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The need for new physics

The image part with relationship ID rId2 was not found in the file.

• Standard	Model	(SM)	of	particle	physics	
consistent	with	results	of	almost	all	
experiments

• BUT	– three	big	observational	
challenges:	

• Neutrinos	have	non-zero	masses
• The	Universe	contains	Dark	Matter
• There	is	a	matter-antimatter	asymmetry
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Are we searching in the correct place?

• SHiP	will	search	for	Feebly	Interacting	Particles	(FIPs)	

New	physics	is	either	too	
heavy	or	interacts	very	
feebly,	i.e.much	weaker	
than	neutrino,	in	order	to	
have	escaped	detection
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(HL	LHC,	FCC	~	€50	Billion)

(SHiP ~	€50	Million)
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Search for Hidden Particles of Nature

• Globally	unique	potential	→ CERN 
approval of the SHiP experiment  

• Search for a broad range of FIPs:
• Heavy Neutral Leptons (HNLs)
• Dark photons
• Dark Scalar Higgs-like particles
• Axion-like particles (ALPs) 

• …	and	make	unprecedented	
measurements	of	tau	neutrinos

4



What is the SHiP experiment?

CERN	accelerator	complex• CERN’s	SPS	accelerator	will	be	used	to	
fire	protons	on	to	a	target	(6×1020	
protons	in	15	years)

• Facility	already	under	construction
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What is the SHiP experiment?

CERN	accelerator	complex
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• CERN’s	SPS	accelerator	will	be	used	to	
fire	protons	on	to	a	target	(6×1020	
protons	in	15	years)

• Facility	already	under	construction

• Collisions	could	generate	new	FIPs	but	
will	also	get:	

• hadrons	→ hadron absorber
• muons → muon shield
• neutrinos → neutrino detector 

- 1018 charm and >1016 nt
- So far only a dozen of nt detected

• … can exploit collisions only to 
extent can control backgrounds



The approved version of SHiP

• SHiP	approved	with	a	conservative	detector	design:	
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Initial configuration of SHiP

• Transform	the	detector	design	to	start	data	taking	in	2031/32:	
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• Replace	neutrino	detector	with	
a	new	Magnetised Tracking	
Calorimeter	(MTC)

• Integrate	into	the	muon	shield
• → improved	neutrino	physics
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SND detector optimization

Muon	spectrometer

UBT

n/LDM target	system
ECC	+	SciFi

µ-shield HSDS	decay	
volume

6m

3.1	t	W	/	145	m2 emulsion

Replace	emulsion	films
with	electronic	detectors

ü LDM/neutrino W-target instrumented with layers
of emulsion films (topological analysis only)

ü SND muon spectrometer measures muon charge 
and momentum (10% accuracy in 1T field)

Finely segmented tracking calorimeter with magnetised
absorber (missing Pt analysis + Impact parameter (?)),
integrated to the muon shield

Parameters	to	be	optimised

Magnetised
HCAL/Tracker

W/Si	vertex
detector

Golutvin SHiP2030 Part B2

The target is formed from 12 interaction lengths of molybdenum/tungsten [63]. The use of these
heavy materials causes pions/kaons produced in the beam dump to shower before they can decay
semileptonically and give rise to neutrinos. The interactions of such neutrinos in or around the SHiP
detector form a major source of background that can mimic various hidden-sector signatures.

Around the target, a large volume of iron acts as the hadron stopper required for radiation shield-
ing [64]. Immediately after the hadron stopper, a large system of magnets is used to form an active
muon-shield that sweeps the 107 kHz of muons produced every (7.2 s) SPS cycle out of the detector
acceptance, leaving a residual rate of 102 kHz of muons [65]. If such muons were not swept away,
they would give an enormous detector occupancy and could again generate backgrounds that mimic
the hidden-sector signatures of interest, as well as saturating the emulsion-based neutrino detector
described below. The shield design has been shown to meet the performance demands of both hidden-
sector searches and the neutrino-detector.

The muon-shield design consists of a series of magnets arranged along ⇠ 25m of the beam line,
with cross-sections that reach 6.6⇥3.8m. An integral field of ⇠ 80Tm is required to sweep the highest
momenta muons that are produced out of the detector acceptance. A simple long sequence of magnets
cannot achieve this sweeping, as muons deflected in the upstream part of the shield can then
encounter the return field of magnets further downstream that will bend such muons back
towards the detector. To solve this problem, the shield will employ a first, 7m long, superconducting
section with a 5.0T field that moves all µ+ to one side of the beam line and all µ� to the other side,
regardless of their initial direction (see Fig. 5). Given the magnets can start only after the hadron
stopper and the divergence of the muons from the target, the first magnets of the shield need to have
an aperture of ⇠1m. Subsequent conventional magnets place the return field in the central gap created
by the sweeping achieved in the first section. The yokes of these conventional magnets will consist of
some 1400 tonnes of soft iron and will operate with the maximum field possible in such iron, ⇠ 1.7T.
Primary neutrons will be stopped in >80 interactions lengths of material.

The lack of electronic readout for the SHiP neutrino detector places severe constraints
on the occupancy and therefore forces the detector to be placed after the muon shield. In
the baseline SHiP design, nuclear-emulsion films interspersed with a 3 tonne mass of tungsten plates
will be used to detect the scattering of tau neutrinos, with a magnetised iron system providing muon
identification. The detector occupies a 8m region along the beamline. The emulsion films o↵er sub-
micron precision but need to be removed, chemically developed and then examined with an optical
microscope in order to reconstruct tracks from neutrino interactions. In addition to the significant time
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Figure 5: The x, z configuration of the muon shield showing the trajectory of a 30GeV muon and a 150GeV
muon. The red (blue) shows the superconducting (conventional) sections of the shield with the shading indicating
the regions of field and return field. Possible locations for MTC modules are shown in the green (along the
z-axis).
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Initial configuration of SHiP

• Transform	the	detector	design	to	start	data	taking	in	2031/32	
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• Expand	the	muon	shield	into	
the	space	freed-up	

• → reduce	muon-induced
backgrounds	

Golutvin SHiP2030 Part B2

The target is formed from 12 interaction lengths of molybdenum/tungsten [63]. The use of these
heavy materials causes pions/kaons produced in the beam dump to shower before they can decay
semileptonically and give rise to neutrinos. The interactions of such neutrinos in or around the SHiP
detector form a major source of background that can mimic various hidden-sector signatures.

Around the target, a large volume of iron acts as the hadron stopper required for radiation shield-
ing [64]. Immediately after the hadron stopper, a large system of magnets is used to form an active
muon-shield that sweeps the 107 kHz of muons produced every (7.2 s) SPS cycle out of the detector
acceptance, leaving a residual rate of 102 kHz of muons [65]. If such muons were not swept away,
they would give an enormous detector occupancy and could again generate backgrounds that mimic
the hidden-sector signatures of interest, as well as saturating the emulsion-based neutrino detector
described below. The shield design has been shown to meet the performance demands of both hidden-
sector searches and the neutrino-detector.

The muon-shield design consists of a series of magnets arranged along ⇠ 25m of the beam line,
with cross-sections that reach 6.6⇥3.8m. An integral field of ⇠ 80Tm is required to sweep the highest
momenta muons that are produced out of the detector acceptance. A simple long sequence of magnets
cannot achieve this sweeping, as muons deflected in the upstream part of the shield can then
encounter the return field of magnets further downstream that will bend such muons back
towards the detector. To solve this problem, the shield will employ a first, 7m long, superconducting
section with a 5.0T field that moves all µ+ to one side of the beam line and all µ� to the other side,
regardless of their initial direction (see Fig. 5). Given the magnets can start only after the hadron
stopper and the divergence of the muons from the target, the first magnets of the shield need to have
an aperture of ⇠1m. Subsequent conventional magnets place the return field in the central gap created
by the sweeping achieved in the first section. The yokes of these conventional magnets will consist of
some 1400 tonnes of soft iron and will operate with the maximum field possible in such iron, ⇠ 1.7T.
Primary neutrons will be stopped in >80 interactions lengths of material.

The lack of electronic readout for the SHiP neutrino detector places severe constraints
on the occupancy and therefore forces the detector to be placed after the muon shield. In
the baseline SHiP design, nuclear-emulsion films interspersed with a 3 tonne mass of tungsten plates
will be used to detect the scattering of tau neutrinos, with a magnetised iron system providing muon
identification. The detector occupies a 8m region along the beamline. The emulsion films o↵er sub-
micron precision but need to be removed, chemically developed and then examined with an optical
microscope in order to reconstruct tracks from neutrino interactions. In addition to the significant time
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Figure 5: The x, z configuration of the muon shield showing the trajectory of a 30GeV muon and a 150GeV
muon. The red (blue) shows the superconducting (conventional) sections of the shield with the shading indicating
the regions of field and return field. Possible locations for MTC modules are shown in the green (along the
z-axis).
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• Transform		the	detector	design	to	start	data	taking	in	2031/32:
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• Replace	vacuum	vessel	with	a	
helium-filled	balloon

• → reduce	muon- &	neutrino-
induced	backgrounds	

Golutvin SHiP2030 Part B2

The target is formed from 12 interaction lengths of molybdenum/tungsten [63]. The use of these
heavy materials causes pions/kaons produced in the beam dump to shower before they can decay
semileptonically and give rise to neutrinos. The interactions of such neutrinos in or around the SHiP
detector form a major source of background that can mimic various hidden-sector signatures.

Around the target, a large volume of iron acts as the hadron stopper required for radiation shield-
ing [64]. Immediately after the hadron stopper, a large system of magnets is used to form an active
muon-shield that sweeps the 107 kHz of muons produced every (7.2 s) SPS cycle out of the detector
acceptance, leaving a residual rate of 102 kHz of muons [65]. If such muons were not swept away,
they would give an enormous detector occupancy and could again generate backgrounds that mimic
the hidden-sector signatures of interest, as well as saturating the emulsion-based neutrino detector
described below. The shield design has been shown to meet the performance demands of both hidden-
sector searches and the neutrino-detector.

The muon-shield design consists of a series of magnets arranged along ⇠ 25m of the beam line,
with cross-sections that reach 6.6⇥3.8m. An integral field of ⇠ 80Tm is required to sweep the highest
momenta muons that are produced out of the detector acceptance. A simple long sequence of magnets
cannot achieve this sweeping, as muons deflected in the upstream part of the shield can then
encounter the return field of magnets further downstream that will bend such muons back
towards the detector. To solve this problem, the shield will employ a first, 7m long, superconducting
section with a 5.0T field that moves all µ+ to one side of the beam line and all µ� to the other side,
regardless of their initial direction (see Fig. 5). Given the magnets can start only after the hadron
stopper and the divergence of the muons from the target, the first magnets of the shield need to have
an aperture of ⇠1m. Subsequent conventional magnets place the return field in the central gap created
by the sweeping achieved in the first section. The yokes of these conventional magnets will consist of
some 1400 tonnes of soft iron and will operate with the maximum field possible in such iron, ⇠ 1.7T.
Primary neutrons will be stopped in >80 interactions lengths of material.

The lack of electronic readout for the SHiP neutrino detector places severe constraints
on the occupancy and therefore forces the detector to be placed after the muon shield. In
the baseline SHiP design, nuclear-emulsion films interspersed with a 3 tonne mass of tungsten plates
will be used to detect the scattering of tau neutrinos, with a magnetised iron system providing muon
identification. The detector occupies a 8m region along the beamline. The emulsion films o↵er sub-
micron precision but need to be removed, chemically developed and then examined with an optical
microscope in order to reconstruct tracks from neutrino interactions. In addition to the significant time
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Figure 5: The x, z configuration of the muon shield showing the trajectory of a 30GeV muon and a 150GeV
muon. The red (blue) shows the superconducting (conventional) sections of the shield with the shading indicating
the regions of field and return field. Possible locations for MTC modules are shown in the green (along the
z-axis).
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Calorimetry in SHiP
Two types of calorimeters:
• Neutrino physics and search for LDM scattering:

- LDM and ne à Si/W
- nµ and nt à Magnetised Tracking Calorimeter (MTC)

Both are integrated to the muon shield
• Searches for FIPs and PID

- Sampling ECAL with pointing capabilities (e.g. ALPàgg)
- HCAL to discriminate between muons and hadrons in
wide momentum range 
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Calorimetry for neutrino physics
Requirements:
• Embedded to a massive neutrino target to maximize the rate
of neutrino interactions 

• Reconstruction of neutrino interaction vertex
- em-shower (ne) with modest energy resolution and good pointing
- muon identification and momentum measurement à need magnetised
absorber with tracking capability (nµ)

- Measurement of hadronic energy (ne, nµ, nt)
- Tau lepton identification in both leptonic and hadronic decays
- Reconstruct the tau-decay vertex à need vertex detector (a 𝑙𝑎& CHORUS method)
Challenging since the tau travel distance ~0.5mm at the SPS energies

- Reconstruct missing PT using kinematical methods à MTC (a 𝑙𝑎& NOMAD method)
12



Calorimetry concept for neutrino physicsDetector concept

quoted dimensions 
refer to sensitive 

volumes
Electronic bords ∼10cm 

around 

5

13



14

• Experimental signature of tau neutrino:
(i) “double-kink” topology 

(from nt-interaction and t-decay)
(ii) Missing Pt carried away by

neutrinos from t-decay

• Very large sample of tau neutrinos available        
at BDF/SHIP via Dsà tnt à sstat < 1% for all 
neutrino flavours

• Accuracy determined by systematic 
uncertainties ~5% in all neutrino fluxes, 
dominated by the uncertainty of cascade charm 
production of in the thick SHiP target made of W

μν τe

W

h

τ
π

ντ
Tau-neutrino physics



Detector components: magnetised tracking calorimeter

∼3.5 m

Layout of the surrounding 
electronics will be optimised:

stay within ∼10 cm on all 
sides 

SND@LHC implementation
3000 channels per plane → possibly 
reduced by a factor > 5 

Extruded scintillator with fibre guides
Fibers every 1 cm 
Both horizontal and vertical
reading them on both sides for 40 x 40 cm2 → 160 SiPM per plane

7Magnetised Tracking Calorimeter (MTC)
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• Muon momentum measurement in
magnetised iron (1.7T field) ~15%
accuracy

• Hadronic energy measurement

• Neutrino interaction vertex:
s ~ 1.5 cm in xy-plane

• Tau neutrino direction ~1%

à Enable to calculate the missing momentum
transverse to the tau neutrino direction

𝝈 𝑬
𝑬

	~
𝟓𝟎%
𝑬�
	

0 20 40 60 80 100 120

X

50

100

150

200

250

Z

 CCmuν

10− 0 10 20 30 40 50

X

50

100

150

200

250

300

Z

 CC - lepton decaytauν

μ
μ

0 20 40 60 80 100 120

X

50

100

150

200

250

Z

 CCmuν

10− 0 10 20 30 40 50

X

50

100

150

200

250

300

Z

 CC - lepton decaytauν

μ
μ

• Нулевая точка (вершина) есть (в 
действительности ее нет, есть 
только точки треков начиная с 
z=5cm )

• Нулевой точки нет, есть только 
точки треков начиная с z=5cm 
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Neutrino vertex reconstruction

MTC performance Events	are	very	clean:
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• Main background: muon neutrino interactions 
(CC for leptonic, NC for hadronic tau decays)

• Kinematical variables used in ML-algorithm
- missing momentum wrt nt direction-of-flight
- muon momentum
- energy of hadrons

• nt / nµ are well separated in 3D
• ML-based analysis is being optimised

à expect Signal/Background ~10

nt
nµ

Ehadr

Ptmiss

Ptµ

nt reconstruction with MTC 
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• LFU in neutrino interactions 
• σ012130401~3% accuracy in ratios:	ne /nµ , ne /nt and	nµ /nt

• Measurement of neutrino DIS cross-sections up to 100 GeV
• E6< 10 GeV as input to neutrino oscillation programme (DUNE in 

particular)
• nt cross-section at higher energies input to cosmic neutrino studies
• σ012130401<	5%

• Test of F4 and F5 (F8 ≈ 0, F; = F= 2x⁄ with mB → 0) structure 
functions in σ6DEE	FGH
• Never measured, only accessible with tau neutrinos 

[C.Albright and C.Jarlskog, NP B84 (1975)]

Neutrino interaction physics 

18



• Located downstream the SHiP spectrometer
• Composed of sampling ECAL and HCAL

based on scintillators readout by SiPMs
19
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Calorimetry for FIPs searches (and PID)



• Located downstream the SHiP spectrometer
• Composed of sampling ECAL and HCAL

based on scintillators readout by SiPMs
• ECAL (SplitCal concept) with pointing

- to reconstruct neutral final states 
(e.g. ALPàgg and also p0 from FIPs decays)

- Technologies: scintillator bars and GEM or 
MicroMegas for high precision layers
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Calorimetry for FIPs searches (and PID)
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3X0 and the remaining 17X0. With a few mm transverse shower-position resolution in the
high-precision layers, the target angular resolution is of the order of a few mrad.

The principal challenge in achieving a good angular resolution, along with high e�ciency
for the photon reconstruction, is the presence of shower satellites due to long tails in the
transverse shower shape. The shower profiles were measured with a prototype at an electron
beam test at CERN in order to tune the simulation and optimise the layout.

Figure 44: Test beam setup for the electromagnetic calorimeter measurements of the shower
profiles.

The test setup is shown in Figure 44, and the experimental results, comparing data and
simulation at di↵erent shower depths, are shown in Figure 45.

The fractional energy resolution of the calorimeter is around 15%/
p
E. As such, its con-

tribution to the mass resolution is largely sub-dominant compared to the angular resolution.
By appropriate readout of the scintillator planes, a very good time resolution could

be achieved for showers of a few GeV, which would help the rejection of combinatorial
background. It was already demonstrated in the framework of R&D on the LHCb upgrade II,
that a time resolution better than 50 ps can be achieved with plastic scintillator calorimeters.

A new prototype is currently being built. It will be made of 192 channels of SiPMs over
32 layers, each with six scintillator strips of 36⇥6 cm2 area. The readout is done through
6⇥6 SiPMs (S14160-6050HS from Hamamatsu) on both sides of the strips but only half of
the layers will include WLS fibres traversing the strips. The SiPMs are mounted on PCBs
which include a small changeable circuit to accommodate the di↵erent readouts, but no
pre-amplification. There are therefore two PCBs per strip, one per SiPM, analogous to the
previous prototype.

The study of the readout electronics will focus on the KLauS chip from Heidelberg with
other options available, such as the Weeroc CITIROC and perhaps the TOPFET from EPFL.

Future R&D will focus on new fast readout electronics, scintillator tile uniformity, optimal
SiPM-tile coupling and the possibility of reading out tiles without WLS fibres. This e↵ort
will culminate in the construction and test of a large scale prototype.

56

Calorimetry for FIPs, Challenges

21

SplitCal:
• Achieve angular resolution 

~few mrad for ALPàgg search
• Optimise position and granularity  

of high precision layers (HPC)
à Main challenge to eliminate 
satellite activities for precision
measurement of the barycentre

• Energy resolution ~15%/ 𝐸�

PID:
• Provide e/µ/p – discrimination

in a wide momentum range
(5 – 150 GeV)

• Optimise the cost-to-performance
for a large detector

• Construction and integration 

Measured	with	5	GeV	electrons



Conclusion • Calorimetry plays essential role
in SHiP physics reach 

• Orders of magnitude 
improvement in FIP searches 

• Discovery would change the 
direction of the entire field

• Rich and “guarantied” physics of
neutrino interactions 

• We must see if there are FIPs 
before committing to a next  
generation accelerator

• Could take another decade if
SHiP have not started in 2031/32 

31st SHiP Collaboration meeting, CERN –  16-19 December 2024 R. Jacobsson 

Objectives for Run 4
1. Facility commissioning - performance of beam and target systems (low/high intensity)
2. Muon shield commissioning – performance (low/high intensity)
3. Detector commissioning – time/space alignment, performance (low intensity)
4. Background measurements with muon shield off & decay volume under air, including reconstruction 

performance, tune simulation (low intensity)
5. Physics run (high intensity and nominal spill rate)

➔ Detector and readout must be equipped and able to handle all these requirements and conditions
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LHC
SPS (North Area)

  Design and prototyping                         Production / Construction / Installation            Operation
Milestones BDF PRR CwB
Milestones SHiP PRR CwB

LS4

Complete detector / 
consolidationTDR studies

BDF / SHiP

Run 3 LS3

TDR studies

2034 2035Accelerator schedule 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033
Run 4

Approval for TDR
Facility TDR 
submission Experiment TDRs

submission

Facility 
commissioning

Experiment 
commissioning
initial configuration

Start of detector
installation
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Excluded
ΩDM
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Δ = 0.1, mχ1/mV = 0.33, αD = 0.1

SHiP sensitivities: LDM decaying and 
scattering signatures

Inelastic DM coupled via DP:
DP à X2... à X2 à X1 µ+ µ-
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Excluded

Mono-decays
Di-decays
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SHiP sensitivities: Dark photons & 
Higgs-like scalars


