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- what is SHiP

- the design of the electro-magnetic calorimeter of 
the Technical Proposal

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

- ideas for a new design
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What is SHiP?
SHiP is a PROTON BEAM DUMP experiment  proposed at CERN 
with the SPS p beam of 400GeV with  2x1020pot/5 years

It would make good use of the full SPS intensity that, apart from 
the ~2fills/day of the LHC, is not exploited 

Data taking: 2026 (after LS3)
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signature: a ≥ 2 track vertex in the decay vessel 
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DIRECT EVIDENCE OF NP : 
DETECTION of long lived 
particles with masses 
below few GeV   

downstream detector



Sensitivity to HNL

long list of models  that we can test 
in unexplored parameter domains
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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.                                                                               
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ECAL Design in Technical Proposal

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

118 CHAPTER 4. EXPERIMENT CONCEPTUAL DESIGN

(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
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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)…



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

Performance of PID on signal channels—> 
misidentification of pions into electrons
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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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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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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



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



21 CHEF Lyon 3 Oct 2017

cumulative 
shower profiles 
in the three high 
precision 
layers



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
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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
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Mechanical Issues

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

Vertical layer

504 cm

10
08
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m

SiPM       

WLS fibre

absorber absorber
scintillator

scintillator



Conclusions

The SHiP project is getting momentum at CERN and the 
collaboration is preparing a detailed report for the European 
Strategy meeting  in the context of the Beyond Collider Physics 
WG at CERN

Some new ideas for a calorimeter measuring the shower 
direction under study

Performance looks great, but on paper!

A lot of work ahead of us !

Ideas and new collaborators welcome!
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