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- physics motivation

- the TP design

- the TP performance for particle identification

- potential for a detection of axion-like particles 
(ALP) decaying to two photons

- ideas for a new design
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Motivations for a good particle identification in SHiP

1) measure the mass of final states from hidden sector 
particle decays, with and without neutrals  
2) distinguishing between models: HNLs, dark scalar, dark 
vector, SUSY etc.
3) distinguishing final states so to extract the parameters of 
the 𝛎MSM —> together with the measurement of the Dirac 
phase 𝝳 by DUNE/HyperK, information on lepto-genesis 
(e.g. JHEP 1708 (2017) 018)

As a by-product we will get further suppression     of  𝛎 
induced background
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The TP design (1)
requirements considered for  ECAL design: 
e- and γ reconstruction, energy and position 
measurement, e-/𝛑 separation
- large size
- known technologies
- e-/𝛑 separation as good as possible from 1 to 
100Gev 
- moderate 𝝈(E), granularity to see the two photons 
from the 𝛑0 from HNL—>ρl
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distance  of photons in ECAL  from  𝛑0’s in        
HNL—>ρ l
need to see separate two photons to distinguish 
𝛑0𝛑0   from ALP—>γγ 
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Figure 4.60: Number of reconstructed ⇡0 mesons as function of ECAL vertical semi-axis (a). Number
of electron tracks matched to an ECAL cluster vs. the vertical semi-axis (b).
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Figure 4.61: Distance between the two photons from a ⇡0 from HNL ! l±⇢⌥ ! l±⇡⌥⇡0 decay:
(a) overall distribution and (b) region of small distances d(�1, �2) up to 50 cm.

distance between the two photons from ⇡0 for m = 1 GeV/c2 HNL decays before the start of
the tracking system, requiring E� > 0.3 GeV. The minimum separation distance between two
photons is as small as a few cm, while the mean distance is as large as 100 cm.

4.10.1.2 Detector technology

The electromagnetic calorimeter employs the shashlik technique, consisting of a sampling
scintillator-lead structure read out by plastic WLS fibres. This technology has been successfully
developed and deployed by the HERA-B collaboration [150] at DESY, the PHENIX collabo-
ration [151] at BNL and the LHCb collaboration [152] at CERN. The combination of good
energy resolution, fast response time and relatively low cost-to-performance ratio fulfill the
requirements of the SHiP electromagnetic calorimeter.



The TP design (2)
requirements considered on HCAL/MUON detector design: 𝝻/𝛑 
separation (including also  ECAL!)
- large size
- known technologies 
- tag neutral particles such a K0L for background rejection (but at 
the time no practical example)
- 𝝻/𝛑 separation for non decaying pions as good as possible from 1 
to 100GeV

HNL decay product spectrum
(DP harder)
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Figure 2.5: Total cc production cross sections at fixed target energies [45–47].

taggers should be located upstream and at the beginning of the HS fiducial volume.
The full reconstruction of the hidden particle decays requires a magnetic spectrometer and a

system for particle identification at the end of the decay volume. Figure 2.6 shows the momen-
tum distribution (left) and the opening angle distribution (right) of the decay products in ⇡µ
decays of HNLs from charmed hadrons. In order to provide discrimination against background,
the tracking system of the spectrometer must provide good tracking and mass resolution, and
precise determination of the position of the decay vertex and the impact parameter at the tar-
get for the particle producing the decay vertex. A timing detector with sub-nanosecond time
resolution as part of the hidden particle reconstruction system is further required to exclude
fake decay vertices from combinations of random tracks.
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Figure 2.6: Momentum distribution (left) and opening angle distribution (right) of the decay
products in ⇡µ decays of HNLs with mass 1 GeV/c2 from charmed hadrons.



The TP Design
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The EM calorimeter in 
the Technical Proposal

Physics: HNL—>𝛑𝛑0l, DP—> 𝛑𝛑𝛑0, e-/𝛑 separation 
in HNL—>𝛑e
Particle rate —> low
Shashlik (a la LHCb)
Cells of 6×6 cm2 cross section 
with 140 alternating layers of 
1 mm lead and 2 mm scintillator. 

Total depth of ~50 cm = 25 X0


𝝈(E)/E≈5.7%/√E
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Current Design in TP:  Shashlik calorimeter

• Cells of 6×6 cm2 cross section                                                         

with 140 alternating layers of                                                            
1 mm lead and 2 mm scintillator.


• Total depth of ~50 cm = 25 X0.

• Light transfer with longitudinal WLS fibres.

• Light readout with PM tubes.

• In total 11504 cells/channels.

• Energy resolution σE/E ~ 5.7%/√E


Disadvantages of shashlik design: 
• High cost (10 M€ in TP). 

• No possibility for additional “high precision                                     

layers” for directional information.                                                                               

2

ECAL Design in Technical Proposal

Rainer Wanke, SHiP Collaboration Meeting, June 8th, 2017
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(a) (c)

(b)

Figure 4.62: Calorimeter system geometry: (a) a shashlik calorimeter cell (for display purposes
cover foils have been removed), (b) Geant4 view of a shashlik ECAL module, and (c) 5x10 m2 elliptic
Calorimeter system and its position with respect to the MUON system (3D view with the top-right
quarter removed).

Recent developments in shashlik technology have shown that electromagnetic shower en-
ergies can be measured with a resolution of �(E)/E ' 6%/

p
E (E in GeV) [153]. This

performance can be obtained using a sampling structure of 1 mm lead sheets interspersed with
2 mm thick scintillator plates and an accurate design of the light collection by the wavelength
shifting (WLS) fibers. A photo of a shashlik module is shown in Figure 4.62 (a). Results of
detailed simulation of such a structure using the Geant4 toolkit (shown in Figs. 4.62 (b, c)) are
discussed in the Section 4.10.1.5.

The schematic front view of the ECAL is shown in Figure 4.62 (c). The calorimeter is
constructed from modules, which are shown in the figure as rectangular blocks with a trans-
verse dimension of 12⇥12 cm2. Each module is separated into 2⇥2 light-isolated readout cells.
As shown in Figure 4.61 (b) the resulting 6⇥6 cm2 cells provide nearly 100% e�ciency for
two-photon separation. A possible increase of the transversal cell size would introduce some
ine�ciency but allow substantial reduction in the overall ECAL cost. The modular geometry
of the calorimeters facilitates their integration in any geometrical configuration of the SHiP
detector. The modules are connected mechanically at the front and backward sides and form
a self-supporting structure.

A Geant4 implementation of a calorimeter module is shown in Fig 4.62 (b). The module
is built from alternating layers of 1 mm thick lead, white reflecting Tyvek paper (2x0.06 mm)
and 2 mm thick injection-moulded polystyrene-based scintillator tiles. The complete stack is



The TP design (2)
Design:
cover 𝜇/𝜋 separation  above few GeV’s <threshold> 
with “MUON” detector (4 layers of plastic extruded 
scintillator read out by WLS fibres and SiPMS’s 
and digital readout alternated with 3.4 λI iron 
absorbers) —> a “topological” detector
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Figure 4.67: Muon detector layout. Green thick layers are the passive iron filters, grey thin
layers are the active modules. Each active module is defined by two layers (horizontal and
vertical) of scintillating bars and the support aluminum structure. The beam impinges from
the right-hand side.

construction, potential for distributed production, long-term stability, low maintenance, high
reliability and cost e↵ectiveness, all important aspects for building a large area detector.

The scintillating strips in the SHiP muon detector will be 5 (10) cm wide, 3 m long and 2
(1) cm thick. Precise definition of the dimensions will be done for the Technical Design Report.
Crossings of horizontal and vertical strips can provide the x, y view in each muon station with a
readout granularity of 5 (10) cm. In Figure 4.68 and Figure 4.69 a possible layout of horizontal
and vertical strips for each muon station is shown.

About 480 vertical strips and 480 horizontal strips 5 cm wide are needed to instrument one
muon station in the two views, 3840 strips for the entire system readout at both ends by 7680
photodetectors. In Table 4.9 the main numbers of the muon detector are summarized.

Given the relatively large area, a good choice could be the rather inexpensive scintillators
produced at the FNAL-NICADD [160,161] facility which are fabricated by extrusion with a thin
layer of T iO2 around the active core. Another possibility could be polystyrene scintillator bars
extruded at UNIPLAST plant (Vladimir, Russia). In this case, the scintillator composition is
polystyrene doped with 1.5% of paraterphenyl (PTP) and 0.01% of POPOP and the bars are
extruded with thickness of 7 and 10 mm and then covered by a chemical reflector by etching

4.11. MUON DETECTOR 127

Figure 4.68: Scintillating strips layout.

Figure 4.69: Muon detector layout: detail.

the scintillator surface in a chemical agent that results in the formation of a white micropore
deposit over the polystyrene surface [162].

Since the attenuation length of the plastic scintillator is rather short (⇠35 cm), the light
produced by the particle interaction has to be collected and transported to the photodetectors
e�ciently by WLS fibres. These fibers need to have a good light yield to ensure a high detection
e�ciency for fiber lengths of ⇠ 3 m. Possible choices for WLS fibers are those produced by
Saint-Gobain (BCF92) [163] and from Kuraray (Y11-300) [164] factories. Both companies
produce multiclad fibers with good attenuation length (� ⇠ 3.5-4 m) and trapping e�ciency
(⇠ 10%). The fibers from Kuraray have a higher light yield (about 40% more), while Saint-
Gobain fibers have a faster response (⇠ 2.7 ns versus ⇠ 10 ns of the Kuraray), which ensures
a better time resolution. The choice of the manufacturer will be done for the Technical Design
Report.

Large volume scintillator detectors require the usage of inexpensive, compact, photosensors
with a high e�ciency to the green light emitted from WLS fibers.

Manufacturers have advanced in recent years in developing new generations of multipixel
Geiger photodiodes referred as SiPMs. Di↵erent SiPM types are available on the market
from di↵erent manufacturers like Hamamatsu, AdvanSiD (FBK), KETEK and SensL (see Ta-
ble 4.10). We are planning to test di↵erent models in order to find out the solution that fully
matches our requirements.

The HCAL and MUON detector  
in the Technical Proposal



The TP design (2)
and cover the low momentum region <4GeV with  
iron Shashlik HCAL with 24x24cm2 cells with 6.2 λI

first thin section (H1) with 18 sampling layers 
followed by a  second section (H2) of 48 layers  
(Shashlik  was chosen just for  conceptual 
simulation)      
Of course the MUON detector threshold depends 
on what is in front in terms of λI
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Performance  studies already in the TP

ECAL response studied with FairSHiP MC
HCAL detector optimised stand-alone (not in FairSHiP) 
MUON detector NOT optimised but simulated in 
FairSHiP with HCAL in front  (6.2λI )
Beware: hadronic shower response in MC not  
completely reliable

11 CERN 28 Sept 2017



Performance on non-decaying pions of the  MUON 
detector

12 CERN 28 Sept 2017
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Figure 4.73: Muon identification e�ciency (left) and the pion misidentification probability for
pions not decaying in flight (right) as a function of momentum.
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Figure 4.74: Pion identification e�ciency (left) and the muon misidentification probability
(right) as a function of momentum.

- definition of the number and layout of the WLS fibers;

- choice of the manufacturer of the WLS fibers;

- test of the SiPMs present on the market;

- design and test of prototypes of the front-end electronics.

For this purpose a two weeks long test beam is scheduled at the T9 area of the PS at CERN
in October 2015.

4.12 Trigger and Online System

The architecture of the Online system is inspired by the one proposed in the LHCb Trigger
and Online Upgrade TDR [169]. The philosophy is to implement a trigger-less readout system,
which performs event building of all zero suppressed data and subsequently executes a fully
software trigger on an online computer farm. Contrary to LHCb the SHiP front-ends (FE)

P(𝜋—>𝜋) P(𝜋—>𝜇)
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- definition of the number and layout of the WLS fibers;

- choice of the manufacturer of the WLS fibers;

- test of the SiPMs present on the market;

- design and test of prototypes of the front-end electronics.

For this purpose a two weeks long test beam is scheduled at the T9 area of the PS at CERN
in October 2015.

4.12 Trigger and Online System

The architecture of the Online system is inspired by the one proposed in the LHCb Trigger
and Online Upgrade TDR [169]. The philosophy is to implement a trigger-less readout system,
which performs event building of all zero suppressed data and subsequently executes a fully
software trigger on an online computer farm. Contrary to LHCb the SHiP front-ends (FE)

P(𝜇—>𝜇)
P(𝜇—>𝜋)



HCAL and ECAL combined
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Table 4.8: Pion suppression factors and pion misidentification probabilities at 95% muon identification
e�ciency, achieved by ECAL � H1�H2 in the current geometry.

Track momentum (GeV/c) 1 1.5 2 2.7 3 5 10
⇡ suppression factor 23 32 50 120 160 210 250
⇡ misidentification probability (%) 4.3 3.1 0.20 0.83 0.63 0.48 0.40

4.10.2.3 Detector geometry

Given the results of the previous studies on the ⇡/µ discrimination and identification, the
baseline option for HCAL is a system consisting of 1512 single-cell modules of 24x24 cm2,
arranged longitudinally in 2 independently read-out stations. In each station the modules are
stacked in 42 rows and 22 columns forming an elliptic shape, see Figure 4.62 (c). There are
two types of HCAL modules, 18-layer modules in the 1st station and 48-layer ones in the 2nd

station. Each layer consists of a 1.5 cm steel absorber and 0.5 cm scintillator tiles wrapped
with Tyvek reflecting paper. The total length of the HCAL detector (66 layers) corresponds
to about 6.2 hadronic interaction lengths �I . As done in the ECAL, the light is collected by
0.6 mm diameter WLS fibers penetrating from the front and from the rear of each module.
Fibers coming from a module are bundled together and coupled to the same photodetectors
used for ECAL.

The longitudinal space taken by the whole Calorimeter system will be about 3.3 m.

4.10.2.4 Electronic readout chain

The HCAL readout chain will need a minimum dynamic range of 13-14 bits to cover the full
scale while maintaining good resolution for minimum-ionising particles. The baseline design
for the front-end electronics will use analog shapers and commercial FADCs to measure PMT
pulses. FPGAs will apply running digital filters to the FADC outputs for both energy extraction
and ns-level pulse timing.

In total the HCAL system has 1512 readout channels. The HCAL readout boards will
process approximately 64 channels each, corresponding to a total of about 24 boards hosted in
two readout crates. As for the ECAL, it is expected that a single gigabit ethernet link will be
su�cient to read out each board to the DAQ system.

4.11 Muon detector

The muon system, in conjunction with the electromagnetic and hadronic calorimeters, is
designed primarily to identify with high e�ciency muons from signal channels as N !
⇡+µ�, µ+µ�⌫µ in the neutrino portal, V ! µ+µ� or S ! µ+µ� in the vector and scalar
portals, respectively, and to separate them from ⌫� and µ� induced backgrounds, mostly
KL ! ⇡±µ⌥⌫µ and KS ! ⇡+⇡� decays originating in the material surrounding the decay
volume where one or two pions are misidentified as muons. The muon system can also help in
separating S/V ! ⇡+⇡� final states from KL ! ⇡±µ⌥⌫µ, where the muon is misidentified as
pion.



Post-TP performance studies with FairSHiP
PID software implemented in FairSHiP 

14 CERN 28 Sept 2017
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ECAL/HCAL cuts (position extrapolated  at shower max)
Δx,Δy and  E/p (for e- should be around 1)
MUON detector cuts: Δx,Δy ,#hits, penetration
All cuts momentum  dependent
for p<5 Gev check HCAL penetration and consistency with mip

16 PARIS 11 Oct 2017

Figure 2: �x and �y in electromagnetic calorimeter

3.1 Electron-Hadron Identification

The important variables to distinguish between electrons and hadrons are given by electro-
magnetic calorimeter and they are as following:

• �x and �y; which they are the di↵erence in positions for both x and y projections
of the extrapolated tracks and the reconstructed clusters in the ECAL detector (see
Figure 2).

• E/P; which is the Energy of clusters that are reconstructed by ECAL detector over
the momentum of each track.

The thresholds of these variables depend on the momentum of particles. A dip study
for di↵erent range of energies has been studied in this work. To calculate the right �x and
�y in ECAL, each particle track is extrapolated to the Z position of the shower maximum.

3.2 Hadron-Muon Identification

Hadrons mostly stop in hadron calorimeter, however muons passing through the HCAL
and reach muon detector. The interested variables to distinguish between hadrons and
muons within the muon detector are:

• �x and �y; same as the ECAL detector, �x and �y are the di↵erence in positions
of the extrapolated tracks and the muon hits within the muon detector (see Figure
3).

3



PID with signal channels: HNL, Dark Photon
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1GeV                                               400MeV
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Figure 7: PID e�ciency for 2 body events. Most upper row represent the reconstructed
events in SHiP experiment and the first column from left shows the Monte Carlo events.
The red column stands for the immigration of 2body to 3body evens. The upper number
in each cell shows the number of reconstructed events over the Monte Carlo events for
each channel; the lower number is the e�ciency of particle identification for each channel.

Figure 8: PID e�ciency for 3 body events. Most upper row represent the reconstructed;
and the first column from left shows the Monte Carlo events. The red column stands
for the immigration of 3body to 2body evens. The upper number in each cell shows the
number of reconstructed events over the Monte Carlo events for each channel; the lower
number is the e�ciency of particle identification for each channel.

table shown in Figures 8 shows the immigrated events to 2 body events. The percentage
of events on the diagonal part of the table shows the e�ciency of PID software for each
channel. The outliers are due to systemical or physical a↵ects that will be briefly explained
in the following.

Systemical misidentification: The misidentification of particles caused by system-
atic a↵ects are sorted in 3 items;

• Muon particles that identified as pions: this happens when the energy of the
muons are very low (around 1-2 GeV), therefore the information giving by muon
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Figure 9: PID e�ciency for 2 body events having mass around 400 MeV. Most upper
row represent the reconstructed events in SHiP experiment and the first column from left
shows the Monte Carlo events. The red column stands for the immigration of 2body to
3body evens. The upper number in each cell shows the number of reconstructed events
over the Monte Carlo events for each channel; the lower number is the e�ciency of particle
identification for each channel.

Figure 10: PID e�ciency for 3 body events having mass around 400 MeV. Most upper row
represent the reconstructed; and the first column from left shows the Monte Carlo events.
The red column stands for the immigration of 3body to 2body evens. The upper number
in each cell shows the number of reconstructed events over the Monte Carlo events for
each channel; the lower number is the e�ciency of particle identification for each channel.
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pion decays in flight
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Figure 7: PID e�ciency for 2 body events. Most upper row represent the reconstructed
events in SHiP experiment and the first column from left shows the Monte Carlo events.
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Figure 7: PID e�ciency for 2 body events. Most upper row represent the reconstructed
events in SHiP experiment and the first column from left shows the Monte Carlo events.
The red column stands for the immigration of 2body to 3body evens. The upper number
in each cell shows the number of reconstructed events over the Monte Carlo events for
each channel; the lower number is the e�ciency of particle identification for each channel.

Figure 8: PID e�ciency for 3 body events. Most upper row represent the reconstructed;
and the first column from left shows the Monte Carlo events. The red column stands
for the immigration of 3body to 2body evens. The upper number in each cell shows the
number of reconstructed events over the Monte Carlo events for each channel; the lower
number is the e�ciency of particle identification for each channel.

table shown in Figures 8 shows the immigrated events to 2 body events. The percentage
of events on the diagonal part of the table shows the e�ciency of PID software for each
channel. The outliers are due to systemical or physical a↵ects that will be briefly explained
in the following.

Systemical misidentification: The misidentification of particles caused by system-
atic a↵ects are sorted in 3 items;

• Muon particles that identified as pions: this happens when the energy of the
muons are very low (around 1-2 GeV), therefore the information giving by muon

8

charge exchange reaction (can occur at any depth) et al. (in MC 
they are seen as true e-)
the other mis-id’s depend are due to overlapping tracks in 
CALO’s
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Why evolving compared to TP?
1) reduce possibly cost of Shashlik
2) add the measurement of shower  direction  for  

neutral final states (need few mrad resolution for              
ALP—>γγ) and possibly suppress background

3) improve e/𝛑 separation 
of course it is a 5x10 m2 guy (or lady)…



Search for 
ALP—>γγ
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Figure 9. Projected sensitivity of SHiP, marked by §, for 2 · 1020 protons on target overlaid with
figure 8. As in figure 8, opaque regions correspond to existing limits, transparent regions correspond
to a proposed experimental reach based on assumptions as outlined in the text.

factors. As an additional benefit the scattering is then coherent over the whole nucleus

and production cross sections are enhanced by a factor of the nuclear charge squared.

Importantly, we have provided predictions for the angular distribution of the ALP-

production cross-section: although transversal momenta of the produced ALPs are typically

small, the detector in a beam dump experiment is placed far away from the target and

therefore covers only a tiny angle from the production point. A precise determination of

the expected spatial distribution for ALP-induced events and an accurate estimate of the

geometric acceptance is therefore mandatory in preparing and analysing a real experimental

run. Taking all these effects into account, we have shown that even with a rather modest

beam-time requirement, the currently operating NA62 experiment would have a sizeable

discovery potential for ALPs in the mass range of ∼ (30− 200)MeV. The proposed facility

SHiP could extend this reach over the course of its running period up to masses of 1 GeV.

In the present work we have focussed on pseudoscalar ALPs that couple dominantly

to photons. It is however straight-forward to generalise our results to scalar ALPs as well

as ALPs with additional couplings to fermions as follows:

• Writing the coupling between scalar ALPs and photons as gaγ
2 aFµνFµν , we obtain

identical expressions for the ALP lifetime and the ALP production cross sections as

for the case of the pseudoscalar. Our analysis therefore applies to this case as well.

• Even for ALPs with relatively large (derivative) couplings to fermions, the decay into

photons will typically give the dominant contribution to the ALP decay length for

100MeV ! ma ! 2mµ [22], which is the region of interest for NA62. For larger ALP

masses, as potentially testable at SHiP, decays into muons (and, for scalar ALPs,

mesons) can significantly reduce the ALP decay length and hence suppress event

rates.

– 20 –

SHiP 5years

NA62 1 month

300MeV-1GeV



ANGLES

𝝈(θ)=10mrad/√E  ->black curve
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invariant mass reconstruction
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𝝈(Δm/m)=46% 𝝈(Δm/m)=20% 𝝈(Δm/m)=12%

the mass region which is only for us (not for NA62)

Why to care about  mass reconstruction? imagine we find 
10 two-photon only events. Wouldn’t you like to see an 
accumulation of a mass peak to claim we have a discovery 
(and not some background)? 



The measurement of the shower direction
This is not a completely new subject:
- e.g. ATLAS, though in one direction only (η)
- γ-ray experiments (e.g. FERMI) in space can measure it 
with high precision but very low efficiency (here we need 
full  efficiency)
In SHiP we can take advantage of the fixed target 
configuration that leaves some room in the longitudinal 
direction —> increase the lever arm
I show here some new ideas supported by GEANT 
simulation but work is not finished!
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Our current  conceptual design

Implemented in GEANT-based simulation with some 
simplifying assumptions 
in blue a  sampling ECAL with X-Y plastic scintillator bars 
readout via WLS fibres from the sides, coarse granularity 
in red the high precision layers at 3X0, 5X0 and 6.5 X0 (𝝻-
pattern gas detectors with pad readout with digital 
readout) that could also be staged
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1m

The SplitCal

More Standard design: Sandwich calorimeter 

• Large absorber planes with the total ECAL cross section.

• Scintillating planes by strips with WLS fibre readout.

• Some (2 or 3) additional layers for high precision measurements of 

the shower development  ➜  photon direction in X ➞ γγ decays.

3

Sandwich Calorimeter

Rainer Wanke, SHiP Collaboration Meeting, June 8th, 2017

Absorber ScintillatorHigh precision layer

10 m

~ 1-2 m

150𝝻m pads



Some analogy:
an ECAL with high 

precision layers

ALICE upgrade proposal
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T.Peitzmann, CHEF 17



20 GeV γ generated in the yz plane with 100mrad 
angle  and z=20m upstream of the ECAL surface
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γ



a well-known problem!
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γ

satellites
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cumulative 
shower profiles 
in the three high 
precision 
layers (after a iterative 
cut on satellites)



wide band 100GeV beam with 1mm sliver
exploit narrow core for angular resolution!
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measurements by taking the derivative of this curve. In Fig. 10b,
the differences between the signals measured at neighboring
impact points are plotted. This figure shows that the narrow
central core of the showers extends over a distance of only a few
mm. The core is somewhat wider for the Cherenkov signals than
for the scintillation ones.6

Because of the extremely collimated core of the em showers,
there is a systematic response difference between particles enter-
ing the detector in the absorber material or in the fibers for this
type of calorimeter. The core is more efficiently sampled, and thus
contributes more to the total signal, when it develops in or very
close to a fiber. By orienting the calorimeter at a small angle with
respect to the beam line, this difference is smeared out and
eventually disappears for angles ≳31 [3,4]. Interestingly, this effect
is more or less absent for the Cherenkov signals. This is because
the extremely collimated narrow core that characterizes the early
phase of em showers does not contribute to the Cherenkov signals,
since the Cherenkov light generated in this phase falls outside the
numerical aperture of the fibers [3]. We come back to these effects
in Section 4.

3.4. Response uniformity

Because of the extremely collimated core of the em showers,
a large contribution of the signals comes from a very small number
of individual fibers. This means that it is very important that fiber-
to-fiber response variations be kept as small as possible.
Such variations may be caused by:

! Differences in intrinsic fiber quality (light yield, attenuation
characteristics).

! Differences in the quality of the polishing of the fiber ends.

! Differences in quantum efficiency of the PMT photocathode
areas illuminated by individual fibers.

In order to investigate these effects, we performed uniformity
scans, in which a relatively large area of the calorimeter surface
was exposed to a given electron beam. In order to maximize the
effects of non-uniformities, the calorimeter was oriented at
θ; ϕ¼ 01, so that the number of fibers contributing to the signal
from individual showers was made as small as possible.
To obtain a fine granularity, a large number of beam particles
were used for this study, which was carried out with 100 GeV
electrons for the lead matrix and with 20 GeV electrons for the
copper modules. The granularity, i.e., the size of the individual cells
into which the scanned surface area was subdivided, was
5#5 mm2 in the case of lead, and 2#2 mm2 for copper.

Results are given in Fig. 11 for the lead matrix and Fig. 12 for the
copper modules. We want to emphasize that the fibers and PMTs
were identical for these two scans. Yet, some striking differences
were observed. In general, the uniformity is worse for the lead
modules than for the copper ones, which may be partly due to the
fact that the lead scan included a larger fraction of areas near the
tower edges.7 Especially for the scintillation signals in the lead
matrix, there is a substantial difference between the response to
particles that hit a tower in its center and particles that entered the
calorimeter near a tower edge. No such difference was observed for
copper. Also, the Cherenkov response in lead was much more
uniform than the scintillation response (7% vs.12% non-uniformity).
This is consistent with the fact, explained in the previous subsec-
tion, that the Cherenkov signals are less sensitive to anomalies in
one individual fiber, since the early extremely collimated shower
component does not contribute to these signals.

Fig. 10. The signal from a 1 mm wide beam of 100 GeV electrons measured in Tower 16, as a function of the impact point of the beam (a), and the lateral shower profiles
derived from this measurement (b). See text for details.

6 This phenomenon is due to the fact that the early, extremely collimated part
of the shower does not contribute to the Cherenkov signal, since the Cherenkov
light generated in this stage falls outside the numerical aperture of the fibers [6].

7 In order to quantify this effect, we also limited the study of the signal
variations in the lead calorimeter to the same areas that were included in the
copper scan. The non-uniformity was measured to be 11% and 6% for the
scintillation and the Cherenkov signals, respectively.

N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 735 (2014) 130–144136

DREAM ECAL
N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 735 (2014) 130–144 
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average hit densities as a function of radius 
for different layers
• low energy: early shower maximum, profiles broaden and decay with depth 
• high energy: profiles broaden with depth, increase up to shower maximum
shower measurements with unprecedented detail!
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the shower direction reconstructed from linear fit to the 
reconstructed median distribution in each of the tree high 
precision layers
angular resolution—>3.0mrad (about 2.5mm position 
resolution at shower maximum)
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as a comparison: ATLAS  ECAL performance TDR: in blue our result 
at 20GeV ; large improvement but cost of high precision layers?
A recent estimate  for 140m2 (similar to our requirements) to be used 
in CMS of 𝜇WELLS was about 1M€ (detector only); readout to be 
added!
Energy resolution about 15%/√E
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SplitCal



Electron/pion separation

20GeV e-

20GeV 𝜋-
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layer #

layer #

# of pads

# of pads



Shapes
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20GeV e-

20GeV 𝜋-

no problem to go below 1% of mis-identification!

cm

cm

layer#

layer#

Effective Moliere radius postion of shower max
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Layout of Scintillating Layers

Rainer Wanke, SHiP Collaboration Meeting, June 8th, 2017

Horizontal layer Vertical layer

504 cm 4 × 84 strips

2 × 168 
strips1008 cm

Possible layout of       
scintillator layers 



Still, even for the scintillation section many technical 
issues to be solved:
Readout with SiPMs: 
    fiber bundling within a plane 
(minimum # of SiPM’s 33600)
    longitudinal fiber bundling 
    dynamic range
Mechanical assembly:
    huge detector: how to decompose it in plates?
   scintillator plane staggering
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Reduction of channels by common readout in longitudinal direction:  

• With high precision layers longitudinal information not as important 
➜  could combine e.g. 5 consecutive strips in the readout                          
➜  significant reduction of channels (e.g. ~7000 instead 33600).


• However, not straightforward:                                                                           
Strips are between absorber plates,                                                
signals from inside SiPMs need to                                                                
be routed 2.5 m to the outside and                                                    
then combined.

➜ R&D necessary to demonstrate                                               

feasibility.

9

Electronic Readout

Rainer Wanke, SHiP Collaboration Meeting, June 8th, 2017

vertical strips

horizontal strips

R&D

• Readout of inner Fibres/SiPMs 
Problem: if strips are put edge to edge,                                      
there’s no space to route fibres to SiPMs.

➜ Scintillating layers could be slightly                                   

staggered to allow space for fibres,                                         
SiPMs, and cabling

13

Mechanical Issues

Rainer Wanke, SHiP Collaboration Meeting, June 8th, 2017
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HCAL/MUON part
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- detection of small deposits of hadronic energy 
important for suppressing background in ALP—>γγ
- pion id to low momentum

need to study this in the next 2 months
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Either

or to instrument the first absorber (6λI) of the MUON detector in a 
similar way, with a sampling structure, with Iron but coarser 
sampling fraction than the MUON detector

need simulation to validate it
The choice may also depend on ECAL choice (if segmented 
longitudinally or not)—> optimised together
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Conclusions

A lot of simulation and technical design  work 
ahead of us
    —> decision of HCAL feasible in a couple of 
months of work
    —> new ECAL challenging but very interesting
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 𝛎-induced background
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if vacuum =10-3 bar, background=0.016 events even 
without PID; NB: these are the neutrinos only
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Doca<1	&	10	<	IP	<	250	
VETO	on	

Accepted	Invariant	mass:	InvMass<10GeV	

μ-μ	
IP>10	

e-e	
IP>10	

μ-e	
IP>10	

μ-π	
IP>10	

π-π	
IP>10	

Rec	 3	 1	 11	 105	 8	

10	<	IP	<	250	cm		
(as	for	Nàμμυ)	

To	scale	to	2e20	pot	divide	by	8.3	for		
Air	and	66.4	for	He	

Total	events	from	Iaroslava:	249	
We	remain	with	128	events.	

Most	of	the	μπ	events	have		
rejected	due	to	the	IP>10		

Nair	=	1.8	
Nhelium	=	0.22	

24/11/2016	 9th	SHiP	Collabora@on	Mee@ng	-	Behzad	 28	

=SBT+upstream veto+muon 
detector of neutrino detector



if vacuum =10-3 bar, background=0.13 events without any PID; 
these are the neutrinos only—> not good enough!
a very modest PID would do the job (say factor 10 suppression ) 

in this no VETO situation, 10-4 bar would mean no background or 
10-2 bar with factor 100 PID suppression; we are very redundant! 
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