel and/or G4 _HP_CFLUKAHI components,
together with FLUKAInelasticScatteringXS, all from FlukaCern example, are incorporated
with test applications test19 and test23, test47 is in progress

= FLUKA.CERN XSEC used with FLUKA.CERN results, Geant4 — with Geant4
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Capture/annihilation and gamma-nuclear interactions
» Capture/annihilation
o Bertini cascade model is used to model pi- and mu- capture processes

= Changes in the code result in some changes in the simulated results although nothing
major; detailed chi2 tables can be composed, if needed

o FTF model or recently added INCLXX algorithm can be used to simulate antiproton
annihilation processes (see also next slide)

NOTE: Recently added INCLXX algorithm is included in the test for the 15t time
« Gamma-nuclear

o Bertini cascade model is used to simulate gamma-nuclear interactions

= Changes in the code result in some changes in the simulated results but nothing major
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MC vs data : antiproton on H —> 7

dN/dP (GeVic)"/ NEvents

1/15/25

-- C. Amsler, Rev. Mod. Phys. 70, 1293 (1998)

-- C. Amsler and F. Myher, Ann. Rev. Nucl. Part. Sci. 41,219 (1991)
-- C.B. Dover et al., Prog. Part. Nucl. Phys., Vol.29, pp.87-173 (1992)

pbar annihilation on H
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¥*/NDF = 6.99 for FTF
¥*/NDF = 5.9 for INCLXX

NOTE: Based on this initial test, use of INCLXX is substantially more CPU expensive than FTF
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Hadron-nucleus interactions at intermediate energies
Models : Bertini (updates in 11.3) and/or FTF(P) (few updates in 11.3)

Pion production — benchmark vs HARP data

O

The test19 application can (and does) produce simulated results on multiple nuclear
target by proton or charged pion beam of momentum 3-12 GeV/c

However, to make the output more manageable, it appears that interactions of 8 GeV/c
hadron with C or Ta target can serve as “standard candles”

Proton and neutron production — benchmark vs ITEP(771)

O

The test47 application can produce simulated results on multiple nuclear targets by proton
or charged pion beam of momentum 1.4-7.5 GeV/c

To make it more manageable, interactions of 5 GeV/c charged pion or 7.5 GeV/c proton
with C or Pb can serve as “standard candles”
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Bertini : 8 GeV/c hadron on C —> pions

chi2/NDF calculated vs HARP data

11.2.p01 11.3 11.2.p01 11.3 11.2.p01 11.3
o FW 217 192 wt FW 949 115 7w FW 12.1 13.5
LA 26.5 53.3 LA 22.5 49.7 LA 2438 46.7
Tot  25.0 43.0 Tot 453 70.4 Tot 20.9 36.4
~ FW 354 398 7 FW 250 22 wm FW 272 20.6
LA 359 135 LA 27.8 132 LA 27.7 48.9
Tot 35.7 105 Tot 269 97.9 Tot 27.6 40.9

NOTE : in this slide and through slide 10 the FW (forward) means polar angle of the secondary hadron in the range
of 0.05-0.25 rad, while LA (large angle) stands for polar angle 0.35-2.15 rad
£& Fermilab
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Bertini : 8 GeV/c hadron on Ta —> pions

chi2/NDF calculated vs HARP data

11.2.p01 11.3 11.2.p01 11.3 11.2.p01 11.3

™ FW 212 16.0 ™ FW 154 21.4 ™ FW 1.1 0.83
LA 449 51.5 LA 422 48.0 LA 49.0 62.8

Tot 374 40.3 Tot 33.7 39.6 Tot  33.6 42.9
©m FW 267 27.5 m FW 258 20.8 n~ FW 194 13.0
LA 454 224 LA 32.0 167 LA 49.8 242

Tot 39.5 162 Tot 30.2 123 Tot 418 181
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FTF(P) : 8 GeV/c hadron on C —> pions

chi2/NDF calculated vs HARP data

11.2.p01 11.3

n FW 79 8.0
LA 15.7 15.8
Tot 134 13.4

r FW 276 27.5
LA 19.9 204
Tot 223 22.6
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11.3
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FTF(P) : 8 GeV/c hadron on Ta —> pions

chi2/NDF calculated vs HARP data
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11.3

17.6
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FW
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11.2.p01 11.3
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9.7 9.6
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33.7 33.0
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MC vs HARP data : 8 GeV/c proton on C —>n~ (FW and LA)
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#2INDF = 20.5587 for bertini

+2INDF = 8.41642 for ftfp

72/NDF = 6.066 for fiip_tuned
#2/NDF = 5.14368 for fluka.cern.4.4.0
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Similar plots on =" production are

in backup slides

1

1/15/25

@G/ apaw |moiseviciraa) oo 1 apaw [mbi(sevicitag)]

@0/ 6pav |mieviciraa))

B.0GeVE proln + © =X « 5, 0.3 < theks < D.56{rad)

oz (3 (X s wE [ e

momentum (GeV/c}

H.0GewE praln + © =X + B, 0.86 < thets < 1 15(aa)

L L L
3 [ —r s o g o
momentum (GeV/c)

8.0GeVE pralon + © = X + -, 1.65 « thets < 1.75irad)

4

L
a3
momentum {(GeV/c}

L
3 3 o.e or s

G 1 apaw |mbi{sevietaa)) oo 1 apaw) [mbi(evicitag))

&0/ 0pae |mb{eviciraa)|

BDGeVE prolin « G = X + P, 0.55 < theks < D.75{rad}

200
280
200
1sa [ ;
100 =i
50 [ d ;
P Tz as [ s - T—r (]
momentum (GeV/c}
ADGEVE proln + G X + i, 1,18 < theka < 1.35(rad)

160 -
1a0 -
120 -
00
ao |-
=
af
20F

E 1 1 L L

) [ I— L) s R a.

momentum {(GeV/c}
B.0CevE prolen + G X & i, 1.75 < theta < 1.96(rad}

120 =
100 [
aof
sof-
s
NS

o L

g

L L
oz a5 [ s OO aE
momentum {GeV/c}

MC vs HARP Data; x2/NDF calculated over LA theta bins

%2/NDF = 48.9069 for bertini
%2/NDF = 15.9011 for ftfp

%2/NDF = 3.82505 for ftfp_tune3
%2/NDF = 2.20064 for fluka.cern.4.4.0
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MC vs HARP data : 8 GeV/c proton on Ta—>n~ (FW and LA)

8.0GeVe proton » Ta-» X « pk, 0.05 < thets < 0. f(rad)

8.0GeVc proton » Ta-» X + pk, 0.1 < thets < 0.15(ad)
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MC vs HARP Data; »*/NDF calculated over FW theta bins

#2INDF = 12.9904 for bertini

%*/NDF = 12.1828 for ftfp

#*INDF = 5.24691 for ftfp_tune3
#*INDF = 27.4121 for fluka.cern.4.4.0
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MC vs HARP Data; ¥2/NDF calculated over LA theta bins

%2/NDF = 242.324 for bertini
%2/NDF = 33.0372 for fifp
%2/NDF = 13.7844 for ftfp_tune3

%2/NDF = 19.3706 for fluka.cern.4.4.0
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MC vs HARP data : 8 GeVict"on C —>7n~ (FW and LA)
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MC vs HARP Data; ¥*/NDF calculated over FW theta bins

%2/NDF = 22.1923 for bertini

%2INDF = 5.11617 for ftfp

#*/NDF = 5.01778 for fitfp_tune3
#2INDF = 9.77132 for fluka.cern.4.4.0
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MC vs HARP Data; %2/NDF calculated over LA theta bins

%2/NDF = 131.889 for bertini
%2/NDF = 14.2236 for ftfp

%2/NDF = 15.1293 for ftfp_tune3
%2/NDF = 3.06051 for fluka.cern.4.4.0
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MC vs HARP data : 8 GeV/c t" on Ta—>n~ (FW and LA)
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MC vs HARP Data; x2/NDF calculated over LA theta bins bertini

Similar plots on ©* production are 1Z/NDF = 166.94 for bertini ——

x:lNDF = 16.6154 for fifp ftfp_tune3
H H %2/NDF = 23.1814 for ftfp_tune3 — fluka. -4.4.0
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Bertini : 5-7.5 GeV/c hadron on C or Pb —> proton/neutron

chi2/NDF calculated vs ITEP(771) data

11.2.p01 11.3 11.2.p01 11.3 11.2.p01 11.3
8.1 8.5 p 13.4 13.8 P 13.2 12.1
n 6.4 7.0 n 4.6 3.2 n 3.7 3.0
11.2.p01 11.3 11.2.p01 11.3 11.2.p01 11.3
20.0 4.5 P 17.9 6.9 P 57.3 12.8
n 26.4 14.5 n 26.8 14.1 n 31.6 15.3
£& Fermilab
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FTF(P) : 5-7.5 GeV/c hadron on C or Pb —> proton/neutron

chi2/NDF calculated vs ITEP(771) data

11.2.p01 11.3 11.2.p01 11.3 11.2.p01 11.3
5.8 7.3 p 44 5.1 P 92.6 82.1
n 1.4 1.6 n 1.2 1.3 n 71.0 64.7
11.2.p01 11.3 11.2.p01 11.3 11.2.p01 11.3
55.6 54.8 P 19.9 21.3 P 96.8 95.8
n 87.1 87.2 n 119.2 118.2 n 140.2 139.3
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MC vs ITEP data : 5-7.5 GeV/c hadron on Pb —> proton/neutron

7.5 GeV/c proton beam

proten+Pb -> proton at 7.50GeV, theta=59.1

MC/Data

4 ITEP771 data

05 DOB 01 012 014 015 019 D? 0.22

proton+Pb - proton at 7.50GeV, theta=119.0

Kinetic Energy of secondary proton [Gev]

MC/Data

& ITEP771 data

1 | 1 1 | L 1 L
.08 04 012 014 016 018 02 022 0.%

Kinetic Energy of secondary proton (GeV)

%2/NDF = 5.57 bertini

#2/NDF = 92.5 fifp

¥2/NDF = 15.7 ftfp_tune3
#%/NDF = 27.9 fluka.cern.4.4.0
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proton+Pb -> neutron at 7.50GeV, theta=59.1

MC/Data

A |TEP771 data

002 004 DOED .1 012 014 016 013 D?
Kinetic Energy of secondary neutron (GeV)

proton+Pb -> neutron at 7.50GeV, theta=119.0

MC/Data

A ITEP771 data

| | 1 1 | 1 | | 1 L
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Kinetic Energy of secondary neutron (GeV)

%2/NDF = 14.8 bertini
¥2/NDF = 133.7 ftip
2 /NDF = 9.2 ftfp_tune3
xﬂ.fNDF 16.5 fluka.cern.4.4.0
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MC/Data

MC/Data

5 GeV/c tt beam

piplus+Pb -> proton at 5.00GeV, theta=59.1

A |TEP771 data

gr

Il 1 Il Il 1 Il
01 012 014 016 018 02 022 02
Kinetic Energy of secondary proton (GeV)

piplus+Pb -> proton at 5.00GeY, theta=119.0

A |TEP771 data

L, ! I | | I L
.08 01 012 014 016 048 0.2 022 02
Kinetic Energy of secondary proton (GeV)

¥2/INDF = 3.17 bertini

¥*/NDF = 23.8 fifp

¥2/NDF = 8.58 itfp_tune3
#2/NDF = 38.7 fluka.cern.4.4.0

MC/Data

No experimental
data on neutron
production in
forward
hemisphere

piplus+Pb -> neutron at 5.00GeV, theta=119.0

4 ITEP771 data

002 0.04 0.06 008 0.1 012 0.14 0.16 018 0.2
Kinetic Energy of secondary neutron (GeV}

¥2/NDF = 14.1 bertini

¥%/NDF = 118.2 {tfp

¥2/NDF = 10.3 ftfp_tune3
%2%/NDF = 47.5 fluka.cern.4.4.0
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Hadron-nucleus interactions at high energies
* Models : QGS(P) (no change) and/or FTF(P) (few updates in 11.3)

o NOTE: these two models use different fragmentation algorithms

* The focus is mainly on secondary charged pions but productions of other
secondary hadrons is addressed, based on availability of (or familiarity with)
experimental data

 Benchmark
o NAG61 data - 31 GeV/c proton or 60 GeV/c pi+ beam on C
o NA49 data — 158 GeV/c beam on C

2% Fermilab
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FTF(P) : 31-60 GeV/c hadron on C —> hadrons

19

KOs
Lambda
proton

1/15/25 J. Yarba, Fermilab - Geant4.11.3 - Hadronic Validation

chi2/NDF calculated vs NA61 data

11.2.p01 11.3
36.7 36.6
27.1 26.5
6.1 6.4
3.2 3.1
2.3 2.3
10.4 10.3
30.9 30.6

11.2.p01
21.9

10.8

4.5

2.8

11.3
223
10.7
4.4
3.1
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QGS(P) : 31-60 GeV/c hadron on C —>

20

chi2/NDF calculated vs NA61 data

KOs
Lambda
proton

1/15/25 J. Yarba, Fermilab - Geant4.11.3 - Hadronic Validation

11.2.p01 11.3
14.3 14.4
8.3 8.5
8.5 8.7
7.3 7.4
4.8 5.0
21.4 21.4
8.7 8.3

hadrons

11.2.p01
13.6

12.0

6.8

1.5

11.3
13.3
11.6
6.8
1.5
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MC vs NAG61 data : 31 GeV/c proton on C —> 1t~
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Similar plots for ™ productions are in backup slides
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F' Y

mmomansum [Gevic]

Bratcn + € = ¥+ e (180=aias240 Imrad])

e s e e e i i)

momentum [Gevic]

MNABS1 data

**/NDF=26.525 ftip

X*MNDF=3.61088 fluka.cern v4.4.0
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MC vs NA61 data : 60 GeV/ic tron C —> 1t~

pit+ o= ¥+ pic (@ethelas 10 [mrad]y piv 4 ©on Ko pic (10t [read) piv+ © = Ko pic (20l et [read) piv 0= K pic (E0ethetasf [readl)
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\
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N 16
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16 et 14
14
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Similar plots for ™ productions are in backup slides
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FTF(P) : 158 GeV/c proton on C —> hadrons

chi2/NDF calculated vs NA49 data

11.2.p01 11.3 11.2.p01 11.3 11.2.p01 11.3
T 50.0 48.8 T 3.1 2.9 Tt 14.4 14.2
T 18.1 18.4 T 1.9 1.8 T 8.0 8.1
proton 939 89.9 proton 24.7 24.1 proton 35.0 33.5
pbar 25.5 24.7 pbar 1.2 1.3 pbar 4.2 4.2
neutron 2.6 2.5
£& Fermilab
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QGS(P) : 158 GeV/c proton on C —> hadrons

chi2/NDF calculated vs NA49 data

11.2.p01 11.3
Tt 69.4 69.7
T 31.1 32.3
proton  40.5 39.5
pbar 94.2 92.9
neutron 6.5 6.6

24 1/15/25

proton
pbar

11.2.p01 11.3
43 43
2.8 2.6
36.9 37.1
45.3 46.3

J. Yarba, Fermilab - Geant4.11.3 - Hadronic Validation

proton
pbar

11.2.p01 11.3
18.1 18.0
11.1 11.1
23.7 23.6
22.7 22.8
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MC vs NA49 data : 158 GeV/c proton on C —> 1t~

25

an

25

20

dN/dxF

proton + G -> X + pi-

MC/Data (dN/dxF)

Average pT, GeVic

MC/Data (Average pT, GeVic)

proton + C -> X + pi-

E +
e B
= = F
¥

| | L | Ll |

A

Similar plots for n*, proton, and antiproton productions are in backup slides
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NA49 data

For dN/dxF spectra

Y*NDF=18.4 ftfp
¥%/NDF=8.14 ftfp_tune3
4% NDF=33.3 fluka.cern.4.4.0

For <pT> vs xF spectra
¥2/NDF=1.85 ftfp

¥Z/INDF=1.85 fifp_tune3

4%NDF=3.15 fluka.cern.4.4.0
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Summary

« We have performed validation of Bertini, INCLXX (annihilation), FTF(P), and QGS(P)
hadronic models, as of Geant4 11.3, to benchmark modeling of such processes as
capture/annihilation, gamma-nuclear interactions, and hadron production in hadron-nucleus
Interactions at intermediate or high energies

o Use of INCLXX annihilation modeling and comparison vs FTF(P) is a new addition to the test
« We have compared results vs those of 11.2.p01, and have observed the following :

o Certain changes with Bertini cascade; at intermediate energies, improved MC-to-data agreement in
modeling production of proton/neutron but results for simulated pion production appear to be moving
away from the data,; relatively small changes when modeling capture or gamma-nuclear interactions

o Little-to-none changes with FTF(P) or QGS(P)

« We have also compared simulated results from different models, and compared them
collectively vs experimental data as applicable

o We have included in the model-to-model benchmark selected results from FLUKA.CERN 4.4.0, to see
how its result compare vs those of Geant4

2% Fermilab
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MC vs HARP data : 8 GeV/c proton on C —> nt* (FW and LA)

B0GeV/e proton « G -x X  pls, 0.05 < theta < 0.1 rad]

80GeVie proton « G -» X + pls, 0.1 < theta < 0.15{rad]

B.0GeVE prolte + G > X + pie, 0.35 < hets < D.55{rad}

B.0GEVE pralon « G = X + e, 0.55 < heks < D 75{rad}

B.0GEVE pralon « G = X + e, 0.75 < heks < D.95{rad}
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momentum (GeV/c) momentum (GeV/c) 280 220
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MC vs HARP data : 8 GeV/c proton on Ta—>n* (FW and LA)

B0GeVic proton « Ta-> X » ple. 0.05 < thata < 0.1{rad) B0GeV/e proton s Ta-» X + plr. 0.1 < thata < 0.15{ad) A0GeVE prolon & Ta = X + piv. D35 < theta < 0550 A0GeVE prolon = Ta = X + pis. DS < theta < 0.75(ma0) A0GeViE prolon & Ta - X + piv. .75 < theta < 0.85(ma0)
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MC vs HARP data : 8 GeV/c " on Ta —> n* (FW and LA)
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MC vs NAG61 data : 31 GeV/c protonon C —> 7t*
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MC vs NA61 data : 60 GeV/ictton C —>n?t
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MC vs NA49 data : 158 GeV/c proton on C —> wt*
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MC vs NA49 data : 158 GeV/c on C —> proton

MC/Data (dN/dxF)
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NA49 data

For dN/dxF spectra
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MC vs NA49 data : 158 GeV/c on C —> antiproton
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A

NA49 data

For dN/dxF spectra
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