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Introduction: What is hadronic physics in Geant4?

Hadron-nucleus interactions: hadron + nucleus - X

Projectile (particle = hadron) (except y- or lepto-nuclear)
Target (Material > Elements - Isotopes - Nucleons)

Elastic, inelastic, capture, fission, radiative decays, etc.

6" Geant4

h(n,p, ,K.) = / X

X is the model-dependent final states (multiplicity, d>c/dEd(2)

Hadronic physics involves multiple energy scales using models with varying levels of details

Thermal Neutrons Low Energy Neutrons

Hadron production

< < ° >
< (Optical Photons) X-rays, Gamma-rays R Agco LHC DM, BSM, ?? ... . GUT Plank
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Capture and Radiative Decays QED Perturbative QCD (Q? >> Aycp)
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Semi-classical Physics
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Hadronic Physics Processes 6" Geant4

« Type of hadron-nucleus interactions: main categories

EI) = Ry~ Ef -
/;(f

q
Elastic (kinematics is conserved) Inelastic (kinematics is not conserved)

J neutron

fission
X X @""’"“‘
- B
® —

=l

==

AVAVAVAVS target fission
N nucleus pmduct
J neutron
Capture (= level transition, evaporation) Fission (abrasion and break-up)
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Hadronic Physics Processes
* Depend on the particle type and energy
— G4HadronElasticProcess
— G4HadronlnelasticProcess
— G4NeutronCaptureProcess
— G4NeutronFissionProcess
— G4RadioactiveDecay
— EM-like Processes (of charged hadrons)
¢ Coulomb, multiple scattering

* lonization, Bremsstrahlung

.JexampleB2a
/particle/select pi+
/particle/process/verbose 0
/particle/process/dump

6 Geant4

Hadronic Processes for pi-

Process: hadElastic
Model: hElasticGlauber: @ eV —> 100 TeV
Cr_sctns: BarashenkovGlauberGribov: @ eV ——> 100 TeV
Process: pi-Inelastic
Model: FTFP: 3 GeV ——> 100 TeV
Model: BertiniCascade: @ eV —> 6 GeV
Cr_sctns: BarashenkovGlauberGribov: @ eV ——> 100 TeV
Process: hBertiniCaptureAtRest
G4ProcessManager: particle([pi-]

[@]:::
[1]===
[2]===
[3]===
[4]:::
[5]===
[6]===
[7]===
[8]:::
[9]===
[10]===
[11]===

process [Transportation :Transportation] Active
process[msc :Electromagnetic] Active

process [hIoni :Electromagnetic] Active

process [hBrems :Electromagnetic] Active
process [hPairProd :Electromagnetic] Active
process [CoulombScat :Electromagnetic] Active
process [Decay :Decay] Active

process [hadElastic :Hadronic] Active

process [pi-Inelastic :Hadronic] Active

process [hBertiniCaptureAtRest :Hadronic] Active
process [StepLimiter :General] Active

process [UserSpecialCut :General] Active
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Hadronic Physics Models 6 Geant4
* Theory-driven, parameterization, data-driven

e —,—s,s =s

High Prec. Particle QMD (ion-ion)

LEND Wilson Abrasion

High prec. neutron

Evaporation
Fermi breakup

Pre-
compound

Quark Gluon string >

| Fritiof string >
INCL++ |
Binary cascade

Multifragment
Photon Eva

Bertini-style cascade

>

1 MeV 10 MeV 100 MeV 1GeV 10 GeV 100 GeV 1TeV
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Hadronic Physics Framework: Processes and Models

Physics interactions (between a
particle and material) occur through
processes

Each process may be implemented
directly or a model class linked to
the process

Geant4 often provides multiple
models for a given process (choose
during physics list setup)

A process must also have (multiple)
cross sections (tables) assigned
(set up in a physics list)

S Geant4
particle
at rest in-flight process process
process 1 process 2 3 n
model 1 c.s.set 1
Energy range | Mmodel 2 E R i
manager data store

model n c.s.setn

2F Fermilab
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Hadronic Cross Sections 6" Geant4
+ Geant4 separates hadronic process cross sections from hadronic final states models
— Interaction cross sections (probability per unit length) > mean free path - sample interaction length(A;,,)

— Differential cross sections - final state distributions (energy, angular direction)

» Default cross section sets are provided for each hadronic process, but they can be overridden
or completely replaced by different types of cross section sets by {particle, material, energy}

GetCrossSection()

» Different types of cross section sets sees last set

loaded within
energy range

— Parameterization with “fitted” functions

e Set 4

— Large databases

Set 3

Load sequence

Set 2

— Purely theoretical (equation-driven) =
« Cross section sets are inclusive | Defmtowssscionsst

Energy

« Hadronic final states models describe the properties of the secondaries from the hadronic
interaction (G4HadronicProcess::GetHadroniclnteraction())
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Hadronic Processes and Cross Sections 6" Geant4
« Hadron-nucleus cross sections

— Hadron-nucleon cross sections: PDG parameterization

— Neutron-nucleus: G4APARTICLEXSA4.0 (elastic, inelastic, capture)

— CHIPS kaon and hyperon nuclear

— All other hadron-nucleus: Glauber-Gribov cross sections

PDG n*p n+Cu

T T T TTTTT NN T T TTTT j i i —— GG total

ﬁ ' v | {r | capreenon
~ 10% g o —4— exp total
E - * g 350 - —&— exp inelastic
% 300 : I—‘ B LI R
5 us . oo -~ T
10 I:-‘ I :J\_ EI__,,\ —T? aaditnin
200 T be %. -
150 s g
10" 1 10 — ‘102 I 0 I” ! m:m ‘II Im1l02 Neuimn1eon3ergy (GeV)
* Nucleus-nucleus and antinucleus-nucleus cross sections e .
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Geant4 Datasets

6" Geant4

 The cmake option -DGEANT4 _INSTALL DATA=ON automatically download datasets

» Following envs are exported by geant4.sh and linked to dataset files (share/Geant4/data)

Dataset (env) Data File Related Process or model
G4ABLADATA G4ABLA3.3 Data for the ABLA de-excitation model (INCLXX)
GALEDATA G4EMLOWS.5 Low-energy electromagnetic data
GAENSDFSTATEDATA G4ENSDFSTATE?2.3 Nuclear properties from ENSDF
G4INCLDATA G4INCL1.2 Data for the intranuclear cascade INCLXX model
G4ANEUTRONHPDATA G4NDL4.7.1 Neutron data of cross sections and final state dist.
G4PARTICLEXSDATA G4PARTICLEXS4.0 Average cross sections derived from G4NDL
G4PIIDATA G4PI111.3 Proton/alpha ionization (PIXE) cross section library

G4SAIDXSDATA

G4SAIDDATA2.0

SAID database for nucleon and = cross sections

GA4LEVELGAMMADATA

PhotonEvaporation5.7

Photon evaporation (deexcitation) data from ENSDF

G4RADIOACTIVEDATA

RadioactiveDecay5.6

Radioactive decay data from ENSDF

G4REALSURFACEDATA

RealSurface2.2

Optical surface reflectance look-up tables

10
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Hadronic model validity range 6" Geant4
* Processes may have one or more models registered to them: G4HadronicProcess::RegisterMe(...)
— Each model must have an associated energy - default values can be changed in physics list setup
— Ranges may overlap at ends, but must not be enclosed (duplicated)
— No energies may be excluded

— Overlaps are “interpolated” with linear random selection at each interaction

‘ Model returned by GetHadroniclnteraction() ‘ SeleCte d - (rng) ? BERT : FTFP,
‘ 1 ‘ 1+3 ‘ 3 Error 2 Error 2 ‘ :g,habimy FTFP_BERT
BERT
%0 3.0 6.0 Ekin (GeV)
Model 3 Model 4
robabiy QGSP_BERT
Model 1 Model 2 e
BERT
Energy %0 3.0 6.0 12,0 250  Exin (GeV)

2% Fermilab

11 11th International Geant4 Tutorial in Korea, Aug.19-24, 2024@Yeonsei-Wonju



Hadronic Inelastic models at Medium and High Energy

* [ntra-nucleus cascade models

— Bertini (BERT)
— Binary (BIC)
— INCL++ (Liege, INCLXX)
« Parton String models
— Quark-gluon string (QGS)
— Fritiof (FTF)
« Other associated models

— Pre-compound (P)

6" Geant4

High Prec. Particle | QMD (ion-ion) |
LEND | Wilson Abrasion |

High prec. neutron

“Fermi breakup

“Multifragment

compound

Pre-

444444444444444444444444 INCL++

Binary cascade |

Bertini-style cascade . |

— de-excitation (evaporation, Fermi-breakup, fission)

- Physics lists: FTFP_BERT, QGSP_BERT, QGSP_BIC, FTFP_INCLXX

100 MeV 1GeV 10GeV 100 GeV 1TeV
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Hadron Elastic Scattering Models at Medium and High Energy 6" Geant4
« Coherent scattering

Lorentz Transformation Inverse Lorentz
—> —

»

»

ﬁboost :Ei/E k q) — k" kf kf.

N
b Ay
Q—»@ m e > ¢ @ M .,_)_>
= / _ = ki ol
—>
-k

Inthe C.M q

v
)
)

« Glauber model: impact parameter(B) and the momentum transfer, |G|% = -t in the C.M system.
Sampling/parameterization of g> and M(b) by A(Z) and particle energy is a core of the model

true for CHIPS d
( ) )P
%k‘ .. M
_ 21 .q9'b
F(g) = f d?be? M (b) o ds PP
‘dﬂ quM k%‘M
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Hadron Elastic Models at Medium and High Energy
« Coherent elastic models

6" Geant4

Model Differential Cross Section Energy Range
proton G4 ChipsElasticModel (CHIPS) BarashenkovGlauberGribov 0-100 TeV
neutron G4ChipsElasticModel (CHIPS) G4NeutronElasticXS (CHIPS) 0-100 TeV
pion G4ElasticHadrNucleusHE (Glauber) BarashenkovGlauberGribov 0-100 TeV
Kaon, Hyperons G4HadronElastic (LHEP) Glauber-Gribov 0-100 TeV
Anti-particles LHEP/G4AntiNuclElastic AntiAGlauber 0/100 MeV/100TeV
Nuclear-nuclear G4NuclNuclDiffuseElastic Glauber-Gribov 0-100 TeV

« Comparison to experimental data

— Data: n* elastic from EXFOR database

— Elast: Default elastic model
— ECHIPS: CHIPS model

— ElastHE: Glauber-Gribov
— EDIff: Diffuse model

14

= Dat
=  + Celastic, E = 895 MeV ; 2;; 5 10° 3 = + Pb elastic, E =730 MeV — E;i?f
8 o g — Elast
g 3104E ECHIPS
£ E — ElastHE
— 2 -~
3 g
10 102
1 10
107" 1
% S I O T A B B ! i 1
102 -5 - [ g |
0 5 10 15 20 25 30 35 40 100 5 10 15 20 25 30 35 40
Angle (°) Angle (°)
JE H
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Bertini Intranuclear Cascade & GEANT4

* Intranuclear treatment of stable hadrons (p, n, w, K, A, 2, =, Q) and ys with energies in [0,10]
GeV: average solution of particle in medium (Boltzmann equation) — non-QCD cascade

— Valid in de Broglie wavelength < intranuclear distance

Select Zone Cascade

— Fast (1022 — 10-??): excitation, pre-equilibrium, fission

— Slow (10-18 — 10-16): evaporation _é
* |ntranuclear cascade model

1 to 3 uniform density shells

— Select target nucleus zone (1, 3, 6)
Pre-compound p,ndta De-excitation

— Path length (nucleon density, particle-particle xsec)

—_— yand n

— Determine the type of reaction and products (channels)

— Apply excitation model

— Pauli exclusion principle and transport particle

— Particles produced by the reaction will be input to the next cascade
— Pre-equilibrium and equilibrium decay of residual nucleus e .
3¢ Fermilab
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Post Cascade 6" Geant4
* Pre-equilibrium model
— Nucleon states are characterized by the number of excited particles and holes (the excitons)

— Ap=0,x1Ah=0, £1 An =0, =2, where p is the number of particles, h is number of holesand n =p +
h is the number of excitons.

* Fermi Break-up model
— Light nuclei (A< 12 and 3(A-Z2) < Z<6) and E,jtation > 3 Epinding
— Decays nucleus = neutrons and protons and decrease exotic evaporation processes
— Fission model is phenomenological, using potential minimization
» Evaporation model
— The emission of particles is computed until the excitation energy falls below some specific cutoff
— The main chain of evaporation (n, p, d, t, «) is followed until E,, .;;..,, falls below E ., = 0.1 Mev

— The model ends with an (gamma) emission chain which is followed until £, .;;4ti0n < E}:’utoff = 101> MeV

2% Fermilab
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Using Bertini Intranuclear Cascade and Validation 6" Geant4
« Add G4Cascadelnterface

G4Cascadelnterfacex bert = new G4Cascadelnterface;
G4ProtonInelasticProcess* pproc = new G4ProtonInelasticProcess;
pproc->RegisterMe(bert);

protonManager->AddDiscreteProcess(pproc);

// Repeat as necessary for other hadrons

* Physics validation of cascade models: examples

. INCL++ Excitation functions for (a, xn)
Bertini Cascade 730 MeV p + C > & +X Binary ﬁ:jtcricrj]eyizefl)g Mev p cross sections on 209B;

i) F 209 213- -
730 Mev BonC 730MeV b an C Lo £ 1400— Bi(*He,xn)*"**At ::; Data
S =
s tmbystsme v W P 15 deg Bertinl cascade|  cs imbysr/Mev) B Piv 45 deg Benin cascads R :’ r s x=3
10 & P+ 15 deg data 109 & Pi+ 45 deg data Ny o x=4
— 2 r =5
< ©1200— e
107t — 107t o 2 r — INCL++/G4EH
R BSOS = o [
wrp gt s 8 S S £ 1000/
’ V. . = e F
sl s b ~ 3} [
ﬂ =
a . = 800—
204 bt x e ares erio anns tang nmr ner anrras [ STV URUR SN S] C
Y P . P . o ioo 200 3% 430 soa <3} 7
o KE eV o KE Gy =
NS I
730 Mev p onC 730 MeV p on € (o) 600
Cx dmibf s Mbavy Bl P 90 deg Bertini cascade | ¢s bm bfer MaV) ~ r
e + v 90 40 data 00 dtol \
1071 107 F \
T 10 fRE 200(—
x < B N
T * L v —— —
y q 1l I by (YRS - SRS e
* - L N N : 0 20 30 40 50 60 70 80 90 100
10 1oy s00 G0 200 300 500 0 50 100 150 200 250 projectile energy [MeV]
on KE (MeV) Plon KE (MeV) L ‘] l
,
o £& Fermilab
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Fritiof (FTF) Model 6 Geant4

« Hadron-nucleus, nucleus-nucleus, antinucleus-nucleus (p = 3 GeV per hadron or nucleon).

« Hadron-nucleon interactions are binary reactions (h; + h, —» hj + h; ) of quark-gluon strings
— NN =2 NA, N 2 nA, non-diffractive, single diffractive and annihilation in antibaryon-nucleon interactions

— Lund string fragmentation model is used for the simulation of unstable object decays

H : . . . .. String mass threshold M1+M2 <= ECms
Non-Diffraction Diffractive dissociations R, ke
4 » Binary channels
CE0N (NN NN )
[ N
h, ) KON MME,
Mz § ‘L.,’ § Projectile diffraction
2L 2 |*7s
g "L . : String mass threshold
= P g
1} & SR ESES r N
h2 s/. TR e AL AN »*\
/ String mass sampling threshold
% / 1 2 3 4
Excited hadron: QCD-strings +LUND Elasiic scatiering M,

* The reggeon theory inspired model (RTIM) of nuclear destruction is applied for a description of
secondary particle intra-nuclear cascading and sampling of string masses.

2% Fermilab
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Fritiof (FTF) Model 6" Geant4

« All hadron-nucleon interactions are binary reactions of quark-gluon strings

— n~p and *p interactions : i . .
q . q q :
— pp and pp interactions x :\-LE
G! G
— K-pand K*p interactions f S ormm Ol
q . A . q :
( JT\'E
ag - -

a

* Reaction cross sections:

Quark annihilation Quark exchanges Pomeron exchanges
— CHIPS parameterization for inelastic (and elastic) hadron-nucleus cross sections
— The annihilation cross section decreases rapidly while the cross sections of the quark exchange

processes decrease more slowly. The diffraction cross sections grow with energy and reach near-

constant values
O =0LE T 0As

— A simplified Glauber model is used for sampling the multiplicity of intra-nuclear collisions

2% Fermilab
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Validation of FTF Cross Sections 6 Geant4
+ Example of FTF spectra compared to other model predictions

— Inclusive spectrum of proton inp + p = p + Xinteractions at p,,, = 24 GeV/c

— Rapidity spectrum of r*-mesons in * + p = «* + X interactions at p,,, =100 GeV/c

— xp spectrum of positive charged particles in K* + p - c¢* + X nteractions at p,,, =250 GeV/c

25 UrQMD
v tosmvssans P+ P->P+X, 24 GeVic 1.0~ N +
A e ’ - 20 - + + s ot |
e BT SR Sy K'+P>c’ +X, 250 GeVie | * Zhmedatimniin”
—a 4o ~ —
20+ ) Fritiof g 0.8l d— | e—rre
2 >° Eu
‘E, 15 K®) 0.6 %
> e B
o = -
- §e] =
b 10 - 04} £
T o me
S—
= x
5 By ~ 0.2} ‘ w
©® Exp dataJ Whitmore etal, | N
{Phys. Rev. D16 (77) 3137) -~
l=-a
0 L 1 1 1 ) o.o - " J
0.0 0.5 1.0 15 20 -6 6
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FTF Inter-nuclear Interactions 6 Geant4
« Sampling of intra-nuclear collisions

— a) Classical cascade: interaction probability in the continuous medium, p(b, z) = elastic, inelastic > next
{interaction points or cascades}

— b) Interaction with a collection of A nucleons in the point {s;, z | i =1,A} if |3— 3| < \fotot/m
— ¢) Resonance-nucleon collisions (at high energy = Glauber approximation)

2 22
— d) Reggeon cascading  ¢(| 81 — 5 |) ~exp (—'SIR%M)
N Reggeon vertex

z b S .\\z
(@) 0N @]~
o © TT
\g o
(@]
C

— Excitation energies of residual nuclei are estimated in the wounded nucleon approximation (coupled to
the Precompound model and GEM)

2% Fermilab
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Precompound and De-excitation Models 6" Geant4

* The excited nuclear remnant created by FTF (or cascade models) is passed to Precompound
and de-excitation models

* Pre-compound model handles
— Nucleon or pion absorption at low energies (roughly below pion emission threshold)
— Nuclear fragments resulting from higher energy interactions
— Wounded nucleus with set of excited particle-hole states
— Level density of excited (n-exciton) states and transition probabilities (An = +2, 0, -2)

— Resolves to equilibrium, emitting p, n, d, t, 3He, a and other fragments and calculation of kinetic energies
for emitted particle and parameters of residual nucleus

« De-excitation model resolves excess energy in nucleus closer to equilibrium
— Nuclear evaporation or GEM (general evaporation model)
— Fermi break-up and nuclear fission (A > 65)
— Photon evaporation (discrete and continuum gamma emission)

2% Fermilab
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Hadronic Framework
e Use various intra-nuclear transport or pre-compound models together with models
simulating the initial interactions at very high energies

6 Geant4

<<Abstracts>
=== G4Hadroniclnteraction
<<Concrate>> |G4Th eoFSGene ratorl — > ®ApplyYourself()
tMinEnergy()
G4PartonTransportModel SApply Youselt() $5etMaxEnery()
I =y =5 ActivateFor( E :e <<Purely Abstract>>
g ] T |G4VPreCompoundModel
~ / ‘\\‘. Vi |
Lz?f; ‘\P-C'-; N\ QApplyYoussli{)
<<Concretes> ¥ eExcite()
5 <<Purely Abstract>> \ QsotExcitationHandler()
,G4 PythiaAhinkeTace | -~ G4VHighEnergyGenerator N 1_| $G4vPreCompoundModel()
I L o | 7 eG«(VPraCompmeodel()
Sscatter() N | 1
- ] $GatWoundedNucleus() s o7
<<Abstracts> ‘,_ G4VintraNuclearTransportModel Vs
G4NhModel T '

: SApplyYourssli() <<Concrete>>
$scatter() B $Propagate() G4VExcitationHandle
$GetWoundedNucleus) G4VPartonStringModel 77 N S MultiFragment

AN $scatter() N Breakup
" B ﬂt(;VoundadNucieus() PhotonEvaportation
n
Pe<virtuals> GetStrings() <<Concretes> <<Concrete>> <<Concrete>>
<<Concretes> orrectHadronMomenta() ) : i
G4PythiaNhinterface §¥SatThisPointer() G4HadronKineticModel | G4QMDModel| G4HadronicCascade
' I | l |
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Hadronic Inelastic Physics Constructor 6" Geant4
« The modular physics list, FTFP_BERT is recommended for HEP and consists of

24

G4HadronElasticPhysics : Hadron elastic physics constructor (CHIPS, GG models, etc.)
G4HadronPhysicsFTFP_BERT Hadron inelastic physics constructor (G4HadronPhysicsFTFP_BERT)
» FTF: (Fritiof) hadronic string model for hadron inelastic process > 3 GeV

« BERT: (Bertini) intra-nuclear cascade model for the hadron inelastic process < 6 GeV

* P: Precompound model for nucleus de-excitation + evaporation models below 100MeV

* Neutron radiative capture, nuclear capture at rest for negatively charged hadrons
G4EmStandardPhysics: EM standard physics constructor

G4EmExtraPhysics: lepto-nuclear (100MeV) and gamma-nuclear processes (10 MeV — 1.2 GeV)

No high-precision treatment of low-energy neutrons and no radiative decays (explained in hadronic
physics 1), no optical photons
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Summary 6" Geant4
« Geant4 implements hadronic processes,

— Two main processes are the hadron elastic and the hadron inelastic processes

— For negatively charged hadrons the nuclear capture at rest process is included as well

— For neutrons, the radiative capture process is also included

* In Geant4 hadronic cross section datasets and final states models are clearly separated

« Several final state models are available and applicable to restricted combinations of energies,
particles and materials

— Cascade models (Bertini, Binary, INCL++)
— Quark-gluon string models (FTF, QGS)

— Precompound model (P)

« Reference physics lists construct hadronic physics by picking up both hadronic final states
models and cross section datasets

2% Fermilab
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