
BDF/SHiP facility at CERN

on	behalf	of	the	SHiP Collaboration	of	38	institutes	from	15	countries	and	CERN

BDF/SHIP	references	to	reports/publications
- 17	submitted	to	SPSC	and	ESPPSU2020
- 26	on	the	facility	development
- 37	on	the	detector	development
- 11	on	physics	studies
- 20	on	theory	developments	dedicated	to	SHiP
- 20	PhD	thesis,	a	few	more	in	pipeline

Recent documents:
ü Proposal,	BDF/SHiP at	the	ECN3	high-intensity	beam	facility,

CERN-SPSC-2023-033
ü Letter	of	Intent,	BDF/SHiP at	the	ECN3	high-intensity	beam	facility,	CERN-

SPSC-2022-032

Andrey Golutvin
Imperial College London

& CERN

BDF/SHiP approved by the CERN RB in March 2024
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ü Sensitivity depends on three factors
• Yields (protons on target) 
• Acceptance (lifetime & angular coverage)
• Background level

ü Exhaustive search should aim at a “model-independent” detector setup
• Full reconstruction and identification of both fully and partially reconstructible modes

èSensitivity to partially reconstructed modes also proxy for the unknown 
• In case of discovery è make precise measurements to discriminate between models and test 

compatibility with hypothetical signal
èFIP decay search in background-free environment and LDM scattering
èRich “bread and butter” neutrino interaction physics with unique access to tau neutrino

Protons
Decay	volume SM

SM

Spectrom
eter

Absorber/sweeper

HP
Protons

Heavy target + detectorAbsorber/sweeper

Long 
high-Z/A target

Visible decay to SM particles Scattering off atomic electrons and 
nuclei

Also	suitable	for	neutrino	interaction	physics	with	all	flavours

arXiv:2304.02511, submitted to EPJC

SHiP experimental techniques
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Beam dump optimization

ü Target design for signal/background optimization:
• Very thick à use full beam and secondary interactions (12l)
• High-A&Z à maximize production cross-sections (Mo/W)
• Short l (high density) à stop pions/kaons before decay

èBDF luminosity for a very thick target (e.g. >1m Mo/W) with 
4x1019 protons on target per year currently available in the SPS

è BDF/SHiP annual yields in the detector acceptance:
• ∼ 2×1017 charmed hadrons  (>10 times the yield at HL-LHC)
• ∼ 2 × 1012 beauty hadrons
• ∼ 2×1015 tau leptons
• O(1020) photons above 100 MeV 

• Large number of neutrinos detected with 3t-W	n-target:
3500	𝜈& + 𝜈̅& per year,  and 2×105 𝜈) + 𝜈̅)	/ 7×105		𝜈++𝜈̅+ regardless of target design

ü No technical limitations to operate beam and facility with 4x1019 protons/year for 15 years

σ(pp→ssbar X)/s(pp→X)	~	0.15
σ(pp→ccbar X	)/s(pp→X)	~	2x10-3
σ(pp→bbbar X)/s(pp→X)	~	1.6	x10-7
Cascade	effect,	e.g.	>2	for	charm

BDF	@	 𝑠� = 27	𝐺𝑒𝑉
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SHiP detector

SND	detector Hidden	Sector	Decay	Spectrometer	(HSDS)

Instrumented
Neutrino	target	

Target	tracker
(SciFi)

Magnetised
µ-system

Decay	volume

Upstream	Background	Tagger
(MRPC) Surrounding	Background	Tagger

(LiqSci)

HSDS	Tracker
(Straw	tracker)

Timing	detector
(SciBar) PID	- ECAL/HCAL

(SciBar/µ-megas)

Spectrometer	magnet	(SC)

see	w38	- CERN	Bulletin	article),	

4x
6	
m
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Designed for “zero background” in decay search
• Target design 
• Muon shield
• Decay volume under low air pressure (or He)
• Background veto taggers (SBT & UBT)
• Momentum and decay vertex information
• Impact parameter at target
• Time coincidence 

• Particle identification Not	currently	used	in	
background	suppression
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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, muon shield, decay volume

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

63

Muon	combinatorial
Muon	DIS

Neutrino	DIS
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FIP decay search performance

ü SHiP sensitivities to FIPs are orders of magnitude better 
than existing limits

ü Sensitivity is not limited by backgrounds in 6 x 1020 PoT
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Main goals of SND
ü Search for LDM

- Experimental signature of LDM scattering:
A shower produced by the electron scattered by LDM and “nothing else”

LDM	scattering	off	atomic	electrons	(and	nuclei) ü Direct	search	through	scattering

ü Background is dominated by neutrino elastic scattering, 
for 6	×1020 PoT:

6 ×1020

ü Tau neutrino physics 
- Experimental signature of tau neutrino:

(i) “double-kink” topology (resulted from nt-interaction and t-decay)
(ii) Missing Pt carried away by 2 neutrinos from t-decay

Expectation	from	relic	density	is	within	reach
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Neutrino interaction physics 

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

ü Accuracy determined by systematic uncertainties
~5% in all neutrino fluxes

Incl.	reconstruction	efficiencies

ü LFU in neutrino interactions 
• σ:;<;=:>:;~3% accuracy in ratios:	ne /nµ , ne /nt and	nµ /nt

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

particular)
• nt cross-section at higher energies input to cosmic neutrino studies
• σ:;<;=:>:;<	5%

ü Test of F4 and F5 (𝐅𝟒 ≈ 𝟎, 𝐅𝟓 = 𝐅𝟐 𝟐𝐱⁄ with 𝐦𝐪 → 𝟎) structure functions 
in 𝛔𝛎O𝐂𝐂	𝐃𝐈𝐒

• Never measured, only accessible with tau neutrinos 
[C.Albright and C.Jarlskog, NP B84 (1975)]
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• ~2.5 years for detector TDRs 
• Construction / installation of facility and detector is decoupled from NA operation
• Availability of test beams challenging
• Important to start data taking >1 year before LS4
• Several upgrades/extensions of the BDF/SHiP in consideration over the operational life

BDF/SHiP preliminary schedule

BDF	
commissioning

BDF/SHiP operation	è
Opportunity	for	
consolidation/extension

D J F M D J F MD J F M D J F M D J F MD J F M
2042 2043 2044 2045 2046 2047

D

End	of	LHC	Opportunity…

SPS	decoupled	from	injector	role	in	2042,	fully	dedicated	to	proton/ion	FT	physics

LSx
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Summary

ü New programme at “Coupling frontier” at CERN with synergy between accelerator-based searches and searches in 
astrophysics/cosmology

ü BDF/SHiP capable of covering the heavy flavour region of parameter space, out of reach for collider experiments 
• Capability not only to establish existence but to measure properties such as precise mass, branching ratios, 

spin, etc
• Complementary to FIP searches at HL-LHC and future e+e- - collider, where FIPs can be searched in boson 

decays

ü Rich “biscuit’n’rhum” neutrino physics programme, including fundamental tests of SM in tau neutrino interactions. 

See-saw limit is almost
in reach below charm mass
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