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Introduc3on	to	Geant4	
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Geant4	Simula3on	Toolkit	
• A	general	purpose	radia3on	
transport	code	developed	
originally	for	use	in	HEP	

• also	used	extensively	for	space,	
medical	and	nuclear	applica3ons	

• Offers	most,	if	not	all,	
func3onality	required	for	Monte	
Carlo	simula3ons	

• kernel	
• geometry	and	naviga3on	
• physics	processes	
• GUI	and	visualiza3on	drivers	

• Flexible	and	extensible			
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Geant4	is	a	Toolkit;	You	Must:	
•  Build	your	own	applica3on	using	Geant4	components	

•  Geant4	does	not	provide	a	main()	

•  Define	your	geometrical	set-up	
•  materials,	volumes	

•  Define	the	physics	you	need	
•  par3cles,	physics	processes	
•  produc3on	thresholds	

•  Define	how	an	event	starts	
•  primary	track	genera3on	

•  Extract	the	informa3on	you	need	from	the	simula3on	
•  As	well	as,	among	other	things	

•  visualiza3on	of	detectors,	trajectories,	physics	output	
•  use	or	extension	of	the	User	Interface	
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Geant4	is	a	Monte	Carlo	Code:	Example	
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Geant4	is	a	Monte	Carlo	Code:	Example	
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Geometry	
• Large	number	of	geometry	
primi3ves	available	

• G4Box,	G4Tubs,	G4Cons,	G4Trd,	
etc.	

• Specific	solids	
• G4Polycone,	G4Hype,	…			

• Tessellated	solid	
• Boolean	solids	
• User	builds	detector	by	
combining,	filling	with	materials	
and	placing	these	solids	in	a	
mother	volume	

• certain	volumes	can	then	be	
made	sensi3ve	
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Physics	
• In	Geant4	there	is	not	just	one	
all-purpose	set	of	physics	

• user	may	customize	

• Geant4	offers	electromagne3c,	
hadronic	and	decay	physics	

• for	almost	every	physics	
process,	alterna3ve	cross	
sec3on	sets	and	physics	models	
are	offered	

• User	must	validate	combina3on	
he	chooses	

• Geant4	validates	the	
components	and	some	
combina3ons		
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Physics	Lists	

Where	physics	models	are	
collected	and	assigned	to	
par3cles	
	Custom	designed	for	each	applica3on	

	

Two	main	components:	
	Electromagne3c	and	hadronic	

	For	most	calorimeter	applica3ons	
“standard”	EM	physics	is	chosen		

	

Main	difference	comes	with	
choice	of	hadronic	models	

“Backbone”	of	hadronic	component	
FTFP_BERT	physics	list	(original)		

	

	

	

In	order	to	get	agreement	with	measured	
shower	shapes,	transi3on	between	models	is	
changed	(ATLAS)	

	

	

	

Other	physics	lists	add	other	models	
	QGS,	BIC,	etc.	
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Geant4	Valida3on	Strategy	

Thin	target	scaiering	data	
Most	of	our	valida3on	depends	on	this	

Models	are	tuned	on	it,	since	it	mostly	
tests	single	interac3ons	

Lots	of	this	kind	of	data	available,	but	
significant	gaps	in	coverage	

	

Thick	target	scaiering	data	
A	tougher	test	as	it	depends	on	
mul3ple	interac3ons	

Data	are	ojen	not	as	reliable	as	thin	
target	due	to	systema3c	errors		

Calorimeter	data	most	stringent	
test	of	all		
Effec3vely	thick	target	

Shower	shapes!	

Physics	lists	are	tuned	on	this	data	

		

	

Test	beam	data		
Very	useful	calorimeter	data	relies	on	
single-par3cle,	mono-energe3c	beams	
on	segments	of	calorimeters		
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Geant4	is	Mul3threaded	

1
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Geant4	General	Paper	(2016)	
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Recent	Calorimeter	Results	
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EM	Models:	Energy	Loss	Fluctua3ons	
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ALICE	TPC	Benchmark	
					measures	energy	deposit	in									
7.5	mm	gap	by	1	GeV/c	incident	
protons	

	
Two	Geant4	models	compared		
						PAI	

						Urban	

	

Recent	improvements	in	Urban	
model	lead	to		
						beier	agreement	with	data	

						agreement	with	more	precise	PAI		



E/p	
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Hadronic	Cross	Sec3ons	
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LHCb	Asymmetry	Measurements	
looked	at	amount	of	an3-maier	vs.						
maier	produced	in	D+/-	decays	

	
Showed	a	problem	in	our	cross	
sec3ons		
kaon	asymmetry	became	too	small		

pion	asymmetry	OK	

	

Problem	due	to	error	in	kaon-
nuclear	cross	sec3ons	
fixed	in	10.1		



Jet	Energy	Scale	
Unexpected	difference	between	FTFP_BERT	and	

QGSP_BERT	physics	lists	was	due	to	transi3on	region	

20	



Shower	Depth	and	Hadronic	Models	

Example	of	how	thin	target	tuning	
can	diverge	from	calorimeter	data	
						Con3nuous	FTF	model	improvement		
through	Geant4	version	10.3	according	
to	thin	target	data	

	

						V9.3:	good	(fortuitous?)	agreement	

						V9.6:	significantly	worse	

						V10.1:		gepng	beier	again	

						V10.4:		?	
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Granular	Calorimeters	and		Geant4	
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Problem:	Hadron-Nuclear	Physics	

•  At	medium	and	low	energies	(	<	20	GeV	)	simula3on	of	
hadron-nuclear	interac3ons	leaves	something	to	be	desired	
•  models	(factor	of	two	errors	considered	good!)	
•  cross	sec3ons	(somewhat	beier	but	s3ll	problems	at	lower	

energies)	
	

•  High	energy	models	are	beier,	but..	
•  s3ll	a	significant	number	of	free	parameters	

•  How	can	we	do	beier?	
•  improve	the	theory	
•  go	to	data-driven	models	
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Needed:	Single	Interac3ons	

•  Wide	range	of	nuclear	targets	
•  or	at	least	a	few	spread	over	a	wide	range	of	A	
	

•  Ini3al	state		
•  nearly	mono-energe3c	projec3le	
•  good	par3cle	ID	
•  well-defined	ini3al	direc3on	
	

•  Final	state	
•  mul3plicity	
•  angular	distribu3on	
•  good	par3cle	ID	
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Problem:	Thin	Target	and	Thick	Target	
Valida3ons	Ojen	Disagree		

•  We	rely	heavily	on	thin-target	data	to	tune	models	
•  more	control	over	incident	beam,	target	
•  usually	single	interac3on		
•  more	reliable	than	thick	target	

•  However,	improving	agreement	with	thin-target	data	ojen	reduces	
agreement	with	thick	target	or	calorimeter	data			
•  lately	the	case	with	FTF	(energy	response,	shower	shapes)		
•  but	also	with	Ber3ni	(shielding	experiments)	

•  Reasons?	
•  models	are	faulty	
•  measured	double	differen3al	cross	sec3ons	do	not	cover	enough	

phase	space	
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Forward	Scaiering:	A	Clue?	

	

•  HARP	data	(above)	goes	to	12.9,	10.0,	7.1	and	4.3	degrees	
•  character	of	spectrum	changes	going	to	small	angles	
•  could	this	account	for	part	of	the	problem	connec3ng	thin	and	

thick	target	data	–	overes3ma3ng	the	forward	scaiering?	
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Granular	Calorimeters	Can	Help	

Isolated	hadronic	interac3ons	
Number	of	tracks	
Angular	distribu3ons	
Target	
Neutral	tracks?	
Recoil	nucleus?	
	
For	the	first	3me	we	have	
observables	other	than	the	
“bulk”	values	from	
conven3onal	calorimeters			
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What	Else	Can	Granular	Calorimeters				
Give	Us?	

•  Can	they	act	as	modern	day	“bubble	chambers”?	
•  Forward	angle	hadronic	scaiering	
•  looks	like	angles	down	to	0	degrees	may	be	possible	
•  impossible	for	most	thin	target	experiments	(limited	by	beam/

target	geometry)	
•  HARP	data	a	big	improvement,	but	not	enough	
	

•  Low	momentum	secondaries	
•  what	is	smallest	energy	secondary	that	can	be	seen?	
•  what	about	neutral	hadrons?	

	
•  Can	EM	and	hadronic	vertexes	be	cleanly	separated?	
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Simplified	Calorimeter	

•  A	Geant4	tool	for	regression	tes3ng	
•  compare	one	Geant4	version	against	another	
•  alter	physics	model	parameters	and	observe	changes	(quickly)	
•  several	sta3s3cal	tests	used		(	χ2	,	K.S.,	etc.)	
	

•  Geometry	is	a	box	containing	layers	of	absorbers	and	ac3ve	
materials	
•  can	choose	number,	thickness	and	material	of	layers	to	

approximate	real	calorimeters	
•  can	also	choose	lateral	shower	bin	size			
•  there	is	enough	detail	to	make	meaningful	comparisons	to	real	

data	
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Simplified	Calorimeter	
•  All	LHC	calorimeter	material	combina3ons	are	supported		
•  Fe-Scint,	Cu-Scint,	Cu-LAr,	W-LAr,	Pb-Scint,	Pb-LAr,	PbWO4	

•  Par3cle	types	tested:	
•  π+/-,		K+/-,		KL0,		p,		n,		e-	

•  Beam	energies	used:	
•  1,	2,	…	,	10,	20,	30,	40,	50,	60,	80,	100,	120,	150,	180,	200,	250,	

300,	1000	GeV	

•  Observables:	
•  total	energy	deposit	all	ac3ve	layers		
•  total	energy	deposit	whole	calorimeter	
•  energy	deposit	in	each	ac3ve	layer	(longitudinal	shower	profile)	
•  energy	deposit	in	each	radial	bin	(lateral	shower	profile)		
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A	Simplified	Calorimeter	for	Calice	

•  New	effort	to	extend	simplified	calorimeters	to	highly	
granular	detectors	
•  Katalin	Nikolics,	Witold	Pokorski	(CERN)	
	

•  A	challenge	
•  how	much	simplifica3on	can	be	made	without	sacrificing	too	

much	detailed	response?	
•  first	target	could	be	SiW	ECAL	à	most	detailed	shower	shapes	
•  maybe	DHCAL	eventually?	

	
•  Good	opportunity	to	tune	model	parameters	and	get	fast	

turn-abound	on	angular	distribu3ons,	number	of	tracks,	etc.	
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Calorimeters	and	Beier	Hadronic	Models			
•  Geant4	EM	physics	already	in	good	shape	

•  sufficiently	well	understood	that	we	can	airibute	changes	in	shower	
shape	to	hadronic	models	

•  use	width	and	depth	of	shower	to	choose	models	and	transi3on	range			

•  FTF	vs.	QGS	
•  FTF	is	a	more	phenomenological	model	
•  QGS	more	theory-based,	and	is	valid	at	higher	energies		

•  Ber3ni	
•  measuring	number	of	hadronic	secondaries	is	crucial	
•  number	of	secondaries	as	a	func3on	of	incident	energy		

•  Precompound/deexcita3on	
•  can	we	iden3fy	nuclear	fragments?	
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Ber3ni	Cascade	(Low	to	Medium	Energy)			
•  Depends	on	free-space	hadron-nucleon	cross	sec3ons	

embedded	in	nuclear	medium			
•  thousands	of	par3al	cross	sec3ons	as	func3on	of	energy	and	final	state	

mul3plicity	
•  some	of	these	well-measured,	many	not	
•  use	measured	final	state	number	of	tracks	to	constrain	poorly	

measured	par3cle	cross	sec3ons	(among	other	nuclear	parameters)	
	

•  Only	have	good	angular	distribu3ons	for	two-body	final	states	
•  n-body	states	rely	on	phase	space		
•  isolate	a	few	low	mul3plicity	final	states	,	parameterize	model	angular	

distribu3ons	for	3-,	4-body,	then	fit	calorimeter	data		
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Ber3ni	Par3al	p-p	Cross	Sec3ons	

Final	state	mul3plicity	
cross	sec3ons	(2	-	9)		 		
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3-body	final	state	
cross	sec3ons		



FTF/QGS	Models	(High	Energy)			
•  Both	FTF	and	QGS	models	on	much	beier	theore3cal	foo3ng	than	

Ber3ni	
•  but	they	s3ll	have	a	number	of	free	parameters			
•  coarse-grained	calorimeters	gave	been	essen3al	in	tuning	these		
•  can	fine-grained	detectors	data	help?	
	

•  Can	s3ll	learn	something	from	track	mul3plicity	
•  best	hadron	fragmenta3on	func3on	to	use	s3ll	unknown	->	effects	

mul3plicity			
•  as	in	Ber3ni,	embedded	hadron-nucleon	reac3ons	s3ll	important	
•  nuclear	physics	less	relevant	
	

•  Probably	not	much	from	angular	distribu3ons	–	too	forward		
•  can	tracks	be	resolved	at	>	20	GeV?	
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Summary			
•  Geant4	has	been	and	con3nues	to	be	used	by	all	HEP	experiments	

•  feedback	from	test-beams	and	calorimeters	has	been	essen3al	for	
tuning	of	Geant4	models	

	

•  While	coarse-grained	calorimeter	data	has	been	useful,	detailed	
model	tuning	has	depended	on	thin	target	data		
•  single	interac3on	assumed	
•  but	discrepancies	with	thick	target	data	seen	
	

•  Granular	calorimeters	hold	the	promise	of	single	interac3on	data	in	
a	thick-target	environment	
•  final	state	mul3plicity		
•  angular	distribu3on	
•  detailed	model	tuning	possible	
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