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Muon	systems	
h[ps://cds.cern.ch/record/2283189	
• DT	&	CSC	new	FE/BE	readout		
• RPC	back-end	electronics	
• New	GEM/RPC	1.6	<	η	<	2.4	
• Extended	coverage		to	η	≃	3 Tracker	

h[ps://cds.cern.ch/record/2272264	
• Si-Strip	and	Pixels	increased	granularity	
• Design	for	tracking	in	L1-Trigger	
• Extended	coverage	to	η	≃	3.8

Calorimeter	Endcap	
h[ps://cds.cern.ch/
record/2293646		
• A	silicon-sensor-based	
sampling		
calorimeter	followed	
by	plasSc		
scinSllator	Sles	with	
direct	SiPM		
readout

MIP	Timing	Detector		
h[ps://cds.cern.ch/record/2296612		
Precision	Sming	with:	
• Barrel	layer:	Crystals	+	SiPMs	
• Endcap	layer:	Low	Gain	Avalanche	Diodes

Barrel	Calorimeters		
h[ps://cds.cern.ch/record/2283187	
• ECAL	crystal	granularity	readout	at	40	MHz	
with	precise	Sming	for	e/γ	at	30	GeV	

• ECAL	and	HCAL	new	Back-End	boards	

https://cds.cern.ch/record/2283189
https://cds.cern.ch/record/2272264
https://cds.cern.ch/record/2293646
https://cds.cern.ch/record/2293646
https://cds.cern.ch/record/2296612
https://cds.cern.ch/record/2283187
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Materials Solids Logical	Vol Physical	Vol. Touchables Regions

Run3 489 3905 4229 21779 2317018 30

Phase-2 686 15808 16007 68608 13134654 26

Standard Reflected

Box 1208k	|	1325k 434k	|	429k

Tube 95.5k	|	58.0k 1391	|	755

Trapezoid 240k	|	158k 150k	|	141k

Cone 1862	|	1862 0	|	0

Polycone 426	|	206 0	|	0

Polyhedra 1449	|	1572 0	|	0

ExtrudedPolygon 0	|	10845k 0	|	0

Torus 128	|	0 0	|	0

UnionSolid 175k	|	614 0	|	0

SubtracJonSolid 8325	|	173k 468	|	594

IntersecJonSolid 0	|	360 0	|	0

Note:	
• Counts	are	similar	for	the	DDD	and	the	
DD4hep	versions	
‣ Run	3:	DD4hep	
‣ Phase	2:	DDD	+	DD4hep	
• The	increase	in	the	number	of	touchable	is	
primarily	due	to	the	descripSon	of	the	HGCal

Run3	|	Phase	2

Geometry	descripJon	for	Run-3	and	Phase-2
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DDD DD4hep

1.0 0.1 0.01 0.0 1.0 0.1 0.01 0.0

Run3 0 0 84 566 0 0 4 475

Phase	2 0 0 36 344 0 0 0 348

• The	36	overlaps	in	the	DDD	version	of	the	Phase	2	
geometry	for	a	tolerance	of	0.01	mm	are	all	in	ECAL	
barrel:	precision	lost	in	rotaSon	of	modules	

• The	addiSonal	overlaps	in	the	Run	3	geometry	are	due	to	
the	descripSon	of	the	endcap	pre-shower	detector	

• Most	of	the	overlaps	for	tolerance	of	0	mm	come	from	
the	descripSon	of	the	return	yoke	

• Our	plan	to	remove	all	overlap	in	DD4hep	case

Geometry	descripJon	for	Run-3	and	Phase-2:	Overlap
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Run	1

Run	2

Run	3

Legacy:	Geant4	9.4

2018	+	UltraLegacy:		
Geant4	10.4.3	+	VecGeom	

2017:	Geant4	10.2.2	

2016:	Geant4	10.0.3	

2015:	Geant4	10.0.2

2024:	Geant4	11.1.2	

2022+2023:		
Geant4	10.7.2	+	VecGeom		
+	DD4hep

• CMSSW_14_0	(pp)	/	CMSSW_14_1	(HI)		for	Run	3	2024	
‣ Geant4	11.1.2	/	11.2.2	
• CMSSW_13_0	for	Run	3	2023	
‣ Gamma	general	process	
‣ Link	Time	OpSmizaSon	(LTO)	build	
• CMSSW_12_4	for	Run	3	2022	
‣ DD4hep	geometry	descripSon

• CMS	Full	simulaJon	for	Run	2	
‣ Updated	geometries	for	each	year	
‣ MulSthread	mode	in	producSon	since	2017	
‣ ConfiguraSon	for	physics:	
- FTFP_BERT_EMM	
- Russian	roule[e	method	
- HF	shower	library

Phase	2 • CMSSW_14_2	(Currently)	
‣ Geant4	11.2.2	
‣ Test	of	G4HepEM	(FTFP_BERT_EMH)

Geant4	versions	with	CMSSW
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• So`ware	validaJon	and	performance	
• 2006	test	beam	with	CMS	calorimeter	prototypes:	beams	of	different	types	and	
different	energies.	Test	of	G4HepEM.	

• 2016	low	pile-up	run:	USlizing	zero	bias	or	minimum	bias	triggers	from	low	
luminosity	runs	

• 2018	HGCAL	test	beam:	Prototype	of	HGCAL	with	charged	pion	beam	if	20-300	
GeV/c		

• Data-MC	comparison:	ValidaSon	campaigns	organized	centrally,	parScipaSon	
from	detector	performance	and	physics	object	groups.	
‣ Run-3	2022	with	Geant4	10.7.2	
‣ Run-2	Ultra-Legacy	with	Geant4	10.4.3

Eur. Phys. J. C (2009) 60: 359–373 363

readouts. The HPD signals are fed into three 6-channel read-
out cards located inside the RM, based on a custom ASIC
which performs charge integration and encoding (QIE). The
rms noise per tower is about 200 MeV. For the HB, six time
samples (6 × 25 ns) from 3 × 3 HB towers were used for
energy reconstruction. The signal is about 75 ns wide with a
small tail extending another 50 ns. The zero input response
of the QIE (pedestals) are measured and subtracted for each
run.

The QIE is a nonlinear multi-range ADC designed to pro-
vide approximately constant fractional precision over a wide
dynamic range. This is accomplished with a floating-point
analog-to-digital conversion in which the bin width in each
of four ranges is increased in proportion to the input ampli-
tude. In addition, the QIE has four time interleaved stages.
The output of the QIE contains 2 bits of range (exponent)
and 5 bits of mantissa. Details of the HB geometry, con-
struction and electronics are reported elsewhere [5–8].

The design of the outer calorimeter (HO) scintillating
tiles is similar to that of the HB. The scintillator plates are
1 cm thick BC408. The HO counters are grouped in six seg-
ments and the transverse segmentation is identical to that
of the HB. Two layers of scintillating tiles are inserted in
the central muon system while the other two rings have one
layer of scintillating tiles (see Fig. 1.1). The readout and the
electronics for HO are the same as in the HB system.

1.2 ECAL barrel (EB) calorimeter

The electromagnetic calorimeter used for these measure-
ments consisted of a complete production EB Supermod-
ule (SM) of width !φ = 20◦ containing 1,700 crystals. The
EB crystals are slightly tapered with front-face dimensions
of 2.2 × 2.2 cm2 and a crystal length of 23 cm or 25.8X0
(see Sect. 4.3 for discussion on the interaction length). In
order to avoid cracks in the barrel, the axes of the crystals
are tilted by 3◦ in both polar and azimuthal angle with re-
spect to the direction of particle tracks originating from the
interaction point. The EB covers a range |η| < 1.48 and con-
sists of 36 SMs containing 61,200 crystals.

The light emitted in the crystals is converted to an electri-
cal signal using avalanche photodiodes (APD). Two APDs
(Hamamatsu S8148) are glued to the back of each crys-
tal. The rms electronics noise per crystal was found to be
about 45 MeV. A minimum ionizing particle deposits about
250 MeV over the full length of the crystal [9, 10].

The EB signal from the APD is amplified and shaped be-
fore being digitized by the ADC clocked at 40 MHz. The
energy in the EB is computed as a weighted sum of several
time samples of the waveform. The choice of weights and
the number of samples are dictated by the desire to minimize
the noise which is measured with no input signal (pedestal).
In the test beam environment, the phase with respect to the

40 MHz clock is random. Even though the signal is about
200 ns wide, only six time samples (6 × 25 ns) from 7 × 7
crystals were used for energy reconstruction with pedestal
subtraction.

2 Test beam setup

The data were recorded during 2006 at the CERN H2 test
beam. Figure 2.1 shows a photograph of the moving plat-
form that held two production HB wedges plus a produc-
tion EB SM which was placed in front of the HB, and the
HO behind the HB. The HE module seen on the platform
was not used in this test. The placement of the components
is in the same geometric relationship as in the CMS exper-
iment. The two-dimensional movement of the platform in
the φ and η directions allowed the beam to be directed onto
any tower of the calorimeter mimicking a particle trajec-
tory from the interaction point of the CMS experiment. Four
scintillation counters were located three meters upstream of
the calorimeters and a coincidence between a subset of the
counters was used as the trigger.

Temperature stability is critical for the ECAL as both the
response of the crystals and the APDs change with temper-
ature. The temperature was stabilized by enclosing the EB
SM (except in the beam direction) in 5 cm aluminum plates
with cooling water pipes embedded in the plates. The entire
SM was wrapped with a thermal blanket and the temperature
was stabilized at 21◦C within ±0.05◦C.

Fig. 2.1 The ECAL and the HCAL modules on a moving platform in
the CERN H2 test beam area. The transporter table which supported
the wedges is designed to move in φ and η directions, approximately 0
to 30◦ in φ and 0 to 3.0 in η

364 Eur. Phys. J. C (2009) 60: 359–373

2.1 H2 beam line and particle identification

Because a tertiary beam was required to study low mo-
mentum (<10 GeV/c) particles, considerable effort was
made to clean up the beams and perform particle identifica-
tion. Figure 2.2 schematically depicts the CERN H2 beam
line. The beam line is designed to operate in two distinct
modes. In the high energy mode, various particles are pro-
duced when 450 GeV/c protons from the Super Proton Syn-
chrotron (SPS) strike a production target (T2) 590.9 m up-
stream of the calorimeters, and particle momenta range be-
tween 15 and 350 GeV/c. In the very low energy (VLE)
mode, an additional target (T22) located 97.0 m upstream of
the calorimeter is used for particle production and the mo-
menta of particles are limited to ≤ 9 GeV/c. As shown in
Fig. 2.2, a dog-leg configuration is utilized for the momen-
tum selection of these low momentum particles.

Fig. 2.2 The CERN H2 beam line and the experimental setup are
shown schematically. In the VLE mode, the T22 target and a beam
dump were inserted into the beam line, and the low energy particles
were steered through the dog-leg

In the high energy mode, the T22 target and the VLE
beam dump were removed from the beam line. The max-
imum usable beam momentum was 100 GeV/c for elec-
trons and 350 GeV/c for hadrons. In the VLE mode, two
Cherenkov counters (CK2 and CK3), two time-of-flight
counters (TOF1 and TOF2) and muon counters (Muon Veto
Wall (MVW) of 100×226 cm2, Muon Veto Front (MVF) of
80 × 80 cm2 and Muon Veto Back (MVB) of 80 × 80 cm2)
were used to positively tag electrons, pions, kaons, protons,
antiprotons and muons.

CK2 is a 1.85-m long Cherenkov counter filled with CO2

and was used to identify electrons in the VLE mode. At
0.35 bar, no other charged particles gave a signal and the
counter was better than 99% efficient in identifying elec-
trons. It produces 6 photoelectrons (pe) for particle passage
with β = 1. CK3 is also 1.85-m long and was filled with
Freon134a.1 The pressure in CK3 was set depending on the
desired discrimination between electrons, pions, and kaons.
For example, at lower beam momenta (Pb ≤ 3 GeV/c), it
was set to tag electrons at 0.88 bar yielding 19 pe for β = 1.
At higher momenta (Pb > 4 GeV/c), CK3 was usually run
at 1.2 bar in order to separate pions from kaons and protons
where a β = 1 particle yielded 25.5 pe.

Time-of-flight counters (TOF1 and TOF2) were sepa-
rated by ∼55 m. Each scintillator plate was 10 × 10 cm2 in
area and 2-cm thick. Two trapezoidal air-core light guides
on either side of the plate funneled the scintillation light
to two fast photomultiplier tubes (Hamamatsu R5900). The
analog pulses were discriminated by constant fraction dis-
criminators. The time resolution obtained by this system
was ∼300 ps. Protons were well-separated from pions (and
kaons) up to 7 GeV/c with this time-of-flight system alone.
Pions and kaons have ±1σ TOF overlap at momenta of
5.6 GeV/c, while kaons and protons overlap at 9.5 GeV/c.
Figures 2.3 and 2.4 display the identified particles in 3 and
8 GeV/c negative hadron beams.

Energetic muons were tagged with MVF and MVB coun-
ters as well as the MVW counters. MVF and MVB were
large (80 × 80 cm2) scintillation counters and were placed
well behind the calorimeters. In order to absorb the soft
beam component in the beam line, an 80-cm thick iron block
was inserted in front of MVB. When tested with a pure muon
beam at 225 GeV/c, the efficiency of muon rejection was
found to be better than 99%. MVW consisted of 8 individual
scintillation counters, each measuring 80 × 100 cm2, placed
closely behind the HB. These counters were positioned hor-
izontally with a 2-cm overlap between them, hence covering

1Freon 134a is an ozone-friendly gas. Based on the measurements dur-
ing the beam test, we find Freon 134a’s refractive index to be 1.00065,
which is also consistent with the estimates based on its molecular
weight.

J.	Phys.:	Conf.	Ser.	898	042005

Eur. Phys. J. C (2009) 60: 359–373 365

Fig. 2.3 (Color online) The particle identification was carried out with
CK2 and CK3, TOF1 and TOF2, and MVW in the VLE mode. The
distributions of the time of flight between TOF1 and TOF2 are shown
for different particles

Fig. 2.4 (Color online) The same as Fig. 2.3 but for an 8 GeV/c neg-
ative hadron beam. The solid blue and purple lines indicate fits to data
(green histogram) for K− and p̄, respectively

a region of 226 cm in the vertical and 100 cm in the hori-
zontal directions. In addition to tagging low momentum (2–
5 GeV/c) beam muons, MVW was also used to study the
details of late developing hadronic showers.

In addition to the aforementioned particle ID detectors,
six delay-line chambers (WC1 through WC3 and WCA
through WCC upstream of the EB+HB), four scintillation
counters (S1 through S4) for triggering and four scintil-
lation beam halo counters (BH1 through BH4) were used
in the experiment. The spatial resolution afforded by the
delay-line chambers was ∼350 µm in both the x- and y-
coordinates. The beam trigger typically consisted of the co-
incidence S1·S2·S4 which defined a 4 × 4 cm2 area on the
front face of the calorimeter. The S4 counter pulse height
was used to eliminate multi-particle events off-line since it
gave a clean pulse height distribution for single and multi-
ple particles in the beam (see Fig. 2.5). BH counters, each
measuring 30×100 cm2 in size, were arranged such that the
beam passed through a 7 × 7 cm2 opening. These counters
were positioned 17 cm downstream of the last trigger scin-
tillator S4 and were effective in vetoing the beam halo and

Fig. 2.5 (Color online) The signal distribution from the S4 trigger
scintillator (top) for 50 GeV/c electrons displays multi-particle events
where up to three particles are clearly discernible. The bottom plot
shows the signal distribution of one of the four halo counters for 3
GeV/c negative pion beam. The red histograms indicate pedestal dis-
tributions

large-angle particles that originated from interactions in the
beam line.

2.2 Beam composition

In the high energy mode of the beam line, data were gener-
ally taken with negative beams. In this mode, there was no
antiproton contamination. If the beam line was configured
for positive particles, at very high momenta, e.g. 350 GeV/c,
the beam consisted almost purely of protons. At 20 and
30 GeV/c, the proton identification in the π+ beam was
readily possible when CK3 was pressurized to 1.7 bar of
CO2.

The particle content depends on the momentum. At the
higher end, pions dominate. At lower momenta, the beam
consisted mostly of electrons. The beam consisted of 31%
pions, 0.4% kaons, and 5.6% protons at +4 GeV/c, and the
remaining particles were positrons. At +8 GeV/c, the beam
contained 72% pions, 2% kaons and 7% protons, and the
remaining fraction consisted of positrons. In the negatively
charged beam, the particle mixture was approximately the
same but the antiproton fraction was much reduced com-
pared to that of the proton in the positive beam.

The beam content of the very low energy (VLE) beam
is shown in Table 2.1. The average uncertainty on the beam

JINST	18	(2023)	08,	P08014

MigraJon	of	Geant4	under	CMSSW

Eur.	Phys.	J.	C	(2009)	60:	359–373
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MC	ValidaJon	of	Geant4

To	validate	Geant4,	PPD	(Physics	Performance	and	Dataset)	group	calls	a	wide	validaSon	to	DPGs,	POGs	and	PAGs.	The	
MC	vs	MC	is	done	with	the	same	release	of	CMSSW,	but	different	versions	of	Geant4.

8
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Performance	monitoring

Over	the	past	4	years,	significant	improvements	have	led	to	a	40%	
reducSon	in	CPU	Sme	for	the	14	TeV	t-tbar	process	in	Full	

SimulaSon.	Key	factors	include	Geant4	upgrades,	HGCAL	and	Muon	
geometry	updates,	a	ship	from	CentOS	7	to	AlmaLinux	8,	and	the	
introducSon	of	link-Sme	opSmizaSon	(LTO).	These	updates	across	
various	CMSSW	versions	contributed	to	enhanced	performance.

9
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Reminder:	CMS	FullSim	includes	several	techniques	to	make	it	fast

10

ConfiguraJon
RelaJve	CPU	usage

MinBias TTbar

No	opJmizaJons 1.00 1.00

StaJc	library 0.95 0.93

ProducJon	cuts 0.93 0.97

Tracking	cut 0.69 0.88

Time	cut 0.95 0.97

Shower	library 0.60 0.74

Russian	rouleee 0.75 0.71

FTFP_BERT_EMM 0.87 0.83

All	opJmizaJons 0.21 0.29

• Significant	porSon	of	CMS	simulaSon	
Sme	spent	tracking	low-energy	
parScles,	parScularly	in	
electromagneSc	and	hadronic	
calorimeters	

• SimulaSon	modified	to	track	only	a	
small	fracSon	of	gamma	and	neutron	
parScles	below	energy	thresholds	

• Thresholds	and	sampling	fracSons	
were	tuned	to	ensure	final	physics	
output	remains	unaffected

MC	sampling	techniques:	
Russian	Rouleee

Run-2	simulaSon	performance

Physics	list
• Updated	since	2017	
• Change	from	
QGSP_FTFP_BERT_EML	to	
FTFP_BERT_EMM	

• EMM	details	mulSple	sca[ering	
model	for	sampling	calorimeters	
and	the	simplified	one	for	other	
detectors

J.	Phys.:	Conf.	Ser.	608,	012056	(2015)

J.	Phys.:	Conf.	Ser.	898,	042005	(2017)
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readouts. The HPD signals are fed into three 6-channel read-
out cards located inside the RM, based on a custom ASIC
which performs charge integration and encoding (QIE). The
rms noise per tower is about 200 MeV. For the HB, six time
samples (6 × 25 ns) from 3 × 3 HB towers were used for
energy reconstruction. The signal is about 75 ns wide with a
small tail extending another 50 ns. The zero input response
of the QIE (pedestals) are measured and subtracted for each
run.

The QIE is a nonlinear multi-range ADC designed to pro-
vide approximately constant fractional precision over a wide
dynamic range. This is accomplished with a floating-point
analog-to-digital conversion in which the bin width in each
of four ranges is increased in proportion to the input ampli-
tude. In addition, the QIE has four time interleaved stages.
The output of the QIE contains 2 bits of range (exponent)
and 5 bits of mantissa. Details of the HB geometry, con-
struction and electronics are reported elsewhere [5–8].

The design of the outer calorimeter (HO) scintillating
tiles is similar to that of the HB. The scintillator plates are
1 cm thick BC408. The HO counters are grouped in six seg-
ments and the transverse segmentation is identical to that
of the HB. Two layers of scintillating tiles are inserted in
the central muon system while the other two rings have one
layer of scintillating tiles (see Fig. 1.1). The readout and the
electronics for HO are the same as in the HB system.

1.2 ECAL barrel (EB) calorimeter

The electromagnetic calorimeter used for these measure-
ments consisted of a complete production EB Supermod-
ule (SM) of width !φ = 20◦ containing 1,700 crystals. The
EB crystals are slightly tapered with front-face dimensions
of 2.2 × 2.2 cm2 and a crystal length of 23 cm or 25.8X0
(see Sect. 4.3 for discussion on the interaction length). In
order to avoid cracks in the barrel, the axes of the crystals
are tilted by 3◦ in both polar and azimuthal angle with re-
spect to the direction of particle tracks originating from the
interaction point. The EB covers a range |η| < 1.48 and con-
sists of 36 SMs containing 61,200 crystals.

The light emitted in the crystals is converted to an electri-
cal signal using avalanche photodiodes (APD). Two APDs
(Hamamatsu S8148) are glued to the back of each crys-
tal. The rms electronics noise per crystal was found to be
about 45 MeV. A minimum ionizing particle deposits about
250 MeV over the full length of the crystal [9, 10].

The EB signal from the APD is amplified and shaped be-
fore being digitized by the ADC clocked at 40 MHz. The
energy in the EB is computed as a weighted sum of several
time samples of the waveform. The choice of weights and
the number of samples are dictated by the desire to minimize
the noise which is measured with no input signal (pedestal).
In the test beam environment, the phase with respect to the

40 MHz clock is random. Even though the signal is about
200 ns wide, only six time samples (6 × 25 ns) from 7 × 7
crystals were used for energy reconstruction with pedestal
subtraction.

2 Test beam setup

The data were recorded during 2006 at the CERN H2 test
beam. Figure 2.1 shows a photograph of the moving plat-
form that held two production HB wedges plus a produc-
tion EB SM which was placed in front of the HB, and the
HO behind the HB. The HE module seen on the platform
was not used in this test. The placement of the components
is in the same geometric relationship as in the CMS exper-
iment. The two-dimensional movement of the platform in
the φ and η directions allowed the beam to be directed onto
any tower of the calorimeter mimicking a particle trajec-
tory from the interaction point of the CMS experiment. Four
scintillation counters were located three meters upstream of
the calorimeters and a coincidence between a subset of the
counters was used as the trigger.

Temperature stability is critical for the ECAL as both the
response of the crystals and the APDs change with temper-
ature. The temperature was stabilized by enclosing the EB
SM (except in the beam direction) in 5 cm aluminum plates
with cooling water pipes embedded in the plates. The entire
SM was wrapped with a thermal blanket and the temperature
was stabilized at 21◦C within ±0.05◦C.

Fig. 2.1 The ECAL and the HCAL modules on a moving platform in
the CERN H2 test beam area. The transporter table which supported
the wedges is designed to move in φ and η directions, approximately 0
to 30◦ in φ and 0 to 3.0 in η

• CMS	default	Physics	List:	FTFP_BERT_EMM	
‣ Simple	step	limitaSon	for	e+,e-	for	CMS	geometry	except	HCAL	region,	where	
more	strict	step	limitaSon	is	used.	

‣ Applied	cuts	on	secondary	electrons	in	photoelectric	process	and	Compton	
sca[ering	

‣ Disabled	Rayleigh	sca[ering	

• In	this	report,	we	try	G4HepEm	library	through	FTFP_BERT_EMH	in	CMSSW.	
This	library	subsStutes	EM	physics	for	 ,	e+,e-.	
‣ Test	with	CPU.	With	AdePT,	GPU	can	be	used.
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2.1 H2 beam line and particle identification

Because a tertiary beam was required to study low mo-
mentum (<10 GeV/c) particles, considerable effort was
made to clean up the beams and perform particle identifica-
tion. Figure 2.2 schematically depicts the CERN H2 beam
line. The beam line is designed to operate in two distinct
modes. In the high energy mode, various particles are pro-
duced when 450 GeV/c protons from the Super Proton Syn-
chrotron (SPS) strike a production target (T2) 590.9 m up-
stream of the calorimeters, and particle momenta range be-
tween 15 and 350 GeV/c. In the very low energy (VLE)
mode, an additional target (T22) located 97.0 m upstream of
the calorimeter is used for particle production and the mo-
menta of particles are limited to ≤ 9 GeV/c. As shown in
Fig. 2.2, a dog-leg configuration is utilized for the momen-
tum selection of these low momentum particles.

Fig. 2.2 The CERN H2 beam line and the experimental setup are
shown schematically. In the VLE mode, the T22 target and a beam
dump were inserted into the beam line, and the low energy particles
were steered through the dog-leg

In the high energy mode, the T22 target and the VLE
beam dump were removed from the beam line. The max-
imum usable beam momentum was 100 GeV/c for elec-
trons and 350 GeV/c for hadrons. In the VLE mode, two
Cherenkov counters (CK2 and CK3), two time-of-flight
counters (TOF1 and TOF2) and muon counters (Muon Veto
Wall (MVW) of 100×226 cm2, Muon Veto Front (MVF) of
80 × 80 cm2 and Muon Veto Back (MVB) of 80 × 80 cm2)
were used to positively tag electrons, pions, kaons, protons,
antiprotons and muons.

CK2 is a 1.85-m long Cherenkov counter filled with CO2

and was used to identify electrons in the VLE mode. At
0.35 bar, no other charged particles gave a signal and the
counter was better than 99% efficient in identifying elec-
trons. It produces 6 photoelectrons (pe) for particle passage
with β = 1. CK3 is also 1.85-m long and was filled with
Freon134a.1 The pressure in CK3 was set depending on the
desired discrimination between electrons, pions, and kaons.
For example, at lower beam momenta (Pb ≤ 3 GeV/c), it
was set to tag electrons at 0.88 bar yielding 19 pe for β = 1.
At higher momenta (Pb > 4 GeV/c), CK3 was usually run
at 1.2 bar in order to separate pions from kaons and protons
where a β = 1 particle yielded 25.5 pe.

Time-of-flight counters (TOF1 and TOF2) were sepa-
rated by ∼55 m. Each scintillator plate was 10 × 10 cm2 in
area and 2-cm thick. Two trapezoidal air-core light guides
on either side of the plate funneled the scintillation light
to two fast photomultiplier tubes (Hamamatsu R5900). The
analog pulses were discriminated by constant fraction dis-
criminators. The time resolution obtained by this system
was ∼300 ps. Protons were well-separated from pions (and
kaons) up to 7 GeV/c with this time-of-flight system alone.
Pions and kaons have ±1σ TOF overlap at momenta of
5.6 GeV/c, while kaons and protons overlap at 9.5 GeV/c.
Figures 2.3 and 2.4 display the identified particles in 3 and
8 GeV/c negative hadron beams.

Energetic muons were tagged with MVF and MVB coun-
ters as well as the MVW counters. MVF and MVB were
large (80 × 80 cm2) scintillation counters and were placed
well behind the calorimeters. In order to absorb the soft
beam component in the beam line, an 80-cm thick iron block
was inserted in front of MVB. When tested with a pure muon
beam at 225 GeV/c, the efficiency of muon rejection was
found to be better than 99%. MVW consisted of 8 individual
scintillation counters, each measuring 80 × 100 cm2, placed
closely behind the HB. These counters were positioned hor-
izontally with a 2-cm overlap between them, hence covering

1Freon 134a is an ozone-friendly gas. Based on the measurements dur-
ing the beam test, we find Freon 134a’s refractive index to be 1.00065,
which is also consistent with the estimates based on its molecular
weight.

Test	of	G4HepEm	Physics
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Fig. 2.3 (Color online) The particle identification was carried out with
CK2 and CK3, TOF1 and TOF2, and MVW in the VLE mode. The
distributions of the time of flight between TOF1 and TOF2 are shown
for different particles

Fig. 2.4 (Color online) The same as Fig. 2.3 but for an 8 GeV/c neg-
ative hadron beam. The solid blue and purple lines indicate fits to data
(green histogram) for K− and p̄, respectively

a region of 226 cm in the vertical and 100 cm in the hori-
zontal directions. In addition to tagging low momentum (2–
5 GeV/c) beam muons, MVW was also used to study the
details of late developing hadronic showers.

In addition to the aforementioned particle ID detectors,
six delay-line chambers (WC1 through WC3 and WCA
through WCC upstream of the EB+HB), four scintillation
counters (S1 through S4) for triggering and four scintil-
lation beam halo counters (BH1 through BH4) were used
in the experiment. The spatial resolution afforded by the
delay-line chambers was ∼350 µm in both the x- and y-
coordinates. The beam trigger typically consisted of the co-
incidence S1·S2·S4 which defined a 4 × 4 cm2 area on the
front face of the calorimeter. The S4 counter pulse height
was used to eliminate multi-particle events off-line since it
gave a clean pulse height distribution for single and multi-
ple particles in the beam (see Fig. 2.5). BH counters, each
measuring 30×100 cm2 in size, were arranged such that the
beam passed through a 7 × 7 cm2 opening. These counters
were positioned 17 cm downstream of the last trigger scin-
tillator S4 and were effective in vetoing the beam halo and

Fig. 2.5 (Color online) The signal distribution from the S4 trigger
scintillator (top) for 50 GeV/c electrons displays multi-particle events
where up to three particles are clearly discernible. The bottom plot
shows the signal distribution of one of the four halo counters for 3
GeV/c negative pion beam. The red histograms indicate pedestal dis-
tributions

large-angle particles that originated from interactions in the
beam line.

2.2 Beam composition

In the high energy mode of the beam line, data were gener-
ally taken with negative beams. In this mode, there was no
antiproton contamination. If the beam line was configured
for positive particles, at very high momenta, e.g. 350 GeV/c,
the beam consisted almost purely of protons. At 20 and
30 GeV/c, the proton identification in the π+ beam was
readily possible when CK3 was pressurized to 1.7 bar of
CO2.

The particle content depends on the momentum. At the
higher end, pions dominate. At lower momenta, the beam
consisted mostly of electrons. The beam consisted of 31%
pions, 0.4% kaons, and 5.6% protons at +4 GeV/c, and the
remaining particles were positrons. At +8 GeV/c, the beam
contained 72% pions, 2% kaons and 7% protons, and the
remaining fraction consisted of positrons. In the negatively
charged beam, the particle mixture was approximately the
same but the antiproton fraction was much reduced com-
pared to that of the proton in the positive beam.

The beam content of the very low energy (VLE) beam
is shown in Table 2.1. The average uncertainty on the beam

• Protons	and	pions	with	momentum	from	2	to	350	GeV/c	
• Kaon	and	anS-proton	up	to	an	energy	of	9	GeV.
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VLE	mode
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Mean	energy	response	is	measured	as	the	raSo	of	the	total	energy	in	the	calorimeter	to	the	beam	momentum	as	a	
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Chi2/d.o.f.		analysis
negaJve	
pions

posiJve	pions
negaJve	
kaons

posiJve	
kaons

protons anJ-protons

G4	11.1.1	
FTFP_BERT_EMM

0.22 1.29 20.6 15.7 0.52 3.30

G4	11.2.2	FTFP_BERT_EMM 0.21 1.36 20.0 15.6 0.62 3.75

G4	11.2.2	FTFP_BERT_EMH 0.55 2.36 22.4 18.5 0.72 2.64

• The	predicSons	from	FTFP_BERT_EMM	from	G4	11.1.1	
and	G4	11.2.2	are	in	good	agreement,	and	consistent	
with	predicSons	from	FTFP_BERT_EMH.	

• The	level	of	agreement	is	good	for	pions	and	protons,	
while	it	is	not	good	for	kaons	and	some	disagreement	is	
seen	for	anS-protons.	

• Proton-proton	collisions	at	high	energy	produces	mostly	
pion.	We	can	expect	agreement	between	Data-MC.

Phys.	Rev.	D	96,	112003

Summary	on	test	beam	2006
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CMS	HGCAL	is	a	sampling	calorimeter	
comprising	an	electromagneSc	secSon	
(CE-E)	followed	by	a	hadronic	secSon	
(CE-H),	which	are	longitudinally	
segmented	into	50	layers.
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• Protons	accelerated	to	400	GeV/c	by	the	SPS	collide	with	a	500	mm	
Beryllium	target.	

• Secondary	beams	(muons,	electrons,	pions)	are	produced	and	
directed	to	the	HGCAL	prototype	600	m	downstream.	

• The	parScles	selected	in	the	momenta	range	of	20	-	300	GeV/c	have	a	
momentum	spread	of	0.2	-	2.0	%.

HGCAL	
ElectromagneJc	

SecJon

HGCAL	
Hadronic	
SecJon

CALICE		
AHCAL	

ValidaJon	of	HGCAL	prototype	with	charged	pion	beams		
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ValidaJon	of	HGCAL	prototype	with	charged	pion	beams		

Pion	 energy	 resoluJon	 as	 the	 funcJon	 of	 beam	 energy.	
Note	 that,	 the	staSsScal	errors	are	on	 level	of	marker	size	
and	are	not	shown.

Positron	 energy	 deposiJon	 in	 units	 of	 MIP	 as	 a	
funcJon	of	number	of	layer	in	EM	secJon	of	HGCal.	
Note	that,	the	staSsScal	errors	are	on	level	of	marker	
size	and	are	not	shown.

New	test	inside	Geant-val	validaJon	database

17



S
u

m
m

a
ry

18

• CMSSW	is	under	intensive	development	toward	Phase-2	
‣ FinalizaSon	of	geometry	descripSon	
‣OpSmizaSon	of	physics	configuraSon	
‣R&D	on	usage	of	accelerators	

• CMS	choice	to	use	latest	Geant4	version	for	Phase-2	
‣Accuracy	and	code	quality	are	under	permanent	monitoring	
‣Test	beam	data	2006	and	2018,	also	detector	data	2016	are	used	

• R&D	program	is	ongoing	
‣G4HepEm	library	may	be	considered	
‣ Looking	forward	on	AdePT	and	Celeritas	projects	

• Talks	&	Poster	on	CMS	SimulaJon	at	CHEP	2024	
‣ [Plenary]	CMS	FlashSim:	end-to-end	simulaSon	with	ML	(link)	
‣ [Parallel]	SimulaSng	the	CMS	High	Granularity	Calorimeter	with	ML	(link)	
‣ [Poster]	Refining	FastSim	with	Machine	Learning	(link)

Summary

https://indico.cern.ch/event/1338689/contributions/6009792/
https://indico.cern.ch/event/1338689/contributions/6015962/
https://indico.cern.ch/event/1338689/contributions/6016222/

