
ELECTROMAGNETIC	CALORIMETER	
(SPLITCAL)

Rainer	Wanke	
Johannes	Gutenberg-Universität	Mainz	

SHiP	Germany	Workshop	
Berlin	

Mar	27th,	2020



Rainer	Wanke,	SHiP	Germany	Workshop,	Berlin,	Mar	26/27,	2020	

2019 JINST 14 P03025

Figure 1. Overview of the target and experimental area for the SHiP detector as implemented in the physics
simulation.

of the hadron absorber in the experimental hall and consists of a chain of magnets which extends
over a length of ⇠ 40 m.

The SHiP experiment incorporates two complementary apparatuses. The detector system
immediately downstream of the muon shield is optimised both for recoil signatures of hidden sector
particle scattering and for neutrino physics. It is based on a hybrid detector similar to what was
developed by the OPERA Collaboration [11] with alternating layers of nuclear emulsion films
and electronic trackers, and high-density ⌫-target plates. In addition, the detector is located in
a magnetic field for charge and momentum measurement of hadronic final states. The detector
⌫-target mass totals O(10) tonnes. The emulsion spectrometer is followed by a muon identification
system. This also acts as a tagger for interactions in the muon filters which may produce long-lived
neutral mesons entering the downstream decay volume and whose decay may mimic signal events.

The second detector system aims at measuring the visible decays of Hidden Sector particles
to both fully reconstructible final states and to partially reconstructible final states with neutrinos.
The detector consists of a 50 m long decay volume (section 5.2) followed by a large spectrometer
with a rectangular acceptance of 5 m in width and 10 m in height. The length of the decay volume
is defined by maximising the acceptance to the hidden particle decay products (figure 2) given the
transverse size of the spectrometer. In order to suppress the background from neutrinos interacting
in the fiducial volume, it is maintained at a pressure of O(10�3

) bar. The spectrometer is designed
to accurately reconstruct the decay vertex, the mass, and the impact parameter of the hidden particle
trajectory at the proton target. A set of calorimeters and muon stations provide particle identification.
The system is optimised to detect as many final states as possible in order to be sensitive to, and
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ECAL

The	Electromagnetic	Calorimeter

ECAL	of	the	Hidden	Sector	Detector:	
▶ Energy	measurement	of																																																															

electrons	&	photons.	
▶ Particle	ID	of	electrons,																																																																									

muons	and	hadrons.	
▶ Photon	direction																																																																																	

for	A	➞	γγ.	
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ECAL

Calorimeter	Groups

Groups	currently	involved	in	the	ECAL	development	
▶ University	of	Mainz	
▶ INFN	Cagliari	

						More	participants	
				more	than	welcome!	
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ECAL

Overview

▶ Baseline	design		

▶ Prototype	

▶ Towards	the	final	detector	

▶ Expected	performance
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Baseline	Design

Two	separate	and	very	different	detectors	in	one:	

1. Scintillator	ECAL	for	shower	energies.	
▶ Large	absorber	planes	of	6	m	×	12	m	cross	section																		
▶ About	40	scintillating	planes	(20	X0)	with	strips																										

alternating	in	x	and	y	and	WLS	fibre	readout.	
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Scin\llator-absorber	planes31.10.2019 | Johannes Gutenberg-Universität Mainz

• ALPs → γγ
• Limits for ALP mass up to ~ 1.5 GeV
• Reconstruction for SHiP possible with Splitcal

calorimeter 
• In total 50 Layer, each separated by an absorber layer
• 47x scintillator strip layer, alternating design
• 3x High precision layer (MicroMegas)
• Front face: 600 x 1200 cm²
• 1 m gap separates the calorimeter

ALPs detection at SHiP experiment

Plot from B. Döbrich et al -
Light in the beam dump
arXiv:1904.02091v2 
https://arxiv.org/pdf/1904.02091.pdf
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Layout	of	Scintillating	Layers
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Baseline	Design

Two	separate	and	very	different	detectors	in	one:	

2. Two	or	three	high-precision	layers	for	photon	directions.	
▶ Invariant	mass	of	an	ALP	decay	A	➞	γγ	can	be	measured:																			

	 	 	 m2	=	Eγ1	×	Eγ2	×	(1	–	cos	α)	
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Baseline	Design

Position	of	high-precision	layers	optimum	between	two	
competing	inefficiencies	in	photon	detection:	
▶ Conversion	probability	only	56%	per	X0	➜		First	layer	at	≥	5	X0.	
▶ Shower	length	for	low-energy	photons		➜		Last	layer	at	7-8	X0.	

➜ Still	inefficiencies	of	O(5%).	
Gap	of	~1	m	for	better	lever	arm		➜		„SplitCAL“	
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Baseline	Design

Technology	of	high-precision	layers:	
▶ In	principle	every	technology	with	high	resolution	does	the	job.	
▶ As	baseline	we	use	MicroMegas	as																																																																								

for	the	ATLAS	muon	system	upgrade.	
➜ Known	technology,	available	in	Mainz.	
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Layout	of	MicroMegas	Layers
▶ 9	chambers	à	105	×	105	cm2	

per	segment.	
▶ ≈	600k	channels	(2	planes)
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SplitCAL	Prototype
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SplitCAL	Prototype
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All	kinds	of	setups	easily	possible.

No	addi\onal	absorber	layers

2	Micro-	
Megas

2	scin\llator	
layers	(x	&	y)

2	scin\llator	
layers	(x	&	y)

With	absorber	layers	in	front

22	absorber	layers	(≈	5	X0)

45	slots,	25	mm	apart

560	m
m
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Absorber plate with 7 strips
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Scintillating	Planes	of	the	Prototype

Each	scintillating	plane	consists	of	one	absorber	
plate,	with	7	scintillating	strips	mounted.	

▶ Double-sided	readout		➜		2	×	7	=	14	chan/plane.	
▶ 2	horizontal	&	2	vertical	planes.	
▶ SiPMs,	preamps,	and																																																										

bias	voltage	mounted																																																		
on	a	single	PCB	on	the																																																		
front	faces	of	the	strips.
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Scin\lla\ng	
strip

Each	scintillating	plane	consists	of	one	absorber	
plate,	with	7	scintillating	strips	mounted.	

▶ Double-sided	readout		➜		2	×	7	=	14	chan/plane.	
▶ 2	horizontal	&	2	vertical	planes.	
▶ SiPMs,	preamps,	and																																																										

bias	voltage	mounted																																																		
on	a	single	PCB	on	the																																																		
front	faces	of	the	strips.

Scintillating	Planes	of	the	Prototype
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Absorber	plate	with	7	stripsSiPM	with	preamplifier
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Results	of	Scintillating	Planes

Measurement	of	electron	showers	(test	beam	data):	

▶ Shower	development																																																																										
through	absorber	layers																																																																											
clearly	visible.	
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Radia\on	lengths	of	absorber
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High-Precision	Layers	of	the	Prototype

Two	MicroMegas	chambers	with	18	×	18	cm2	active	area.	
▶ Each	MicroMegas	contains	a	double-layer	with	x	and	y	strips,	

mounted	on	one	absorber	plate.	
▶ Strip	pitch	=	500	µm		➜		360	strips	in	each	view.	
▶ Readout	with	custom	ASICs	(APV)	and	external	trigger.
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MicroMegas	layers	(electron	test	beam	data):																																																																									
Hit	distributions	for	data	and	simulation	with	2	mm	hit	resolution.																																			
➜		Very	good	agreement	apart	from	residual	noise.

Test	Beam	Results	for	High-Precision	Layers
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(a) X layer, Run 11 (b) Y layer, Run 11

(c) X layer, Run 13 (d) Y layer, Run 13

(e) X layer, Run 15 (f) Y layer, Run 15

Figure 5.12: Adjusted distribution of measured particles for run 11, 13 and 15 in
the X and Y layer of detector "SCHIFF"
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Test	Beam	Results	for	High-Precision	Layers

Average	number	of	measured	particles	per	shower:
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(a) X layer, Run 13 (b) Y layer, Run 13

(c) X layer, Run 14 (d) Y layer, Run 14

(e) X layer, Run 15 (f) Y layer, Run 15

Figure 5.8: Number of measured particles for run 13, 14 and 15 in the X and Y
layer of detector "SCHIFF"

It is recognizable, that the predictions fit the amount of measured particles, as well
as their distributions quite well. With small amounts of absorber material, the
residues of the noise particles increase the average amount.
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Test	Beam	Results	for	High-Precision	Layers

Shower	width	(excluding	single-particle	events):	
▶ Good	agreement	between	measurement	and	simulation.											
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(a) X layer, Run 12 (b) Y layer, Run 12

(c) X layer, Run 14 (d) Y layer, Run 14

Figure 5.10: Standard deviation of the positions of the shower particles for run 12
and 14 in the X and Y layer of detector "SCHIFF"

The increased distribution of the hits is particularly observable in the measurements
for small amounts of absorber material in front. The predicted values for the shower
width is considerably lower, meaning the measured value is more easily influence by
noise. The residue of the measured noise will increase the standard deviation of the
shower positions, since it is not concentrated in the center of the shower.

5.4.3 Distribution of hits

The distribution of the measured particles is shown in Figure 5.11. For compari-
son with the simulation, the Gaussian distribution, fitted on the signal in detector
"BOOT" was used. The empty areas of these plots correspond to the excluded
strips.
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"BOOT" was used. The empty areas of these plots correspond to the excluded
strips.
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(a) X layer, Run 12 (b) Y layer, Run 12

(c) X layer, Run 14 (d) Y layer, Run 14

Figure 5.10: Standard deviation of the positions of the shower particles for run 12
and 14 in the X and Y layer of detector "SCHIFF"

The increased distribution of the hits is particularly observable in the measurements
for small amounts of absorber material in front. The predicted values for the shower
width is considerably lower, meaning the measured value is more easily influence by
noise. The residue of the measured noise will increase the standard deviation of the
shower positions, since it is not concentrated in the center of the shower.

5.4.3 Distribution of hits

The distribution of the measured particles is shown in Figure 5.11. For compari-
son with the simulation, the Gaussian distribution, fitted on the signal in detector
"BOOT" was used. The empty areas of these plots correspond to the excluded
strips.
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5.4.2 Width of measured showers

The next parameter to regard is the width of the individual shower. As discussed in
section 3.1 is can be estimated by the average standard deviation of the measured
positions of the shower particles. An overview of the interesting runs in shown in
Figure 5.9. These plots do not include the events, in which only one particle was
detected, giving a standard deviation of zero. This just indicates the amount of
electrons that have not yet interacted, and in case of incident photons will not be
measured.

(a) "SCHIFF" X layer (b) "SCHIFF" Y layer

Figure 5.9: Average standard deviation of the positions of the shower particles,
depending on the amount of absorber material before 2nd high-precision layer

For the measurements with lower amounts of absorber material a distinctly higher
width was measured. The width of the showers gets closer to the expected value
the more absorber material was placed in front. A look into the distributions of the
single measurement is given in Figure 5.10.
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Scintillator	SiPM	Readout

▶ Prototype	readout	too	expensive	(and	clumsy)																										
for	O(40k)	channels.	

▶ Better:	ASICs	near	SiPMs	for	signal	collection	&	digitization.	
Requirements:	
▶ Large	dynamic	range																																																																				

(MIPs	as	well	as	e.m.	showers).	
▶ SiPM	calibration.	
▶ Multiplexed	digital	output																																																									

because	of	high	#	of	channels.	

Main	R&D	topic	at	the	moment.

21

KLauS chip and test setup

07.03.2018 Zhenxiong, New Results of KLauS5 3

Received in Nov. 2017

Measurement setup:

� Raspberry Pi
� Interface board
� Testboard

I2C/LVDS for data-taking

KLauS5Low power, precise charge readout of SiPM (Z. Yuan)
KLauS	chip	from	Uni	Heidelberg	is	an	op\on
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Technological	prototype

Next	step:			

▶ Involves	all	required	materials	and	technologies	and	
demonstrates	the	feasibility	and	functionality.	

▶ Front	face	of	about	1.5	m	x	1.5	m.	

▶ 10	scintillating	layers	(5	x,	5	y)	and	2	high-precision	layers.		

▶ 500	SiPM	channels	and	25200	MicroMegas	channels.		

▶ Close	to	final	Readout	with	ASICs.		

▶ Mechanical	integration.

22

Technological prototype

To be built for the TDR



Rainer	Wanke,	SHiP	Germany	Workshop,	Berlin,	Mar	26/27,	2020	 23

SplitCAL	Performance



Rainer	Wanke,	SHiP	Germany	Workshop,	Berlin,	Mar	26/27,	2020	

Expected	SplitCAL	Performance

Energy	resolution	from	scintillating	layers	
▶ Simulation	of	ALP	➞	γγ	decays	with	different	masses	and	

energies.	
▶ Full	detector	implementation	in	GEANT4	and	full	shower	

reconstruction.	
▶ Energy	resolution	(RMS)																																																																								

of	about	15%.

24

31.10.2019 | Johannes Gutenberg-Universität Mainz

• Energy reconstruction works very well !
• Some outliers to higher value
• Nearly no wrongly assigned energies
• Resolution (without outliers) on a level of 5%

Energy resolution

14

Energy resolution

reconstructed	energy	/	true	energy

en
tr
ie
s Example:	

mass	=	0.75	GeV
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Expected	SplitCAL	Performance

Mass	resolution	from	high-precision	layers	
▶ No	full	detector	MC	implementation	yet,	but	using	positions	

of	shower	particles	smeared	by	2	mm	(as	obtained	from	
prototype	data/MC	comparison).	

▶ Preliminary	study	with	ALPS	between	0.25	and	1.25	GeV:																																																																																							
Mass	resolutions	of																																																																																	
	 70	-	130	MeV.
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31.10.2019 | Johannes Gutenberg-Universität Mainz

• Mass reconstruction works very well !
• Resolution depended on mass (without outliers: 

0.25 GeV with ~30 %, 1.25 with ~ 10%)
• Some outliers to higher value mass values due to 

energy and angle outlier

Mass resolution

Kin. fit
1.25 GeV

Work in progress

Kin. fit
0.25 GeV

Kin. fit
0.5 GeV

Lin. fit
0.5 GeV

reconstructed	ALP	mass

en
tr
ie
s

Example:	
mass	=	1.25	GeV
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• Resolution depended on mass (without outliers:   

0.25 GeV with ~30 %, 1.25 with ~ 10%)
• Some outliers to higher value mass values due to 

energy and angle outlier
• Good reconstruction efficiency

• Kinematic fit not yet as good as expected
• Optimization on-going
• Reconstruction efficiency in mass window (±0.6 m) 

higher than individual linear fit (5 - 8%)
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0.5 0.52 ± 0.10 0.51 ± 0.10 89.5 % 71.7 % 77.3 %

0.75 0.77 ± 0.12 0.77 ± 0.12 90.7 % 78.3 % 84.4 %

1 1.02 ± 0.13 1.01 ± 0.13 91.3 % 81.7 % 86.5 %

1.25 1.27 ± 0.13 1.26 ± 0.13 92.3 % 82.4 % 87.4 %
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Conclusions

SplitCAL	—	ECAL	with	reconstruction	of	shower	directions	

Two	separate	and	very	distinct	detectors:	
▶ „Standard“	absorber-scintillator	ECAL	with	WLS	fibre	readout.	
▶ Integrated	high-precision	layers	(MicroMegas).																																

Whole	ECAL	split	into	two	parts	for	better	lever	arm.	

First	prototype	built	&	running.	Good	agreement	with	simulation.	

Next	step:	Construction	of	technological	prototype.	

Looking	for	additional	groups	to	participate!	

26
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Full	SplitCAL:	Scintillating	Layers

Baseline	parameters	of	the	SplitCAL	scintillator	layers:		

28

ECAL front face 6 m ⇥ 12 m = 72 m2

ECAL depth 20X0

Number of scintillator/absorber layers 40
Scintillator strip dimensions 300 cm ⇥ 6 cm ⇥ 1 cm
Number of strips per layer 400
Total number of strips 16 000
Length of WLS fibres 2 400 m/layer, 96 km in total
Number of readout channels 800/layer, 32 000 in total
Scintillator weight 760 kg/layer, 30.4 tons
Absorber thickness (0.5X0) 2.8 mm (lead), 8.8 mm (iron)
Absorber weight per layer 2.3 tons (lead), 5.0 tons (iron)
Total weight (without support) 122 tons (lead), 230 tons (iron)

Table 28: Baseline parameters of the SplitCAL scintillator layers.

2.21.1.3 High-Precision Layers
The baseline solution for the high-precision layers are MicroMegas chambers, similar to those which
have been developed for the new ATLAS muon system [?]. While several different technologies could
in principle be applied, the MicroMegas option was chosen, since both the detector technology and the
read-out can be adopted with only minimum changes and, secondly, expertise in their production and
operation is available at Mainz University. Since the chambers are planned to be significantly smaller
than those of ATLAS, several difficulties particularly in the production process will be reduced.

2.21.1.4 Front-End Electronics – High-Precision Layers

Active area of one MicroMegas module 80 cm ⇥ 80 cm
Number of modules per layer 32
Total number of modules 64 (96)
Strip pitch 500 µm
Number of channels per module 3 200
Total number of channels 204 800 (307 200)
Total number of read-out chips 1 600 (2 400)

Table 29: Baseline parameters of the SplitCAL high-precision layers. Numbers given for two (three)
layers.

2.21.2 Project status and level of maturity

2.21.2.1 SplitCAL Prototype
2.21.3 Development up to TDR

2.21.3.1 Technological Prototype
An important milestone for the TDR is the construction of a technological prototype which involves all
required materials and technologies and demonstrates their feasibility and functionality. The prototype
should have a front face of about 1.5 m ⇥ 1.5 m to allow four full-size MicroMegas chambers in one
high-precision layer and still simple handling. In total 10 scintillating layers (5 horizontal and 5 vertical)
and two high-precision layers are foreseen. The number of readout channels will be 500 SiPM channels
and 25 200 MicroMegas channels. For both SiPM and MicroMegas readout the final or close to final
ASICs shall be used. An additional important aspect of the technological prototype is the mechanical
integration of both the scintillators and readout PCBs in light-tight cassettes together with absorbers and
of the MicroMegas layers, which need to be staggered in longitudinal direction to allow overlaps.
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Full	SplitCAL:	High-Precision	Layers

Baseline	parameters	of	high-precision	layers	with	MicroMegas.	
Numbers	are	given	for	two	(three)	high-precision	layers.		
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Several new calorimeters with many channels but relatively low rate like e.g. the Calice Analogue
Hadron Calorimeter (AHCAL) [?] have to meet similar requirements. We therefore foresee a similar
setup, in particular using a custom ASIC close to the SiPMs. One such ASIC is the KlauS chip developed
by the University of Heidelberg [?], which fulfills the above-mentioned requirements. It can read out and
digitize up to 36 separate channels. Major R&D, however, needs to go into the very different geometrical
setup of the SHiP ECAL scintillators with respect to the Calice AHCAL.

ECAL front face 6 m ⇥ 12 m = 72 m2

ECAL depth 20X0

Number of scintillator/absorber layers 40
Scintillator strip dimensions 300 cm ⇥ 6 cm ⇥ 1 cm
Number of strips per layer 400
Total number of strips 16 000
Length of WLS fibres 2 400 m/layer, 96 km in total
Number of readout channels 800/layer, 32 000 in total
Scintillator weight 760 kg/layer, 30.4 tons
Absorber thickness (0.5X0) 2.8 mm (lead), 8.8 mm (iron)
Absorber weight per layer 2.3 tons (lead), 5.0 tons (iron)
Total weight (without support) 122 tons (lead), 230 tons (iron)

Table 28: Baseline parameters of the SplitCAL scintillator layers.

2.21.1.3 High-Precision Layers
The baseline solution for the high-precision layers are MicroMegas chambers, similar to those which
have been developed for the new ATLAS muon system [?]. While several different technologies could
in principle be applied, the MicroMegas option was chosen, since both the detector technology and the
read-out can be adopted with only minimum changes and, secondly, expertise in their production and
operation is available at Mainz University. Since the chambers are planned to be significantly smaller
than those of ATLAS, several difficulties particularly in the production process will be reduced.

2.21.1.4 Front-End Electronics – High-Precision Layers

Active area of one MicroMegas module 80 cm ⇥ 80 cm
Number of modules per layer 128
Total number of modules 256 (374)
Strip pitch 500 µm
Number of channels per module 3 200
Total number of channels 819 200 (1 228 800)
Total number of read-out chips 6 400 (9 600)

Table 29: Baseline parameters of the SplitCAL high-precision layers. Numbers given for two (three)
layers.
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Very	preliminary	Cost	Evaluation

30

into a usable format into account. However, this is a very rough estimate and requires a sounder
footing. Using iron instead of lead, which is more easy to handle but has larger size and total
weight, gives a similar cost figure.

– Similarly the cost estimate for the mechanical support structure needs a much better basis.

Cost/unit (e) Quantity Cost (ke)
ECAL Scintillator strips (3 m) 100 16 000 1 600
ECAL WLS fibres 3 000 per km 100 km 300
ECAL SiPMs 30 32 000 960
ECAL front-end electronics 40 per channel 32 000 channels 128
ECAL cables, crates, DAQ, etc. – – 250
MicroMegas PCBs 4 000 256 1 024
MicroMegas Parts 2 000 256 512
MicroMegas Readout 2 per channel 800 000 1 600
MicroMegas cables, crates, DAQ, etc. – – 100
ECAL absorbers (20X0 lead) 5 per kg 92 tons 460
Mechanics – – 400
Total 7 340
Total including 20 % contingency 8 800

Table 32: Preliminary cost estimate for the complete SplitCAL with a depth of SI20X0 and two high-
precision layers.

Possibilities for cost savings in production:

–

2.21.8 Missing Expertise

In the table displayed under ??, the column "Need" shows the requirements for additional expertise and
personnel.
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SiPMs

Two	types	of	SiPMs	used:	

▶ Hamamatsu	S13360-3025PE	
3	×	3	mm2,	25	µm	pitch,	14400	pixels.																																																
Used	with	WLS	fibres	of	1.2	mm	diameter.	

▶ Hamamatsu	S13360-6050PE	
6	×	6	mm2,	50	µm	pitch,	14400	pixels.																																																
Used	with	WLS	fibres	of	2.0	mm	diameter.	

Large	number	of	pixels	necessary	for	dynamic																																																		
range	between	MIPs	and	electron	showers.

31

S13360-3025PE

S13360-3025PE


