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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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Search for new physics

• No	hints	for	BSM	physics	neither	
from	direct	searches	at	LHC
nor	from	flavour	physics	

• The	scale	of	strongly	coupled	
NP	(L >	103 TeV for	10-2 coupling)
is	well	above	direct	reach	

• NP	is	made	of	Feebly	Interacting
Particles	(FIPs)?



Are we searching in the correct place?

• SHiP will	search	for	FIPs	at	the	coupling	frontier	

New	physics	is	either	too	
heavy	or	interacts	very	
feebly,	i.e.much	weaker	
than	neutrino,	in	order	to	
have	escaped	detection

LHC,	FCC
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(HL	LHC,	FCC	~	€20	Billion)

(SHiP ~	€100	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
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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 

- >1017 charm and >1015 nt
- So far only a dozen of nt detected

• … can exploit collisions only to 
extent can control backgrounds



Target 
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Target & Hadron Stopper

Very thick: use full beam and
secondary interactions (12λ)

High-A & Z: maximize
production cross-sections
(Mo/W)

Short λ (high density): stop
pions/kaons before decay

4× 1019 protons on target per
year currently available in the
SPS

Beam spot ∼ 1 cm.

E. Ursov (HU Berlin) Search for Hidden Particles eduard.ursov@cern.ch 5 / 32

• Very	thick	(12l):	use	full	beam	intensity
including	cascade	interactions	

• High-A	&	Z:	maximize	production
cross-sections	(W)

• Short	l (high	density):	absorb
pions/kaons	before	decay	(to µ & n)

• 4	×	1019	 protons-on-target	per	year
à 6	×	1020 in	15	years

• Beam	spot	~1cm



Magnetic muon shield 
Magnetic Muon Shield

E. Ursov (HU Berlin) Search for Hidden Particles eduard.ursov@cern.ch 6 / 32

Magnetic Muon Shield

Active deflection of µ with E >

10GeV

Two possible options: fully warm
and hybrid with superconducting
technology

Reduction of µ rate: O(1010) muons ⇒ O(105) muons per spill
(spill = 1 sec).

E. Ursov (HU Berlin) Search for Hidden Particles eduard.ursov@cern.ch 7 / 32

Reduce	muon	rate	from	1010 to	105
per	spill	(1	sec)	using	active	deflection

Magnetic Muon Shield

Active deflection of µ with E >

10GeV

Two possible options: fully warm
and hybrid with superconducting
technology

Reduction of µ rate: O(1010) muons ⇒ O(105) muons per spill
(spill = 1 sec).

E. Ursov (HU Berlin) Search for Hidden Particles eduard.ursov@cern.ch 7 / 32

Two	options	under	consideration:
• Fully	warm
• Hybrid	with	1st section	

made	of	SC	technology 9



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

19

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	

Ta
rg
et

Ha
dr
on

	a
bs
.

M
uo

n	
sh
ie
ld

De
ca
y	
ve
ss
el

Sp
ec
tr
om

et
er

• 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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Scattering Neutrino Detector (SND)

Detector concept

quoted dimensions 
refer to sensitive 

volumes
Electronic bords ∼10cm 

around 

5
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• Rich	tau-neutrino	physics	programme
• Light	Dark	Matter	scattering

Si/W	à Precision
tracking	and	Ecal,
& Vertex	detector

Magnetised	Tracking
Calorimeter	(MTC)	
à Reconstruction	of
muons,	hadronic
showers	and	missing
momentum
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• 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	in	the	thick	SHiP target	

μν τe

W

h

τ
π

ντ
Tau-neutrino physics



• 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�
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• 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

• à expect	Signal/Background	~10

nt
nµ

Ehadr

Ptmiss

Ptµ

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

• Measurement	of	neutrino	DIS	cross-sections	up	to	100	GeV
• Eν<	10	GeV	as	input	to	neutrino	oscillation	programme	(DUNE	in	particular)
• nt cross-section	at	higher	energies	input	to	cosmic	neutrino	studies
• σstat+syst<	5%

• Test	of	F4 and	F5 (F4 ≈ 0, F5 = F2 2x⁄ with	mq → 0)	structure	functions	in	
σν−CC	DIS
• Never	measured,	only	accessible	with	tau	neutrinos	

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

Neutrino interaction physics 

18
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Hidden Sector (HS) Decay Volume. SBT

The fiducial decay volume is a pyramidal frustum with a length of 50 meters
! 1.0 × 2.7m2 at the upstream end
! 4 × 6m2 at the downstream end

He at atmospheric pressure

Lightweight structure (Al / stainless steel)

Support for Liquid Scintillator-Surrounding Background Tagger LS-SBT integration

E. Ursov (HU Berlin) Search for Hidden Particles eduard.ursov@cern.ch 11 / 32

Decay volume and background taggers: UBT & SBT 
50m	long	frustum	decay	volume:
• He	at	atmospheric	pressure
• 1.0	× 2.7m2 upstream,	4× 6m2	 downstream	

• UBT	(Multi-gaps	RPC	or	SciFi,	or	fast	straws)	to	veto	muons	escaping	muon	shield
• SBT	(Liquid	Scint.)	to	tag	muon	&	neutrino	interactions

with	the	surrounding	infrastructure	



Hidden Sector Decay Spectrometer (HSDS) 

Hidden Sector (HS) Decay Spectrometer
Large aperture: 4.0m × 6.0m
Precise track reconstruction: < 120 µm

High hit efficiency: > 99.0 %
Cu/Au-coated Mylar drift tubes (NA62 design)
2× 2 stations of 4 double layers at 10◦ stereo angle, 10 000 channels
altogether
Magnet (NC baseline): 0.65Tm / 0.15T

E. Ursov (HU Berlin) Search for Hidden Particles eduard.ursov@cern.ch 14 / 32

• Large	aperture:	4	× 6m2

• Precise	track	reconstruction
- Spatial	resolution	~150µ
- Large	5m-deep	SC	magnet:
∫𝐵𝑑𝑙�
� = 0.65Tm

• High	hit	efficiency:		>99%
• High	rate	capability

Baseline	option:
• 20mm	∅Mylar	straw	tubes
~150µ hit	reconstruction

• 2 × 2	stations	of	4	double	layers
at	5-10° stereo	angle,	10k	channels

20
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HSDS: Background evaluation for FIP decay search

Background estimation based
on full GEANT-based MC

èVery simple and common selection for both fully and partially reconstructed events – model independence
èPossibility to measure background with data, relaxing veto and selection cuts

4 Physics performance

4.1 FIP decay search performance

Given that SHiP is designed as a discovery experiment with the goal of detecting hidden
sector particles in the low invariant mass region, the selection strategy implemented is char-
acterised by a set of broad and loose criteria, outlined in Table 3.

It is crucial to di↵erentiate between fully and partially reconstructed signals. Fully recon-
structed signals are those in which all decay products are entirely reconstructed, exemplified
by N ! ⇡

±
µ
⌥ or A

0
, S ! µµ. Partially reconstructed signals involve cases where some

decay products are not fully reconstructed, as in N ! µµ⌫.

Criterion Requirement

Track momentum > 1.0GeV/c
Track pair distance of closest approach < 1 cm
Track pair vertex position in decay volume > 5 cm from inner wall

> 100 cm from entrance (partially)
Impact parameter w.r.t. target (fully reconstructed) < 10 cm
Impact parameter w.r.t. target (partially reconstructed) < 250 cm

Table 3: Pre-selection criteria used for the background rejection and the sensitivity estimates
in the analysis of FIP decays.

These two signal categories exhibit experimental di↵erences, most notably in terms of
the directionality of the reconstructed vertex towards the target. This characteristics is
illustrated in Figure 48, which presents the impact parameter distributions for both signal
types, as well as for the muon and neutrino-induced backgrounds. The broader impact
parameter distribution of the partially reconstructed signals necessitates the di↵erent cuts
outlined in Table 3.

Even though purely focusing on fully reconstructed signals would have negligible impact
on the sensitivity to the benchmark models, attention was primarily put on the partially
reconstructed modes when studying the selection. This is because partially reconstructed
signals provide a reliable representation of general models with demanding experimental
signatures. In other words, demonstrating that the experiment is e�ciently coping with par-
tially reconstructed signals means that it is capable of handling a wider array of signatures.

Another notable aspect of partially reconstructed signals is their utility in model dif-
ferentiation. Recognising as many decay possibilities of a model as possible is crucial for
distinguishing between models, and subsequently increasing confidence in the event of a dis-
covery. For instance, in the case of HNLs, detecting a small number of events with partially
and fully reconstructed modes would su�ce to distinguish them from other models. This
principle of discrimination, using a small number of events, is not exclusive to HNLs. It can
also be applied to dark photons and dark scalars. This is because their respective branching
ratios to SM particles are determined by a singular parameter: the mixing angle with the
corresponding SM boson. This ability to draw on a limited number of events to discern dif-
ferent entities significantly expands the detection and di↵erentiation capacities of the SHiP
experiment, ensuring a broader and more nuanced exploration of dark sector particles.

60

Time	coincidence UBT/SBT

Selection

Expected	background	
for	6×1020 pot	(15	years	of	operation)

Background source Expected events

Neutrino DIS < 0.1 (fully)/< 0.3(partially)
Muon DIS (factorisation)⇤ < 5⇥ 10�3 (fully) / < 0.2(partially)
Muon combinatorial (1.3± 2.1)⇥ 10�4

Table 4: Expected background for 6⇥1020 PoT, equivalent to 15 years of nominal operation.

but also ensures a broad inclusivity with respect to di↵erent forms of long-lived particle
decays in the fiducial volume. This broad inclusivity safeguards maximum sensitivity in the
FIP searches, without compromising on the possibility of accommodating novel models that
could be proposed in future scenarios.

Underpinning the studies of SHiP’s sensitivity are six benchmark models [175], which have
been calculated to provide a representation of generic FIP models: heavy neutral leptons
(HNLs), dark scalars mixing with the Higgs boson, dark photons, and ALPs coupled to
photons, fermions, or gluons (see also [149] for the description of the phenomenology of these
models used in the calculations). The 90% CL sensitivities for the up-to-date ECN3 design
are showcased in Figure 50. The sensitivities have been computed for NPoT = 6 · 1020, and
using the selection parameters provided in Table 3, with the help of the tool SensCalc [149],
which is based on a semi-analytic method for the calculations of the number of events. The
comparison of the sensitivities obtained using this tool with FairShip simulations for the
models of heavy neutral leptons and dark photons shows an excellent agreement.

Given that, at the lower bound of the sensitivity, the signal yield scales with g
4, where

g is the coupling of feebly interacting particles to the SM particles, and that SHiP operates
as a < 1-event background experiment, the anticipated upper limit for 90% confidence level
(CL) is close to the 3� sensitivity.

Compared to the ECN3 design considered in the LoI [76], the current decay volume and
spectrometer have smaller transverse dimensions (Sspectrometer = 4⇥ 6 m2 vs 4⇥ 8 m2). The
decrease of the transverse size is partially compensated by the smaller distance from the
target to the decay volume (lmin = 33m vs 38m). As a result, for the new configuration, the
decrease in the geometric acceptance, and hence the event yields, is limited by the decrease of
the solid angle covered by the detector ⌦det = S/l
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min
and does not exceed a factor of 0.8. The

decrease is smaller if the FIPs are predominantly produced in the far-forward direction, such
as dark photons. The shorter distance to the decay volume slightly improves the sensitivity
to short-lived FIPs. Namely, the upper bound of the sensitivity scales as g2
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, and

hence the new configuration may probe 1.2 times larger couplings of short-lived FIPs.
Figure 50a shows the sensitivity curve for HNLs, assuming the benchmark ratio between

the three HNL mixing angles to be |Ue|
2 : |Uµ|

2 : |U⌧ |
2 = 1 : 0 : 0. HNL signal events were

generated over a range of masses and mixing parameters, |Ue,µ,⌧ |
2, using the SM electron,

muon, and tau neutrinos as inputs. The main production channels of HNLs above the kaon
threshold are two- and three-body decays of D,B mesons. HNL decays into various final
states, many of each contain at least two charged particles, were modeled using the HNL
branching fractions from [81].

Figure 50b shows the sensitivity to dark scalars mixing with the SM Higgs. The scalars
may be produced by decays of B mesons and sequentially decay into pairs of charged or
neutral particles. For the description of the dark scalar production we consider exclusive
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• Main	sources	of	background:

Initial points of 
particles

• Significant fraction of EM 
background emerges in Muon 
shield and SBT walls

Zoom in to the 
last magnet:

8

Second part of Muon Shield

• Muons in the Muon Shield can 
create EM and hadronic 
showers in the last magnet that 
increase the background rate 
downstream

• We can track the origin 
coordinates of particles that 
cause the background in the 
SBT+UBT

• Hybrid and fully warm option 
are simulated

2

• Need	high	rate	capability
(~0.5MHz)	straw	tracker

can ensure an angular resolution better than 70 µrad and with
the single tube resolution below 150 µm. [2].

2. sMDT detector design and high rate e↵ects

Aluminum sMDT drift tubes have a diameter of 15 mm and
a wall thickness of 0.4 mm. They are filled with an Ar/CO2
(93/7) gas mixture at 3 bar absolute and are operated at 2730 V,
resulting in a nominal gas amplification factor G of 2 x 104 [3].

The degradation of spatial resolution and detection e�ciency
in sMDT detectors at high background hit rates is caused by the
following e↵ects [3]:

• Increased Occupancy: Making it di�cult to distinguish
individual muon hits from background hits and reducing
the spatial resolution due to the pile-up of � background
and muon hits.

• Dead Time: Higher likelihood of missed muon events due
to new hits occurring during the detector’s dead time, de-
creasing detection e�ciency.

• Gas Gain Drop and Fluctuations: The presence of posi-
tive space charge within a tube from ions created by back-
ground hits leads to a reduction of the electric field at the
anode wire, hence to a gain drop. This drop can be com-
pensated by increasing the operating voltage. Gain fluc-
tuation caused by fluctuations of the space charge has a
negligible impact on the tube’s performance.

In order to mitigate these e↵ects, the sMDT detector must be
equipped with improved front-end electronics featuring fast
baseline restoration of the shaped signal to handle high rates
and reduce dead time.

3. New 65 nm ASD chip

A four-channel Amplifier/Shaper/Discriminator (ASD) chip,
developed by the Max Planck Institute for Physics (Munich)
and fabricated using 65 nm TSMC CMOS technology, has
been designed to enhance performance at high counting rates
in sMDTs.

The ASD chip features bipolar shaping to reduce the e↵ects
of baseline shift at high signal rates and has a much faster base-
line recovery than the ATLAS ASD chip (Figure 1), reducing
the signal pile-up e↵ect. It provides output as both low voltage
di↵erential signals and digital CMOS level signals. Each chan-
nel consumes 12.8 mW of power, which is 61.2% less than the
ATLAS ASD chip used in the HL-LHC phase II. Additionally,
each channel occupies just 0.235 mm2, which is 43% of the area
of the current ATLAS ASD chip.

4. Performance of the sMDT detector instrumented with

the new 65 nm ASD chip at high background rates

The performance of the new chip was tested on an sMDT
chamber at the CERN Gamma Irradiation Facility (GIF++) un-
der gamma background irradiation with a high-energy muon
beam and compared with the ATLAS chip.

Figure 1: Comparison of the � response functions of the new ASD chip and the
old ASD chip currently used on ATLAS MDT chambers.

Figure 2 shows the study of the muon detection e�ciency for
65 nm ASD and ATLAS ASD chips at the di↵erent background
counting rate. Without � background the muon detection e�-
ciency is less than 100%, namely (99.0±0.6)% . The e�ciency
decreases with increasing � count-rate due to the increasing
probability that a � hit masks a muon hit within the dead time
of the front-end electronics [5]. The e�ciency dependence on
the � background hit rate is compatible with the expectation for
140 ns dead time of the ATLAS ASD chip and 40 ns dead time
of the new 65 nm ASD chip, which was achieved by its fast
baseline recovery. As a consequence of the small dead time,
a very high muon detection e�ciency of > 92% at 1.4 MHz
background hit rate is observed.

Figure 2: Particle detection e�ciency as a function of the average counting rate
per tube in kHz without correction for multiplicity. Line of 40 ns dead time
(black dashed line) and 140 ns (red dashed line) shown. The dead time of the
65 nm ASD is nearly four times lower than the ATLAS ASD.

Figure 3 summarizes the dependence of the average spatial
resolution of an sMDT on the � count-rate per tube. The sMDT
spatial resolution with the 65 nm ASD chip is compatible with
the simulation and is better by 10 µm than with the current AT-
LAS ASD, 85 µm without irradiation, and it is expected to be
around 110 µm for a counting rate of 1 MHz/tube. The degra-
dation of the spatial resolution is totally caused by the pile-up
of muon and background hits [5].
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Figure 3: Spatial resolution of the 65 nm ASD from the test beam measure-
ments (black), the Garfield++ simulation (red) and the ATLAS ASD from the
test beam measurements (blue) under irradiation. The dashed lines show the fit
to the resolution points.

5. Conclusion

The new 65 nm ASD chip significantly enhances the per-
formance of sMDT chambers under high background rates,
providing improved spatial resolution and detection e�ciency,
making it suitable for future high-energy physics experiments.
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Backgrounds at SHiP
• Aims	at	nearly	zero-background	to	search	for	FIPs
• Very	simple	selection	for	both	fully	and	partially	reconstructed	events
• Possibility	to	measure	background	with	data

(*)	Invariant	mass	and	PID	not	used

HSDS: Background evaluation for FIP decay search

Background estimation based
on full GEANT-based MC

èVery simple and common selection for both fully and partially reconstructed events – model independence
èPossibility to measure background with data, relaxing veto and selection cuts

4 Physics performance

4.1 FIP decay search performance

Given that SHiP is designed as a discovery experiment with the goal of detecting hidden
sector particles in the low invariant mass region, the selection strategy implemented is char-
acterised by a set of broad and loose criteria, outlined in Table 3.

It is crucial to di↵erentiate between fully and partially reconstructed signals. Fully recon-
structed signals are those in which all decay products are entirely reconstructed, exemplified
by N ! ⇡

±
µ
⌥ or A

0
, S ! µµ. Partially reconstructed signals involve cases where some

decay products are not fully reconstructed, as in N ! µµ⌫.

Criterion Requirement

Track momentum > 1.0GeV/c
Track pair distance of closest approach < 1 cm
Track pair vertex position in decay volume > 5 cm from inner wall

> 100 cm from entrance (partially)
Impact parameter w.r.t. target (fully reconstructed) < 10 cm
Impact parameter w.r.t. target (partially reconstructed) < 250 cm

Table 3: Pre-selection criteria used for the background rejection and the sensitivity estimates
in the analysis of FIP decays.

These two signal categories exhibit experimental di↵erences, most notably in terms of
the directionality of the reconstructed vertex towards the target. This characteristics is
illustrated in Figure 48, which presents the impact parameter distributions for both signal
types, as well as for the muon and neutrino-induced backgrounds. The broader impact
parameter distribution of the partially reconstructed signals necessitates the di↵erent cuts
outlined in Table 3.

Even though purely focusing on fully reconstructed signals would have negligible impact
on the sensitivity to the benchmark models, attention was primarily put on the partially
reconstructed modes when studying the selection. This is because partially reconstructed
signals provide a reliable representation of general models with demanding experimental
signatures. In other words, demonstrating that the experiment is e�ciently coping with par-
tially reconstructed signals means that it is capable of handling a wider array of signatures.

Another notable aspect of partially reconstructed signals is their utility in model dif-
ferentiation. Recognising as many decay possibilities of a model as possible is crucial for
distinguishing between models, and subsequently increasing confidence in the event of a dis-
covery. For instance, in the case of HNLs, detecting a small number of events with partially
and fully reconstructed modes would su�ce to distinguish them from other models. This
principle of discrimination, using a small number of events, is not exclusive to HNLs. It can
also be applied to dark photons and dark scalars. This is because their respective branching
ratios to SM particles are determined by a singular parameter: the mixing angle with the
corresponding SM boson. This ability to draw on a limited number of events to discern dif-
ferent entities significantly expands the detection and di↵erentiation capacities of the SHiP
experiment, ensuring a broader and more nuanced exploration of dark sector particles.

60

Time	coincidence UBT/SBT

Selection

Expected	background	
for	6×1020 pot	(15	years	of	operation)

Background source Expected events

Neutrino DIS < 0.1 (fully)/< 0.3(partially)
Muon DIS (factorisation)⇤ < 5⇥ 10�3 (fully) / < 0.2(partially)
Muon combinatorial (1.3± 2.1)⇥ 10�4

Table 4: Expected background for 6⇥1020 PoT, equivalent to 15 years of nominal operation.

but also ensures a broad inclusivity with respect to di↵erent forms of long-lived particle
decays in the fiducial volume. This broad inclusivity safeguards maximum sensitivity in the
FIP searches, without compromising on the possibility of accommodating novel models that
could be proposed in future scenarios.

Underpinning the studies of SHiP’s sensitivity are six benchmark models [175], which have
been calculated to provide a representation of generic FIP models: heavy neutral leptons
(HNLs), dark scalars mixing with the Higgs boson, dark photons, and ALPs coupled to
photons, fermions, or gluons (see also [149] for the description of the phenomenology of these
models used in the calculations). The 90% CL sensitivities for the up-to-date ECN3 design
are showcased in Figure 50. The sensitivities have been computed for NPoT = 6 · 1020, and
using the selection parameters provided in Table 3, with the help of the tool SensCalc [149],
which is based on a semi-analytic method for the calculations of the number of events. The
comparison of the sensitivities obtained using this tool with FairShip simulations for the
models of heavy neutral leptons and dark photons shows an excellent agreement.

Given that, at the lower bound of the sensitivity, the signal yield scales with g
4, where

g is the coupling of feebly interacting particles to the SM particles, and that SHiP operates
as a < 1-event background experiment, the anticipated upper limit for 90% confidence level
(CL) is close to the 3� sensitivity.

Compared to the ECN3 design considered in the LoI [76], the current decay volume and
spectrometer have smaller transverse dimensions (Sspectrometer = 4⇥ 6 m2 vs 4⇥ 8 m2). The
decrease of the transverse size is partially compensated by the smaller distance from the
target to the decay volume (lmin = 33m vs 38m). As a result, for the new configuration, the
decrease in the geometric acceptance, and hence the event yields, is limited by the decrease of
the solid angle covered by the detector ⌦det = S/l

2

min
and does not exceed a factor of 0.8. The

decrease is smaller if the FIPs are predominantly produced in the far-forward direction, such
as dark photons. The shorter distance to the decay volume slightly improves the sensitivity
to short-lived FIPs. Namely, the upper bound of the sensitivity scales as g2

upper
/ l

�1

min
, and

hence the new configuration may probe 1.2 times larger couplings of short-lived FIPs.
Figure 50a shows the sensitivity curve for HNLs, assuming the benchmark ratio between

the three HNL mixing angles to be |Ue|
2 : |Uµ|

2 : |U⌧ |
2 = 1 : 0 : 0. HNL signal events were

generated over a range of masses and mixing parameters, |Ue,µ,⌧ |
2, using the SM electron,

muon, and tau neutrinos as inputs. The main production channels of HNLs above the kaon
threshold are two- and three-body decays of D,B mesons. HNL decays into various final
states, many of each contain at least two charged particles, were modeled using the HNL
branching fractions from [81].

Figure 50b shows the sensitivity to dark scalars mixing with the SM Higgs. The scalars
may be produced by decays of B mesons and sequentially decay into pairs of charged or
neutral particles. For the description of the dark scalar production we consider exclusive
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Background estimation based
on full GEANT-based MC

èVery simple and common selection for both fully and partially reconstructed events – model independence
èPossibility to measure background with data, relaxing veto and selection cuts

4 Physics performance

4.1 FIP decay search performance

Given that SHiP is designed as a discovery experiment with the goal of detecting hidden
sector particles in the low invariant mass region, the selection strategy implemented is char-
acterised by a set of broad and loose criteria, outlined in Table 3.

It is crucial to di↵erentiate between fully and partially reconstructed signals. Fully recon-
structed signals are those in which all decay products are entirely reconstructed, exemplified
by N ! ⇡

±
µ
⌥ or A
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, S ! µµ. Partially reconstructed signals involve cases where some

decay products are not fully reconstructed, as in N ! µµ⌫.

Criterion Requirement

Track momentum > 1.0GeV/c
Track pair distance of closest approach < 1 cm
Track pair vertex position in decay volume > 5 cm from inner wall

> 100 cm from entrance (partially)
Impact parameter w.r.t. target (fully reconstructed) < 10 cm
Impact parameter w.r.t. target (partially reconstructed) < 250 cm

Table 3: Pre-selection criteria used for the background rejection and the sensitivity estimates
in the analysis of FIP decays.

These two signal categories exhibit experimental di↵erences, most notably in terms of
the directionality of the reconstructed vertex towards the target. This characteristics is
illustrated in Figure 48, which presents the impact parameter distributions for both signal
types, as well as for the muon and neutrino-induced backgrounds. The broader impact
parameter distribution of the partially reconstructed signals necessitates the di↵erent cuts
outlined in Table 3.

Even though purely focusing on fully reconstructed signals would have negligible impact
on the sensitivity to the benchmark models, attention was primarily put on the partially
reconstructed modes when studying the selection. This is because partially reconstructed
signals provide a reliable representation of general models with demanding experimental
signatures. In other words, demonstrating that the experiment is e�ciently coping with par-
tially reconstructed signals means that it is capable of handling a wider array of signatures.

Another notable aspect of partially reconstructed signals is their utility in model dif-
ferentiation. Recognising as many decay possibilities of a model as possible is crucial for
distinguishing between models, and subsequently increasing confidence in the event of a dis-
covery. For instance, in the case of HNLs, detecting a small number of events with partially
and fully reconstructed modes would su�ce to distinguish them from other models. This
principle of discrimination, using a small number of events, is not exclusive to HNLs. It can
also be applied to dark photons and dark scalars. This is because their respective branching
ratios to SM particles are determined by a singular parameter: the mixing angle with the
corresponding SM boson. This ability to draw on a limited number of events to discern dif-
ferent entities significantly expands the detection and di↵erentiation capacities of the SHiP
experiment, ensuring a broader and more nuanced exploration of dark sector particles.
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Muon combinatorial (1.3± 2.1)⇥ 10�4

Table 4: Expected background for 6⇥1020 PoT, equivalent to 15 years of nominal operation.

but also ensures a broad inclusivity with respect to di↵erent forms of long-lived particle
decays in the fiducial volume. This broad inclusivity safeguards maximum sensitivity in the
FIP searches, without compromising on the possibility of accommodating novel models that
could be proposed in future scenarios.

Underpinning the studies of SHiP’s sensitivity are six benchmark models [175], which have
been calculated to provide a representation of generic FIP models: heavy neutral leptons
(HNLs), dark scalars mixing with the Higgs boson, dark photons, and ALPs coupled to
photons, fermions, or gluons (see also [149] for the description of the phenomenology of these
models used in the calculations). The 90% CL sensitivities for the up-to-date ECN3 design
are showcased in Figure 50. The sensitivities have been computed for NPoT = 6 · 1020, and
using the selection parameters provided in Table 3, with the help of the tool SensCalc [149],
which is based on a semi-analytic method for the calculations of the number of events. The
comparison of the sensitivities obtained using this tool with FairShip simulations for the
models of heavy neutral leptons and dark photons shows an excellent agreement.

Given that, at the lower bound of the sensitivity, the signal yield scales with g
4, where

g is the coupling of feebly interacting particles to the SM particles, and that SHiP operates
as a < 1-event background experiment, the anticipated upper limit for 90% confidence level
(CL) is close to the 3� sensitivity.

Compared to the ECN3 design considered in the LoI [76], the current decay volume and
spectrometer have smaller transverse dimensions (Sspectrometer = 4⇥ 6 m2 vs 4⇥ 8 m2). The
decrease of the transverse size is partially compensated by the smaller distance from the
target to the decay volume (lmin = 33m vs 38m). As a result, for the new configuration, the
decrease in the geometric acceptance, and hence the event yields, is limited by the decrease of
the solid angle covered by the detector ⌦det = S/l

2

min
and does not exceed a factor of 0.8. The

decrease is smaller if the FIPs are predominantly produced in the far-forward direction, such
as dark photons. The shorter distance to the decay volume slightly improves the sensitivity
to short-lived FIPs. Namely, the upper bound of the sensitivity scales as g2

upper
/ l

�1

min
, and

hence the new configuration may probe 1.2 times larger couplings of short-lived FIPs.
Figure 50a shows the sensitivity curve for HNLs, assuming the benchmark ratio between

the three HNL mixing angles to be |Ue|
2 : |Uµ|

2 : |U⌧ |
2 = 1 : 0 : 0. HNL signal events were

generated over a range of masses and mixing parameters, |Ue,µ,⌧ |
2, using the SM electron,

muon, and tau neutrinos as inputs. The main production channels of HNLs above the kaon
threshold are two- and three-body decays of D,B mesons. HNL decays into various final
states, many of each contain at least two charged particles, were modeled using the HNL
branching fractions from [81].

Figure 50b shows the sensitivity to dark scalars mixing with the SM Higgs. The scalars
may be produced by decays of B mesons and sequentially decay into pairs of charged or
neutral particles. For the description of the dark scalar production we consider exclusive
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• Expected	background	in	15	years

Background source Expected events

Neutrino DIS < 0.1 (fully)/< 0.3(partially)
Muon DIS (factorisation)⇤ < 5⇥ 10�3 (fully) / < 0.2(partially)
Muon combinatorial (1.3± 2.1)⇥ 10�4

Table 4: Expected background for 6⇥1020 PoT, equivalent to 15 years of nominal operation.

but also ensures a broad inclusivity with respect to di↵erent forms of long-lived particle
decays in the fiducial volume. This broad inclusivity safeguards maximum sensitivity in the
FIP searches, without compromising on the possibility of accommodating novel models that
could be proposed in future scenarios.

Underpinning the studies of SHiP’s sensitivity are six benchmark models [175], which have
been calculated to provide a representation of generic FIP models: heavy neutral leptons
(HNLs), dark scalars mixing with the Higgs boson, dark photons, and ALPs coupled to
photons, fermions, or gluons (see also [149] for the description of the phenomenology of these
models used in the calculations). The 90% CL sensitivities for the up-to-date ECN3 design
are showcased in Figure 50. The sensitivities have been computed for NPoT = 6 · 1020, and
using the selection parameters provided in Table 3, with the help of the tool SensCalc [149],
which is based on a semi-analytic method for the calculations of the number of events. The
comparison of the sensitivities obtained using this tool with FairShip simulations for the
models of heavy neutral leptons and dark photons shows an excellent agreement.

Given that, at the lower bound of the sensitivity, the signal yield scales with g
4, where

g is the coupling of feebly interacting particles to the SM particles, and that SHiP operates
as a < 1-event background experiment, the anticipated upper limit for 90% confidence level
(CL) is close to the 3� sensitivity.

Compared to the ECN3 design considered in the LoI [76], the current decay volume and
spectrometer have smaller transverse dimensions (Sspectrometer = 4⇥ 6 m2 vs 4⇥ 8 m2). The
decrease of the transverse size is partially compensated by the smaller distance from the
target to the decay volume (lmin = 33m vs 38m). As a result, for the new configuration, the
decrease in the geometric acceptance, and hence the event yields, is limited by the decrease of
the solid angle covered by the detector ⌦det = S/l
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and does not exceed a factor of 0.8. The

decrease is smaller if the FIPs are predominantly produced in the far-forward direction, such
as dark photons. The shorter distance to the decay volume slightly improves the sensitivity
to short-lived FIPs. Namely, the upper bound of the sensitivity scales as g2

upper
/ l

�1

min
, and

hence the new configuration may probe 1.2 times larger couplings of short-lived FIPs.
Figure 50a shows the sensitivity curve for HNLs, assuming the benchmark ratio between

the three HNL mixing angles to be |Ue|
2 : |Uµ|

2 : |U⌧ |
2 = 1 : 0 : 0. HNL signal events were

generated over a range of masses and mixing parameters, |Ue,µ,⌧ |
2, using the SM electron,

muon, and tau neutrinos as inputs. The main production channels of HNLs above the kaon
threshold are two- and three-body decays of D,B mesons. HNL decays into various final
states, many of each contain at least two charged particles, were modeled using the HNL
branching fractions from [81].

Figure 50b shows the sensitivity to dark scalars mixing with the SM Higgs. The scalars
may be produced by decays of B mesons and sequentially decay into pairs of charged or
neutral particles. For the description of the dark scalar production we consider exclusive
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• Located downstream the SHiP spectrometer
• Timing detector: scintillating bars readout by SiPM arrays (<100 ps)
• Calorimetry: sampling ECAL and HCAL

based on scintillators readout by SiPMs 23
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• 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 or fast straws for high precision layers
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SHiP sensitivities: HNLs,
Dark photons & Higgs-like scalars

Signal Studies I. Heavy Neutral Leptons

1y sensitivity covers huge
fraction of parameter space

Reaching the fundamental
see-saw theoretical limit needs
15y

E. Ursov (HU Berlin) Search for Hidden Particles eduard.ursov@cern.ch 20 / 32
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Heavy	Neutral	Leptons Excluded
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SHiP sensitivities:
Axion Like Particles (ALPs)
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Light	Dark	Matter:	Decaying and	Scattering signatures
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Excluded
ΩDM
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10-12
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mχ1 [GeV/c
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Δ = 0.1, mχ1/mV = 0.33, αD = 0.1

• Inelastic DM coupled via a mediator
interacting with baryon current :

				𝜒1 +	p	à 𝜒1 +	X à 𝜒2 e+e- + X

• Background	is	dominated	by	neutrino
elastic	scattering

• Expectation	from	relic	density	within	reach

LDM	scattering	off	atomic	electrons	(and	nuclei)



Conclusion
• SHiP à 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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