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Motivation
•Νο new physics at the energy frontier (yet) 

• NSDfSMO (see Bob Hirosky’s talk) 

• New physics might be hidden at low masses                 
→ need intensity
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A Hidden Sector
•New particles … 

• are light and interact very feebly 
with SM particles through portals 

• provide DM candidate, explain 
BAU and neutrino masses 

•Found in a very wide range of 
theories 

• Heavy Neutral Leptons, SUSY, 
Axion Like Particles, … 

• interactions sufficiently weak to 
evade flavour and electroweak 
constraints 

• can search through decays to 
visible SM particles
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A Hidden Sector
⌘ New particles are light and interact very weakly with SM particles through

portals
! Provide DM candidate, explain BAU and neutrino masses

LWorld = LSM + Lportal + LHS

⌘ Such particles found in very wide
range of theories
! SUSY, Axion Like Particles,
Heavy Neutral Leptons etc
! Interactions sufficiently weak,

evading precision flavour and

electroweak constraints

! Can search through decays to
visible SM particles

⌘ Physics proposal including > 80
theorists

Exploring Hidden Sectors with SHiP 

4/

•  Several possibilities for so-called 
portal operators :  
–  Vector portal – new U(1) Bµν –

mixing with photon → εBµνFµν $

–  Higgs portal – new scalar field χ         
→ (µχ+λχ2)H’H 

–  Axial portal – new axial-vector a    
→  (a/F)GµνGµν,    (δµa/F)ψ�γµγ5ψ$

–  Neutrino portal – new heavy 
neutral leptons (HNL) → YHTN’L 

•  Diverse physics programme…  

•  Weak mixing →  (v.) long lifetime 

[arXiv:1504.04855] 

SHiP will make world-beating and 
model independent searches in of 
all of these areas 

•  Require very large number of intn. → fixed-target experiment ⌘ Can also search using decays to invisible particles (DM candidates)
! Reoptimise ⌫⌧ detector

K.A. Petridis (UoB) SHiP PBC meeting March 2017 3 / 15

A Hidden Sector
⌘ New particles are light and interact very weakly with SM particles through

portals
! Provide DM candidate, explain BAU and neutrino masses

LWorld = LSM + Lportal + LHS

⌘ Such particles found in very wide
range of theories
! SUSY, Axion Like Particles,
Heavy Neutral Leptons etc
! Interactions sufficiently weak,

evading precision flavour and

electroweak constraints

! Can search through decays to
visible SM particles

⌘ Physics proposal including > 80
theorists

Exploring Hidden Sectors with SHiP 

4/

•  Several possibilities for so-called 
portal operators :  
–  Vector portal – new U(1) Bµν –

mixing with photon → εBµνFµν $

–  Higgs portal – new scalar field χ         
→ (µχ+λχ2)H’H 

–  Axial portal – new axial-vector a    
→  (a/F)GµνGµν,    (δµa/F)ψ�γµγ5ψ$

–  Neutrino portal – new heavy 
neutral leptons (HNL) → YHTN’L 

•  Diverse physics programme…  

•  Weak mixing →  (v.) long lifetime 

[arXiv:1504.04855] 

SHiP will make world-beating and 
model independent searches in of 
all of these areas 

•  Require very large number of intn. → fixed-target experiment ⌘ Can also search using decays to invisible particles (DM candidates)
! Reoptimise ⌫⌧ detector

K.A. Petridis (UoB) SHiP PBC meeting March 2017 3 / 15

arXiv:1504.04855



[ M. Cristinziani | The SHiP experiment | EDSU2020 | 12–Mar–2020 ]

•A proton beam dump experiment proposed at CERN  
• fixed target facility in the SPS North Area 
• Ep  = 400 GeV,  Npot = 2 · 1020 (protons on target), t = 5 yrs 
• aim to search for hidden, feebly interacting new particles 
• also good for ντ-physics 

•It would make good use of the full SPS intensity 
• ~80% of its proton capacity currently not used 

•Anticipated yields 
• 1018 D mesons  
• 1016 τ leptons 
• 1020 γ above 100 MeV

4

What is SHiP ?

331 authors, 54 institutes, 18 countries
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SHiP Experiment
COMPREHENSIVE DESIGN STUDY REPORT

SHiP Collaboration

Abstract

Following the completion of the Comprehensive Design Study of the SHiP detector, this
document summarises the status of the physics and the detector and outlines a three-year
design and development plan towards Technical Design Reports. The document concludes
with an overall road map and updated costs for the detector R&D and construction. With
the submission and review of this document, together with the SHiP Progress Report [1]
and the Beam Dump Facility Yellow Report [2], the SHiP Collaboration is ready to proceed
with the preparation of Technical Design Reports, pending approval.

Keywords
SHiP, Comprehensive Design Study, SPS, CERN
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The SHiP experiment at the SPS Beam Dump Facility

COMPREHENSIVE OVERVIEW

SHiP Collaboration

Abstract

The SHiP Collaboration has proposed a general purpose experimental facility at the CERN
SPS accelerator to search for feebly interacting GeV-scale particles. SHiP complements
the world-wide program of New Physics searches by covering a large region of parameter
space which cannot be addressed by other experiments. The SHiP detector is sensitive both
to decay and scattering signatures of models with heavy neutral leptons, dark photons, dark
scalars, light dark matter and other super-weakly interacting particles. In addition, SHiP
can perform unprecedented measurements with tau neutrinos and neutrino-induced charm
production. Following the continued development since the Technical Proposal submitted
in 2015, this paper is a comprehensive overview of the re-optimized SHiP spectrometers
and the improved physics performance.

Contact person: A. Golutvin
e-mail address: Andrei.Golutvin@cern.ch

Input to Europ. StrategyTechnical proposal
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SHiP Experiment
PROGRESS REPORT

SHiP Collaboration⇤

Abstract

Progress on the SHiP experiment and the Comprehensive Design Study (CDS) is presented
with focus on the re-optimization, the simulation studies and the detector developments,
including beam tests since the Technical Proposal, and the physics performance. This doc-
ument is complementing the proposal submitted to the update of the European Strategy for
Particle Physics (ESPPU).

Keywords
SHiP, Comprehensive Design Study, SPS, CERN

⇤Author list: http://cern.ch/ship/Constitution/SHiP_Authorlist_nov2018.pdf
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Figure 1: Overview of the SHiP experiment as implemented in the full simulation.

1 The SHiP detector
The current layout of the SHiP experimental setup is shown in Figure 1. The setup consists of a high-
density proton target [15, 16], followed by a hadron stopper and an active muon shield [17], which
sweeps away the muons produced in the beam dump in order to reduce the initial flux by six orders
of magnitude in the detector acceptance. The target is made of blocks of a titanium-zirconium doped
molybdenum alloy (TZM) in the core of the proton shower, followed by blocks of pure tungsten with a
tantalum cladding. The total target thickness is twelve interaction lengths. The five metres long hadron
stopper absorbs hadrons and electromagnetic radiation emerging from the target. A magnetic coil has
been incorporated into the hadron stopper to magnetise the iron shielding blocks. This magnet serves as
the first section of the active muon shield. The rest of the muon shield consists of 30 m of free-standing
warm magnets located in the underground experimental hall, totalling 1300 tonnes of magnetic mass.

The SHiP detector consists of two complementary apparatuses, the scattering and neutrino detector
(SND) and the hidden sector (HS) decay spectrometer. The SND will search for light dark matter (LDM)
scattering and perform neutrino physics. It also provides normalisation of the yield for the hidden particle
search. It consists of a precision spectrometer located inside a single long dipole magnet with a field
of 1.2 T, followed by a muon identification detector. The precision spectrometer is a hybrid detector
composed of modules with alternating layers of absorber, nuclear emulsion films and fast electronic
target trackers (TT). The absorber mass totals ⇠8 tonnes.

The HS decay spectrometer aims at measuring the visible decays of HS particles by reconstructing
their decay vertices in a 50 m long decay volume of a pyramidal frustum shape. In order to eliminate the
background from neutrinos interacting in the decay volume, it is maintained at a pressure of < 10�2 bar.
The decay volume is followed by a large spectrometer with a rectangular acceptance of 5 m width and
10 m height. The main element is the spectrometer straw tracker (SST) designed to accurately reconstruct
the momenta and the decay vertex, mass and impact parameter of the hidden particle trajectory at the
proton target. The spectrometer dipole magnet is a conventional magnet with a total field integral of
about 0.65 Tm.

An electromagnetic calorimeter (ECAL) and a muon detector provide particle identification which
is essential in discriminating between the very wide range of HS models. The ECAL is a lead sampling
calorimeter, consisting of two parts which are mechanically separated in the longitudinal direction, each
part being equipped with a high spatial resolution layer to reconstruct decays of axion-like particles to
two photons. The muon system consists of four stations interleaved by three muon filters.

The key feature of the HS decay spectrometer design is to ensure efficient suppression of different
backgrounds. A dedicated timing detector (TD) with ⇠100 ps resolution provides a measure of time
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CERN BDF and SHiP
•Beam Dump Facility 

• Located at North Area at SPS  
• Evaluation in 2014–2016 
• Comprehensive Design Study, 

released December 2019 
○ 48 authors, 590 pages 

•Current SHiP design
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CHAPTER 1

scope of the facility studies includes these elements plus the associated CE and service infrastructure.
The proposed location and overall layout of the facility is shown in Fig. 1.1. A description of the key
features of the new facility and a brief overview of the progress made by the study on the technical
aspects follows.

Fig. 1.1: Overview of the proposed implementation of the BDF at the SPS North Area at the CERN
Prévessin campus.

1.4.1 Extraction from SPS
Third-integer slow extraction of 400 GeV/c protons from the SPS is well established. A few percent of
beam losses on the septum wires is intrinsic to the process and results in machine activation, reduces
component lifetime and places severe limitations on personnel access and maintenance. Significant op-
erational effort already goes into minimising these losses and ensuring a high quality, uniform spill. The
proton intensity on target (PoT) requested by SHiP poses significant challenges [15] and improvements
will need to come from a combination of lower beam loss per extracted proton, reduced activation per
lost proton, and improved or remote interventions. The most effective solution is to reduce the beam loss
per extracted proton, since this also reduces the radiation dose to cables and high voltage feedthroughs.
A factor of four reduction is needed.

Methods to reduce the losses concerning the extraction process, hardware and controls have been
developed and tested in 2018, both with a SHiP cycle and the longer NA cycle.

The Q-sweep method used for slow extraction in the SPS since its construction has been replaced
by a new type of Constant Optics Slow Extraction (COSE), where the optics are kept constant in nor-
malised strength while the whole machine momentum is ramped. COSE has several advantages over the
Q-sweep, since it keeps the orbit and separatrix angle at the electrostatic septum (ZS) fixed through the
spill. Since mid-2018 COSE has been systematically deployed for NA operation.

For loss reduction, both passive scatterers and bent silicon crystals have been developed and tested
as diffusers to locally reduce the proton density at the ZS wires. For the passive diffuser [16], a 240 µm
wide, 30 mm long array of Ta wires achieved a loss reduction of 15%, consistent with an effective ZS

4
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SHiP target
•High intensity proton beam 

• 4 · 1013 p/pulse (0.16Hz) 
• 4 · 1019 protons on target/year 
• 355 kW average beam power, 85% dissipated inside target 

•Requirements 
• maximise production of flavoured hadrons 
• stop π and Κ before decay into μν 

•Design 
• 58cm of (Ti, Zi, Mo)-alloy 
• 78cm of pure W 
• needs water cooling 

•Small radius prototype successfully tested
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CHAPTER 5

Fig. 5.4: The figure shows the temperature distribution (in degrees Celsius) in the BDF target/dump
during the beam dilution. The BDF beam dilution scheme currently consists in 4 beam sweep turns over
a 50 mm radius circular pattern during 1 second (i.e. 250 ms per circle).

Figure 5.5a presents the evolution of the maximum temperature in the Ta2.5W cladding during a
one second beam pulse (after several beam pulses) for different dilution scenarios. A similar trend is
observed for both the TZM and W cores. The increase of the sweep radius has a considerable impact in
the reduction of the maximum temperatures; it can be seen that the temperatures reached for a beam
sweep over a 4 to 52 mm radius spiral are 200

¶
C lower than for the first dilution design over a 5

to 35 mm radius spiral. The dilution amplitude was therefore increased to the limits accepted by the
upstream magnets (around 50 mm).

Furthermore, it can be observed that for an almost equivalent dilution amplitude of 50 mm, the
circular sweep of the upstream magnets leads to a comparable level of temperatures in the cladding
with respect to the spiral dilution pattern. The dilution system complexity is substantially reduced by
considering a circular pattern dilution instead of a spiral pattern: the spiral pattern requires a controlled
variation in frequency and amplitude from the dilution magnets, while the circular sweep of the beam
requires constant amplitude and frequency in the dilution. Therefore, a circular dilution of radius 50 mm
is chosen as baseline sweep pattern for the magnet dilution system.

Finally, Figure 5.5b presents a comparison between the maximum temperature build-up for a cir-
cular dilution over a 50 mm radius circle with several turns for each 1-second pulse. It can be seen
that the increase in the number of turns reduces the maximum temperatures reached in the cladding to
160

¶
C approximately. 4 circular turns were selected as an optimal compromise between reducing the

temperature and stress levels and keeping the dilution frequency within reasonable limits for the dilution
magnets. More details about the beam dilution system can be found in Chapter 4.

As a further improvement of the dilution system design, the beam transverse size at the tar-
get/dump position has been maximized taking into account the limitations imposed by the aperture of
the upstream magnets. It has been proven that a larger beam spot size leads to lower temperatures and
stresses on target, since the energy deposition is more distributed in the materials volume. The compro-
mise between maximizing the spot size of the round beam and the aperture restrictions of the transfer
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calorimeter, consisting of two parts which are mechanically separated in the longitudinal direction, each
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L = 1.5m ~ 12λint

Phys. Rev. Accel. Beams 22 (2019) 113001

A section of the inner and outer tank supporting the target
blocks can be seen in Fig. 14. The helium container
enclosing the full target assembly is shown in Fig. 15.

A. Target blocks production

The BDF target core blocks consist of two differ-
ent parts.
A TZM or W cylinder with different length according to

the block position in the target core.—Early investigations
have shown that all the TZM cylinders can be manufactured
via multiaxial forging, while not all the pure tungsten
cylinders can be obtained by this method [45]. The length
of some of the tungsten cylinders, which reach up to
350 mm long, is a limiting factor to apply longitudinal
forging. For that reason, it is foreseen to produce the W
cylinders via sintering and HIPing, this process leading to
an isotropic material structure and an acceptable density of
around 97%.
A cladding made out of Ta2.5W, which encloses the TZM

or W cylinder, and consists of a tube with variable length

and two disks.—The Ta2.5W tubes can be rolled, and must
be seamless as this is a requirement for the HIP process
that will be described later on. The Ta2.5W disks can be
obtained by forging.
For the production of the target blocks, the TZM or W

cylinder is inserted into the Ta2.5W tube and closed
above and below by the two Ta2.5W disks. The top and
bottom Ta2.5W disks are electron-beam welded to the
Ta2.5W tube, and the capsules are covered with a zirco-
nium foil to prevent oxidation. Then, every assembled
target block undergoes a HIP cycle, reaching a temperature
of 1200 °C and a pressure of 150 MPa for 2 hours. The HIP
process carried out for the BDF target blocks production is
crucial to ensure the mechanical and chemical bonding
between the cladding and core materials. More details
about the HIP assisted diffusion bonding carried out for the
target blocks production are given in Ref. [18].

B. Target vessel inner stainless steel tank

The inner tank is composed of several “supports” that are
assembled together. Each target block has its own support,
which is acting at the same time as a handling tool.
Figure 16 shows a description of the supports that make
up the inner tank.
The target blocks can weigh up to 300 kg for the heaviest

tungsten cylinder, making it necessary to have a handling
mechanism for their assembly. Each support holds the
corresponding target block in a vertical position during
assembly, and all the supports are stacked on top of each
other starting from the first support. Once the assembly is
completed, the target blocks supporting structure (hereafter,
inner tank) is placed in the horizontal position for the
subsequent operation, as illustrated in Fig. 14.
Another function of the inner tank is to enclose the target

cooling circuit. The different supports include dedicated
grooves in order to provide the foreseen circulation path for
the water cooling, compatible with the cooling system
design presented in Sec. IV. The 5 mm spacers added to the

FIG. 14. Longitudinal section of the BDF target inner and outer tank structure. The target blocks supported by the inner tank can be
seen, as well as many functional elements of the cooling circuit and the supporting structure of the target itself.

FIG. 15. BDF target full assembly: view of the helium con-
tainer, outer tank, upstream and downstream flanges and inlet and
outlet pipes.

DESIGN OF A HIGH POWER PRODUCTION … PHYS. REV. ACCEL. BEAMS 22, 113001 (2019)

113001-13

TZM core

Ta2.5W cladding

W core

Ø25cm
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Active muon shield
•Large muon flux 

• 1011 μ/s from π,K,ρ,ω and charm mesons 
• series of magnets to deflect off acceptance, ε = O(10–6) 
• large p range → complicates geometry 

•Reoptimisation results in  
• length from 50 to 35 m  
• weight from 1.7 to 1.3 kt 
• B = 1.7 T
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SHiP Coll., JINST 12 (2017) P05011
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parameter. Behind the last tracking station, a dedicated timing detector with resolution less than
100 ps measures the coincidence of the decay products, which allows the rejection of combinatorial
backgrounds. The timing detector is followed by a set of calorimeters and by muon chambers to
provide identification of electrons, photons, muons and charged hadrons. The decay volume is
surrounded by background taggers to detect the products of neutrino and muon inelastic scattering
in the surrounding structures, which may produce long lived Standard Model V0 particles, such as
KL, that have a similar decay topology to the expected signals.

The experimental facility is also ideally suited for studying interactions of the least known tau
neutrinos [3]. It will therefore host in between the muon shield and the decay volume an emulsion
target with a maximum acceptable charged particle flux of 103/mm2 for an exposure based on the
emulsion cloud concept developed in OPERA [4] and a muon spectrometer.

In the simulation, fixed target collisions of protons are generated by PYTHIA8 [5], neutrino
interactions by GENIE [6] and inelastic muon interactions by PYTHIA6 [7]. The heavy flavor
production in cascade interactions is also taken into account [8]. The SHiP detector response is
simulated in the GEANT4 [9] framework. All the simulation is performed within the FairRoot [10]
framework.

While muons can easily be deflected out of the acceptance of the spectrometer by a magnetic
field, the problem is the large spread in the phase space of muons, as shown in figure 1, with the
consequence that the return field of the magnets tend to bend muons back towards the spectrometer.
The DONUT [3] experiment employed a combination of magnetic and passive shielding to clear
muons from their emulsion target, which was located 36 m downstream of the target. SHiP will
accumulate three orders of magnitude more protons on target, and hence requires a much larger
reduction in muon flux for both the emulsion and the hidden sector particles search. To achieve this
SHiP will employ the novel magnetic shielding concept described in this paper.

Figure 1. Transverse momentum versus momentum distribution of muons, as generated by Pythia [5, 7].
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Figure 2. Cross section at y = 0 shows the principle of magnetic shielding. The magnetic field is along the
y-axis, and its polarity is indicated by the blue/green color of the iron poles of the magnets. The trajectories
of a 350 GeV/c muon and 50 GeV/c muon are shown with a full and dashed line, respectively.

The basic magnetic configuration that addresses these issues is presented in the next section.
Section 3 describes the optimization procedure with a simplified Monte Carlo tool to obtain a layout
which reduces the muon flux su�ciently for a minimum size of the system. The optimization is
checked by implementing the obtained layout in the GEANT4-based SHiP software package, and
its performance is presented in section 4. The last section discusses possible improvements and
gives an outlook for obtaining the final design of the SHiP muon shield.

2 The basic principle of magnet based muon shielding

The principle of the magnet based shielding is shown in 2-D in figure 2. The first part of the shield
should be long enough, i.e. providing su�cient

Ø
Bdl, to separate both muon polarities to either

side of the z-axis. For a 350 GeV/c muon, taking into account the pT distribution at its production
point, this requires a ⇠ 18 m long magnet with a field2 in the iron of 1.8 T.

Lower momentum muons, which traverse the return field of this magnet, will be bent back
in the direction of the spectrometer as is shown in figure 2 for a 50 GeV/c muon. To shield the
spectrometer from these muons, an additional magnet is added with opposite polarity field close to
the z-axis, and hence the lower momentum muons will be swept out again. At the start of this second
magnet, the two field polarities should be as close in x as possible. A magnet design study [11]

2When using a high permeability material such as Grain Oriented steel a 1.8 T flux density could be obtained while
the coils would dissipate low enough power so that they could be cooled with air [11].

– 3 –
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Magnetic sweeper field 

!  Muon flux limit driven by emulsion based neutrino detector and HS background 
!  Active muon shield based entirely on magnet sweeper 
    with a total field integral By = 86.4 Tm 
    Realistic design of sweeper magnets in progress 
     Challenges: flux leakage, constant 
     field profile, modeling magnet shape 
!  < 7k muons / spill (Eµ > 3 GeV), well 
     below the emulsion saturation limit 
!  Negligible flux in terms of detector occupancy 

SHiP muon shield 

Dose rate in the SHiP hall 

Muon Shield

23Nico Serra - ACFI Workshop - UMass Amherst  20 July 2017

2800 tonnes

- Flux below emulsion saturation limit

- Small induced bkg in the HS spectrometer

Figure 1: Overview of the SHiP experiment as implemented in the full simulation.
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The current layout of the SHiP experimental setup is shown in Figure 1. The setup consists of a high-
density proton target [15, 16], followed by a hadron stopper and an active muon shield [17], which
sweeps away the muons produced in the beam dump in order to reduce the initial flux by six orders
of magnitude in the detector acceptance. The target is made of blocks of a titanium-zirconium doped
molybdenum alloy (TZM) in the core of the proton shower, followed by blocks of pure tungsten with a
tantalum cladding. The total target thickness is twelve interaction lengths. The five metres long hadron
stopper absorbs hadrons and electromagnetic radiation emerging from the target. A magnetic coil has
been incorporated into the hadron stopper to magnetise the iron shielding blocks. This magnet serves as
the first section of the active muon shield. The rest of the muon shield consists of 30 m of free-standing
warm magnets located in the underground experimental hall, totalling 1300 tonnes of magnetic mass.

The SHiP detector consists of two complementary apparatuses, the scattering and neutrino detector
(SND) and the hidden sector (HS) decay spectrometer. The SND will search for light dark matter (LDM)
scattering and perform neutrino physics. It also provides normalisation of the yield for the hidden particle
search. It consists of a precision spectrometer located inside a single long dipole magnet with a field
of 1.2 T, followed by a muon identification detector. The precision spectrometer is a hybrid detector
composed of modules with alternating layers of absorber, nuclear emulsion films and fast electronic
target trackers (TT). The absorber mass totals ⇠8 tonnes.

The HS decay spectrometer aims at measuring the visible decays of HS particles by reconstructing
their decay vertices in a 50 m long decay volume of a pyramidal frustum shape. In order to eliminate the
background from neutrinos interacting in the decay volume, it is maintained at a pressure of < 10�2 bar.
The decay volume is followed by a large spectrometer with a rectangular acceptance of 5 m width and
10 m height. The main element is the spectrometer straw tracker (SST) designed to accurately reconstruct
the momenta and the decay vertex, mass and impact parameter of the hidden particle trajectory at the
proton target. The spectrometer dipole magnet is a conventional magnet with a total field integral of
about 0.65 Tm.

An electromagnetic calorimeter (ECAL) and a muon detector provide particle identification which
is essential in discriminating between the very wide range of HS models. The ECAL is a lead sampling
calorimeter, consisting of two parts which are mechanically separated in the longitudinal direction, each
part being equipped with a high spatial resolution layer to reconstruct decays of axion-like particles to
two photons. The muon system consists of four stations interleaved by three muon filters.

The key feature of the HS decay spectrometer design is to ensure efficient suppression of different
backgrounds. A dedicated timing detector (TD) with ⇠100 ps resolution provides a measure of time
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integral of 7.1Tm in a magnetic core volume of ⇠1.0⇥1.3⇥ 4.5 m3. These parameters will be refined
during the TDR phase in the next iteration of the physics optimisation.

The main challenges of the final design concern the large size of the coil (4.5⇥2 m2), proving
the thermal management, reliable connections of services and remote handling, and the manufacturing
technique. The TDR phase foresees the construction of a quarter scale coil assembly which should be
fully tested prior to design and procurement of the full scale magnet. Suppliers for prototyping as well
as for the final production, have been identified for all the necessary components. It is estimated that
⇠9 months will be required to design, manufacture and test the prototype. This prototype coil could also
be modified to test a hybrid magnet combining cold-rolled grain-orientated (CRGO) steel with normal
steel.

Considering that the integration of the magnetisation of the hadron stopper is strongly linked to
the BDF Target Complex, it is likely that it will be included in the TDR of the facility.

Figure 11: Left: layout of the free-standing part of the muon shield. Right: electron beam welding in a
vacuum chamber and annealing tests on small scale prototype.

3.2 Free-standing muon shield
The free-standing magnetic muon shield [17, 35] is one of the most critical items for SHiP and, in the
current design strategy, also one of the most challenging subsystems. The baseline design relies on air-
cooled warm magnets made from CRGO steel for an optimal compromise between the field gradient and
the input power. Located behind the proton target hadron stopper, the magnets accumulate a limited radi-
ation dose. The CDS phase has included a full re-optimisation of the magnetic configuration taking into
account the upstream magnetisation of the hadron stopper and advanced technology studies. The tech-
nology studies indicate that it should be possible to assume an average field gradient of 1.7T including
the magnetic core packing factor. As previously, the optimisation of the geometry has been performed
with Machine Learning using a Bayesian optimisation algorithm and fully simulated muons from the
proton target by GEANT. Under the assumption that the muon shield is composed of six magnets whose
geometry is described by a total of 42 parameters, the algorithm simultaneously minimises the muon
background rate in the HS spectrometer and the total mass of the shield magnet yokes.

In parallel, the CDS phase has successfully accomplished a first iteration of the engineering as-
pects:

– Optimal smooth field geometry from the optimisation of the magnetic shield is approximated with
cuboid-shaped modules.
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Scattering and neutrino detector (SND)

•Neutrino physics 
• ~10,000 (anti-)ντ will be reconstructed 
• properties and structure function 

•Light DM 
• produced in target 
• can interact in emulsion detector
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EM SHOWER IDENTIFICATION 
Development of new software tools based on machine learning techniques to improve 
electron identification and energy measurement in ECC 

• Use of machine learning techniques for signal/background discrimination 
• Dominant background in DM search comes from neutrino interactions: 
1) Quasi-elastic scattering (QE) 
2) Elastic scattering on electrons  
    irreducible background from topological                                                             
    point of view 
3) Resonant scattering  
4) Deep inelastic scattering  
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Figure 1: Overview of the SHiP experiment as implemented in the full simulation.

1 The SHiP detector
The current layout of the SHiP experimental setup is shown in Figure 1. The setup consists of a high-
density proton target [15, 16], followed by a hadron stopper and an active muon shield [17], which
sweeps away the muons produced in the beam dump in order to reduce the initial flux by six orders
of magnitude in the detector acceptance. The target is made of blocks of a titanium-zirconium doped
molybdenum alloy (TZM) in the core of the proton shower, followed by blocks of pure tungsten with a
tantalum cladding. The total target thickness is twelve interaction lengths. The five metres long hadron
stopper absorbs hadrons and electromagnetic radiation emerging from the target. A magnetic coil has
been incorporated into the hadron stopper to magnetise the iron shielding blocks. This magnet serves as
the first section of the active muon shield. The rest of the muon shield consists of 30 m of free-standing
warm magnets located in the underground experimental hall, totalling 1300 tonnes of magnetic mass.

The SHiP detector consists of two complementary apparatuses, the scattering and neutrino detector
(SND) and the hidden sector (HS) decay spectrometer. The SND will search for light dark matter (LDM)
scattering and perform neutrino physics. It also provides normalisation of the yield for the hidden particle
search. It consists of a precision spectrometer located inside a single long dipole magnet with a field
of 1.2 T, followed by a muon identification detector. The precision spectrometer is a hybrid detector
composed of modules with alternating layers of absorber, nuclear emulsion films and fast electronic
target trackers (TT). The absorber mass totals ⇠8 tonnes.

The HS decay spectrometer aims at measuring the visible decays of HS particles by reconstructing
their decay vertices in a 50 m long decay volume of a pyramidal frustum shape. In order to eliminate the
background from neutrinos interacting in the decay volume, it is maintained at a pressure of < 10�2 bar.
The decay volume is followed by a large spectrometer with a rectangular acceptance of 5 m width and
10 m height. The main element is the spectrometer straw tracker (SST) designed to accurately reconstruct
the momenta and the decay vertex, mass and impact parameter of the hidden particle trajectory at the
proton target. The spectrometer dipole magnet is a conventional magnet with a total field integral of
about 0.65 Tm.

An electromagnetic calorimeter (ECAL) and a muon detector provide particle identification which
is essential in discriminating between the very wide range of HS models. The ECAL is a lead sampling
calorimeter, consisting of two parts which are mechanically separated in the longitudinal direction, each
part being equipped with a high spatial resolution layer to reconstruct decays of axion-like particles to
two photons. The muon system consists of four stations interleaved by three muon filters.

The key feature of the HS decay spectrometer design is to ensure efficient suppression of different
backgrounds. A dedicated timing detector (TD) with ⇠100 ps resolution provides a measure of time
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SND OVERALL LAYOUT
FairShip implementation

2

Figure 17: Left: layout of the SND precision spectrometer showing the integration of the target tracker
and its electronics. Right: test beam setup with a scintillating fibre module prototype of the target tracker
at DESY in 2019.

– SciFi design: scintillating fibre choice, assessment of different luminophors including nanostruc-
tured organosilicon luminophores (NOL) to improve timing, bonding compounds, end-pieces.

– Design of the readout electronics: SiPM and ASIC choice, FE board design including clustering
FPGA, module controller and trigger box design, power supply and slow control design, interface
to common electronics, services, Peltier and water cooling design.

– Design of mechanical structure: engineering of the detector layout, support and alignment with
the ECC/CES.

– SciFi tracker modules production and quality assessment: mass production technology, metrology,
QA setups.

– Event reconstruction: definition of the clustering algorithm, efficiency of track reconstruction and
background suppression, electromagnetic shower identification and energy measurement, ECC/CES/TT
matching. The result of this study will determine whether a single x� y measurement per station
is sufficient or if it is required to reconstruct the track slope in each station by a double x � y

measurement.

Milestone Timeline
SciFi small-scale prototype mid 2021
FE electronics prototype end 2021
SciFi large-scale module mid 2023
SciFi module beam tests 2023
Readout concentrators and trigger electronics prototype mid 2023
Mechanical structure design and R&D mid 2023
Power, cooling, infrastructure design and R&D end 2023
TDR of SND target tracker end 2023

Table 9: SND target tracker: milestones up to TDR.

3.8 SND muon identification system
In its current design, the SND muon identification system (Figure 18 left) consists of eight iron layers
interleaved with tracking planes instrumented with Resistive Plate Chambers (RPCs). Two additional
downstream layers consist of Multigap Resitive Plate Chambers (MRPCs) planes, and act as an Upstream
Background Tagger for the Hidden Sector searches (see Section 3.9).
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SND EMULSION TARGET 7

Emulsion Cloud Chamber (ECC) Compact Emulsion Spectrometer (CES)

Air gaps

- Detection of neutrino interactions
- Tau lepton identification
- Light dark matter detection
- Electromagnetic shower identification
- !0/e separation
- Momentum measurement by MCS

- Momentum measurement by sagitta method
- P < 10 GeV

Current layout
- 57 emulsion films 
(40x40 cm2)

- 56 Lead plates 
(1 mm-thick)

- 10 X0

Current layout
- 3 emulsion films 
(40x40 cm2)

- 2 Air gaps
(1.5 cm-thick)

Technology & performance 
demonstrated by OPERA in a low 
background environment

of a local source of helium spray moving externally over the welds of the entire vacuum vessel. The
position of the spray is recorded continuously and accurately while at the same time monitoring presence
of helium with helium leak detectors fitted at strategic locations of the different sections of the vacuum
vessel. The effectiveness of the method relies on a vacuum of 10�4 mbar for rapid diffusion of leaked-in
helium. For this reason, the straw tracker should not be present during leak testing.

With these requirements the current baseline for the vacuum system consists of a unit for volume
load pumping and a second unit which can provide steady-state conditions for operation and leak testing
by continuous pumping. The volume load pump system is composed of a removable and mobile Edwards
tandem vacuum unit with a Roots booster backed by a two-stage oil-sealed primary pump. This combin-
ation provides adequate pumping speed even for low intake pressure below 10�2 mbar. It is assumed that
the commutation between the two pump systems is done at 2 ⇥ 10�2 mbar. The remaining pump down
and steady-state conditions is provided by a turbo-molecular pump backed by a primary pump. With this
pumping scheme it is not expected that any differential pressure will build up inside the vacuum volume.

The operational pressure for operation with this scheme and with the straw tracker installed would
be 10�3 mbar, and would provide the required conditions for leak testing with the straw tracker removed.

The vacuum system is not expected to present any challenges but need to be consolidated as the
design of the vacuum vessel and its interfaces are refined during the TDR phase. The method for leak
testing will require further studies in parallel.

Figure 16: Left: layout of a single brick wall made of an emulsion cloud chamber and a compact emul-
sion spectrometer. Right: optical microscope used for nuclear emulsion film scanning.

3.6 SND emulsion target
The SND emulsion target is, in the current baseline, made of 19 emulsion walls and 19 target tracker
planes (Figure 16 left). The walls are divided in 2⇥2 cells, each with a transverse size of 40⇥40 cm2,
containing an emulsion cloud chamber (ECC) and a compact emulsion spectrometer (CES).

The ECC technology makes use of nuclear emulsion films interleaved with passive absorber lay-
ers to build up a tracking device with sub-micrometric position and milli-radian angular resolution, as
demonstrated by the OPERA experiment [42]. The ECC is capable of detecting ⌧ leptons [43] and
charmed hadrons [44] by resolving their production and decay vertices. It is also suited for LDM detec-
tion through the direct observation of the scattering off the atoms in the absorber plates. The high spatial
resolution of nuclear emulsion films allows measuring the momentum of charged particles through the
detection of multiple Coulomb scattering in the passive material [45]. ECC is also a fine sampling calor-
imeter with more than five sensitive layers per X0. Electrons are identified by observing electromagnetic
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4x Trackers’ baseline: SciFi

PoS(HQL 2016)076

The SHiP experiment Antonia DI CRESCENZO

Figure 4: Schematic representation of the neutrino detector unitary cell.

Figure 5: Energy spectrum of the different neutrino flavors interacting in the neutrino detector. A 0.5 GeV
cut is applied for nµ and ne. The total number of neutrinos is normalized to 100.
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Figure 4: Schematic representation of the neutrino detector unitary cell.

Figure 5: Energy spectrum of the different neutrino flavors interacting in the neutrino detector. A 0.5 GeV
cut is applied for nµ and ne. The total number of neutrinos is normalized to 100.
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Hidden sector decay volume
•Vacuum vessel (~50 m) 

• pyramidal frustum shape 
• 1 mbar, volume 2 040 m3  

•Surrounding background tagger 
• 480 t of liquid scintillator 
• readout by ~4 000 λ-shifting optical modules (WOMs) 

•Dominant backgrounds
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Figure 1: Overview of the SHiP experiment as implemented in the full simulation.

1 The SHiP detector
The current layout of the SHiP experimental setup is shown in Figure 1. The setup consists of a high-
density proton target [15, 16], followed by a hadron stopper and an active muon shield [17], which
sweeps away the muons produced in the beam dump in order to reduce the initial flux by six orders
of magnitude in the detector acceptance. The target is made of blocks of a titanium-zirconium doped
molybdenum alloy (TZM) in the core of the proton shower, followed by blocks of pure tungsten with a
tantalum cladding. The total target thickness is twelve interaction lengths. The five metres long hadron
stopper absorbs hadrons and electromagnetic radiation emerging from the target. A magnetic coil has
been incorporated into the hadron stopper to magnetise the iron shielding blocks. This magnet serves as
the first section of the active muon shield. The rest of the muon shield consists of 30 m of free-standing
warm magnets located in the underground experimental hall, totalling 1300 tonnes of magnetic mass.

The SHiP detector consists of two complementary apparatuses, the scattering and neutrino detector
(SND) and the hidden sector (HS) decay spectrometer. The SND will search for light dark matter (LDM)
scattering and perform neutrino physics. It also provides normalisation of the yield for the hidden particle
search. It consists of a precision spectrometer located inside a single long dipole magnet with a field
of 1.2 T, followed by a muon identification detector. The precision spectrometer is a hybrid detector
composed of modules with alternating layers of absorber, nuclear emulsion films and fast electronic
target trackers (TT). The absorber mass totals ⇠8 tonnes.

The HS decay spectrometer aims at measuring the visible decays of HS particles by reconstructing
their decay vertices in a 50 m long decay volume of a pyramidal frustum shape. In order to eliminate the
background from neutrinos interacting in the decay volume, it is maintained at a pressure of < 10�2 bar.
The decay volume is followed by a large spectrometer with a rectangular acceptance of 5 m width and
10 m height. The main element is the spectrometer straw tracker (SST) designed to accurately reconstruct
the momenta and the decay vertex, mass and impact parameter of the hidden particle trajectory at the
proton target. The spectrometer dipole magnet is a conventional magnet with a total field integral of
about 0.65 Tm.

An electromagnetic calorimeter (ECAL) and a muon detector provide particle identification which
is essential in discriminating between the very wide range of HS models. The ECAL is a lead sampling
calorimeter, consisting of two parts which are mechanically separated in the longitudinal direction, each
part being equipped with a high spatial resolution layer to reconstruct decays of axion-like particles to
two photons. The muon system consists of four stations interleaved by three muon filters.

The key feature of the HS decay spectrometer design is to ensure efficient suppression of different
backgrounds. A dedicated timing detector (TD) with ⇠100 ps resolution provides a measure of time
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Spectrometer - Particle ID
•Inside decay volume 

• Straw tracker 
○ σx < 120 μm per straw 

•Behind decay volume 
• Timing detector 

○ plastic scintillators +SiPM  or  time measuring RPC 

○ σt < 100 ps achievable 

• ECAL (SpiltCal) 
○ sampling lead/scintillator + SiPM 

○ high-precision layers (MicroMegas) for ALP→γγ 

• Muon system 
○ four active stations 

○ scintillating tiles + SiPM, currently 150 ps 

○ 900 t of iron (3 λΙ per layer) or concrete
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Figure 1: Overview of the SHiP experiment as implemented in the full simulation.

1 The SHiP detector
The current layout of the SHiP experimental setup is shown in Figure 1. The setup consists of a high-
density proton target [15, 16], followed by a hadron stopper and an active muon shield [17], which
sweeps away the muons produced in the beam dump in order to reduce the initial flux by six orders
of magnitude in the detector acceptance. The target is made of blocks of a titanium-zirconium doped
molybdenum alloy (TZM) in the core of the proton shower, followed by blocks of pure tungsten with a
tantalum cladding. The total target thickness is twelve interaction lengths. The five metres long hadron
stopper absorbs hadrons and electromagnetic radiation emerging from the target. A magnetic coil has
been incorporated into the hadron stopper to magnetise the iron shielding blocks. This magnet serves as
the first section of the active muon shield. The rest of the muon shield consists of 30 m of free-standing
warm magnets located in the underground experimental hall, totalling 1300 tonnes of magnetic mass.

The SHiP detector consists of two complementary apparatuses, the scattering and neutrino detector
(SND) and the hidden sector (HS) decay spectrometer. The SND will search for light dark matter (LDM)
scattering and perform neutrino physics. It also provides normalisation of the yield for the hidden particle
search. It consists of a precision spectrometer located inside a single long dipole magnet with a field
of 1.2 T, followed by a muon identification detector. The precision spectrometer is a hybrid detector
composed of modules with alternating layers of absorber, nuclear emulsion films and fast electronic
target trackers (TT). The absorber mass totals ⇠8 tonnes.

The HS decay spectrometer aims at measuring the visible decays of HS particles by reconstructing
their decay vertices in a 50 m long decay volume of a pyramidal frustum shape. In order to eliminate the
background from neutrinos interacting in the decay volume, it is maintained at a pressure of < 10�2 bar.
The decay volume is followed by a large spectrometer with a rectangular acceptance of 5 m width and
10 m height. The main element is the spectrometer straw tracker (SST) designed to accurately reconstruct
the momenta and the decay vertex, mass and impact parameter of the hidden particle trajectory at the
proton target. The spectrometer dipole magnet is a conventional magnet with a total field integral of
about 0.65 Tm.

An electromagnetic calorimeter (ECAL) and a muon detector provide particle identification which
is essential in discriminating between the very wide range of HS models. The ECAL is a lead sampling
calorimeter, consisting of two parts which are mechanically separated in the longitudinal direction, each
part being equipped with a high spatial resolution layer to reconstruct decays of axion-like particles to
two photons. The muon system consists of four stations interleaved by three muon filters.

The key feature of the HS decay spectrometer design is to ensure efficient suppression of different
backgrounds. A dedicated timing detector (TD) with ⇠100 ps resolution provides a measure of time
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Background studies
•Three main sources 

• ν deep inelastic:  reduce 3.5 · 107 to <0.1 

• μ inelastic: from walls, floor and cavern  
• μ combinatorial: ~26 kHz of μ 

•Handles 
• track, track pair and impact parameter 
• timing veto, invariant mass 

•Expected during 5 years running 

•SHiP will be a zero-background experiment !
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ponding roughly to seven times the planned proton yield of 2 ⇥ 1020 PoT was generated. By applying
the selection cuts listed in Table 1 together with the background tagger veto information and timing,
we expect < 0.1 background events for the fully reconstructed signal and 6.8 background events for the
partially reconstructed signal. This background consists of photon conversions in the material. It can be
easily eliminated by requiring an invariant mass of the pair to be larger than 100 MeV/c2.

To summarise, as shown in Table 2, the SHiP experiment can be considered a zero-background
experiment with a high level of redundancy to efficiently suppress the background for a broad spectrum
of searches for visible decays of Hidden Sector particles.

Background source Expected events
Neutrino background < 0.1 (fully) / < 0.3 (partially)
Muon DIS (factorisation) < 6⇥ 10�4

Muon combinatorial 4.2⇥ 10�2

Table 2: Expected background in the search for HS particle decays at 90% CL for 2 ⇥ 1020 protons on
target after applying the pre-selection, the timing, veto, and invariant mass cuts. The neutrino background
is given separately for fully and partially reconstructed background modes.

2.3 Light Dark Matter searches at SHiP
SHiP can probe existence of LDM (�) by detecting the electromagnetic showers initiated by the recoil
electrons coming from elastic scattering of LDM in the SND. The SND emulsion cloud chamber (ECC)
bricks, interleaved with the SND target tracker planes, act as sampling calorimeters with five active layers
per radiation length, X0, and a total depth of 10X0. The configuration allows reconstructing a sufficient
portion of the shower produced by the recoil electron to determine the particle angle and energy. In
addition, the micro-metric accuracy of the nuclear emulsions provide crucial topological discrimination
of LDM interactions against neutrino-induced background events.

Neutrino events with only one reconstructed outgoing electron at the primary vertex constitute
background in the LDM searches, mimicking the signature �e� ! �e

�. The GENIE [22] Monte Carlo
generator, interfaced with FairShip, has been employed for a full simulation to provide an estimate of the
expected background for 2⇥ 1020 PoT.

The resulting background estimate for the different categories of neutrino interactions for 2⇥1020

PoT is reported in Table 3. The dominant background contribution arises from ⌫e quasi-elastic scattering
(⌫en ! e

�
p, with the soft proton unidentified) and from topologically irreducible sources, i.e. ⌫e(⌫̄e)

elastic and ⌫̄e quasi-elastic scattering (⌫̄e p ! e
+
n).

Signal events have been simulated with the help of the MadDump software [23], and assuming
LDM pair-production (��̄) in the prompt decays of DP. In the considered DP mass range of MA0 ⇠

O(1GeV/c2), only contributions from the decay of light mesons (⇡, ⌘, !) and proton bremsstrahlung
have been included. Prompt-QCD and heavier Drell Yan-like production mechanisms have been proven
to be negligible. Assuming a benchmark scenario with relevant theory parameters corresponding to a
dark coupling constant of ↵D = 0.1 and an LDM mass of M� = MA0/3, and a total of ⇠ 800 neutrino
background events, the SHiP 90% CL sensitivity is computed in the plane (M�, Y = ✏

2
↵D(M�/MA0 )4),

where ✏ is the dark photon coupling. Figure 5 compares the SHiP sensitivity with the current ex-
perimental constraints and the thermal relic abundances, showing an excursion of about one order of
magnitude, and competitive limits in the considered region. The ultimate SHiP sensitivity for zero back-
ground is also shown.
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Neutrino portal
•Heavy neutral leptons 
•For mHNL < mb 

• SHiP has unique sensitivity 
• At m = 1 GeV and 50x lower 

than present limit U2:      will 
see more than 1 000 fully 
reconstructed events  

•
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•Majorana vs Dirac HNL 
• by reconstructing LNV or conserving 

decays 
• small mass splitting → might even 

resolve HNL oscillations 

•

2.1 Hidden Sector particles: signal sensitivities
Illustrative examples of SHiP’s physics potential are the sensitivities to dark photons (DP), dark scalars
(DS), and axion-like particles (ALP) coupled to fermions and photons shown in Figure 2, and to heavy
neutral leptons (HNL) in Figure 3. The sensitivities have been determined using SHiP’s full MC simu-
lation framework (FairShip) and by following the benchmark recipes established in the PBC forum [12],
and are based on collecting 2 ⇥ 1020 protons on target (PoT), which appears realistic in five years of
nominal operation according to the BDF beam extraction studies. In case of discovery, SHiP is capable
of measuring parameters and identifying the underlying models. For instance, the left plot of Figure 4
shows that SHiP may distinguish between Majorana-type and Dirac-type HNLs in a significant fraction
of the parameter space by detecting lepton number violating or conserving decays [20]. If the mass
splitting between the HNLs is small, the right plot shows that it may also be possible to resolve HNL
oscillations as a direct measurement of the mass splitting between HNLs.

Figure 3: SHiP’s sensitivity to heavy neutral leptons. References to the current constraints shown and
more details can be found in [12].

Figure 4: Left: lower bound on the SHiP sensitivity to HNL lepton number violation (black dashed line).
Reconstructed oscillations between the lepton number conserving and violating event rates as a function
of the proper time for a HNL with the parameters MN = 1GeV/c2, |U |

2
µ = 2⇥ 10�8 and mass splitting

of 4⇥ 10�7 eV. Both figures are from Ref. [20].
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Figure 5. Parameter space of HNLs and potential reach of the SHiP experiment for the mixing
with muon flavour. Dark gray area is excluded from previous experiments, see e.g. [6]. Black solid
line is the recent bound from the CMS 13TeV run [57]. Solid and dashed-dotted red lines indicate
the uncertainty, related to the production fraction of Bc mesons at SHiP energies that has not
been measured experimentally or reliably calculated (see section 2 for details). The sensitivity of
SHiP below kaon mass (dashed line) is based on the number of HNLs produced in the decay of
D-mesons only and does not take into account HNL production from kaon decays. The primordial
nucleosynthesis bounds on HNL lifetime are from [76]. The seesaw line indicates the parameters
obeying the seesaw relation |Uµ|2 ! m!/MN , where for active neutrino mass we substitute m! =!

!m2
atm " 0.05 eV [6].

The SHiP experiment o"ers an increase of up to 3 orders of magnitude in the sensitivity

to heavy neutral leptons, figure 5. It is capable of probing cosmologicaly interesting region

of the HNL parameter space, and of potentially discovering the origin of neutrino masses

and of the matter-antimatter asymmetry of the Universe.
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Vector portal: Dark photon
•Production 

• meson decay,              
e.g. π0 → γA’ (~ε2) 

• p bremsstrahlung on 
target, pp→ ppA’ 

• large mA’  → direct QCD 
production, qq̄/g → A’  

13

9.4. DM AND DS AT BEAM-DUMP AND FIXED-TARGET EXPERIMENTS 155

Physics reach of PBC projects on 5 and 10-15 years timescales
PBC projects able to put bounds on the y versus m� plane are NA64++(e) on a 5-year

timescale and LDMX and SHiP on a 10-15 year timescale, as shown in Figure 24. NA64++(e)
and LDMX will use the missing energy/missing momentum techniques, respectively. SHiP,
instead, will exploit the elastic scattering of DM candidates with the electrons in the medium
of the emulsion-based neutrino detector. As such, SHiP is fully complementary to the other
two.

Figure 24: Dark Photon decaying to DM Elastic Scalar (top) or Pseudo-Dirac fermion
(bottom) particle. Prospects for PBC projects on a timescale of 5 years (NA64++, green
line) and 10-15 years (LDMX, red line and SHiP, blue line) are compared to the current
bounds (solid areas) and future experimental landscape (other solid and dashed lines). In
the limit computation we assume a dark coupling constant value �D = 0.1 and a ratio
between the dark photon A� and LDM � masses mA�/m� = 3.

– 89 –

Figure 19: PBC projects on � 5 year timescale: upper limits at 90 % CL for Dark Photon
in visible decays in the plane mixing strength � versus mass mA� . The vertical red line
shows the allowed range of e�X couplings of a new gauge boson X coupled to electrons
that could explain the 8Be anomaly [70, 71].

competing with SeaQuest, LHCb, HPS, and others as shown in Figure 18. MATHUSLA200
in this scenario is instead not competitive, mostly due to the fact that the Dark Photon is
produced forward.

Figure 20: Future upper limits at 90 % CL for Dark Photon in visible decays in the plane
mixing strength � versus mass mA� for PBC projects on a � 10-15 year timescale. The
vertical red line shows the allowed range of e�X couplings of a new gauge boson X coupled
to electrons that could explain the 8Be anomaly [70, 71].

– 82 –

Fig. 9.5: Current limits and expected sensitivities of proposed experiments relevant to this sec-
tion for dark photon mediators decaying to LDM particles (top) and SM particles (bottom).
Figures are from the PBC report [361]. The top figure assumes aD = 0.1 and mA0/mc = 3.

different plausible DS mediators decaying into SM particles through a portal. This includes
a scalar particle with a Higgs-mixing sin2 q (Higgs portal) and zero quartic self coupling (top
figure), a heavy neutral lepton (HNL) mixing with active neutrinos (lepton portal, middle figure)
and an ALP pseudsoscalar that couples exclusively to photons (bottom figure). All figures are
depicted as a function of the mediator’s mass and the relevant parameter defining the mediator-
SM portal mixing. In all portals, where the mediator mass lies in the MeV to GeV range,
experiments exploiting the SPS and a future Beam Dump Facility have the largest reach. A
comprehensive comparison for all portals and a discussion on the various assumptions can be
found in the supplemental note [524], as well as the PBC report [361]. Figure 9.6 highlights

•Decay 
• into a pair of SM particles: e+e–, μ+μ–, π+π–, ΚΚ, ηη, ττ, DD, … 
• EM showers are not taken into account as source of dark 

photon

J. Phys. G47 (2020) 010501
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Light Dark Matter
•Can probe LDM χ by detecting elm showers 

• initiated by recoil e– from elastic scattering of LDM in SND 
• particle angle and energy can be determined 
• can discriminate against ν-induced background

14

⌫e ⌫̄e ⌫µ ⌫̄µ all
Elastic scattering 81 45 56 35 217
Quasi - elastic scattering 245 236 481
Resonant scattering 8 126 134
Deep inelastic scattering - 14 14
Total 334 421 56 35 846

Table 3: Estimate of the neutrino backgrounds in the Light Dark Matter search with the SND for an
integrated proton yield of 2⇥ 1020 PoT.

Figure 5: SHiP exclusion limits at 90% CL as a function of the LDM mass M�, compared to the current
experimental limits by NA64 [24] and BaBar [25] (grey shaded area) and the predicted thermal relic
abundances. The coupling is provided as Y = ✏

2
↵D(M�/MA0 )4.

2.4 Neutrino physics at SHiP
The nuclear emulsion technology combined with the information provided by the SND muon identific-
ation system makes it possible to identify the three different neutrino flavours in the SND detector. The
neutrino flavour is determined through the flavour of the primary charged lepton produced in neutrino
charged-current interactions. The muon identification is also used to distinguish between muons and
hadrons produced in the ⌧ decay and, therefore, to identify the ⌧ decay channel. In addition, tracking in
the SND magnetic spectrometer will allow for the first time to distinguish between ⌫⌧ and ⌫⌧ by meas-
uring the charge of ⌧ decay products. The charge of hadrons and muons is measured by the Compact
Emulsion Spectrometer, the Muon Tracker, and by the muon identification system. The electron decay
channel of the ⌧ lepton is not considered for the discrimination of ⌫⌧ against ⌫⌧ .

The neutrino fluxes produced at the beam dump were estimated with FairShip, including the con-
tribution from cascade production in the target. The number of charged-current (CC) DIS interactions
in the neutrino target is evaluated by convoluting the generated neutrino spectrum with the cross-section
provided by GENIE. The expected number of CC DIS in the target of the SND detector is reported in
Table 4, and the corresponding energy spectra are shown in Figure 6.

By combining the overall neutrino CC DIS interaction yield in the target with the detection effi-
ciencies, it is possible to estimate the expected number of ⌫⌧ and ⌫⌧ interactions observed in the different

11
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•Axion-like particles (ALPs) 
• Light (pseudo-)scalars coupled to SM particles to two bosons 
• may act as mediator for interactions between DM and SM 

• Primakoff production 

• ALPs coupling to 
○ fermions, gluons or photons

Axion portal

15
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Figure 2. Primako! production of ALPs in proton-nucleus collisions.

the probability for the photon to emit an ALP before being absorbed by the nucleus. In

the centre-of-mass frame, on the other hand, both the proton and the target nucleus are

moving, so one can calculate the equivalent photon spectrum for each and then consider

the photon-fusion process !+! ! a. The former approach was considered previously in [4]

for the analysis of electron beam dumps, the latter approach was employed by [5] for a

proton beam dump experiment.

Of course, both approaches are physically equivalent and should lead to identical pre-

dictions for the ALP production cross section and distribution. However, as we will discuss

in detail below, in order to accurately predict the angular distribution of the ALPs produced

in the beam dump, it is essential to properly take into account the transverse momentum

of the virtual photons (see e.g. [23, 24]). These transverse momenta have been neglected

entirely in [5], whereas in [4] only the virtual photon connected to the target nucleus is

allowed to have non-zero transverse momentum.5 We therefore revisit both approaches,

carefully taking into account all transverse momenta, and derive the angular distribution

for ALPs produced in proton beam dumps.

3.1 The equivalent photon approximation

The equivalent photon approximation (EPA), also known as the Weizsäcker-Williams ap-

proximation, provides a convenient framework for studying processes involving photons

emitted from fast-moving charges. The basic idea is to replace the charged particle(s) in

the initial state by photons following a distribution !(", qt) and then consider directly the

interactions of these photons. Since the transverse momentum qt of the photons is typically

very small, it is common in the literature to integrate the distribution !(", qt) over qt and

consider only the energy distribution !("), assuming that all photons travel in the same

direction as the charged particle they originated from.6 For our purposes, however, it will

be crucial to accurately predict angular distribution down to very small scattering angles,

so that we need to include the distribution of transverse momenta. Our discussion follows

ref. [26] (see ref. [27] for a recent review).

5As we will see below, this is a valid approximation for electron beam dump experiments, because the

transverse momentum of the virtual photon cannot significantly exceed the mass of the radiating particle.

However, the approximation is not su!cient when considering the case of proton beam dump experiments.
6This is for example the case for the photon-from-proton mode implemented in MadGraph 5, version

2.3.3 [25].
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2 A brief review and motivation of ALPs

Progress in particle physics has been guided by the paradigm of renormalizable interactions

with O(1) dimensionless couplings. This paradigm suggests that any new particle to be

discovered should be heavy and reveal its presence either directly in high-energy colliders

or indirectly by mediating higher-dimensional interactions, which could then be probed

in precision measurements such as muon g ! 2 experiments or flavour experiments. It

has however become increasingly clear that there are other options. Even light particles

could still remain to be discovered, provided they have su!ciently small interactions with

Standard Model (SM) particles, and therefore with our experiments.

Popular examples for such Pseudo-Goldstone bosons are axion-like particles, which

are loosely defined as (pseudo-)scalar particles coupled to the SM particles by dimension-5

couplings to two gauge bosons or derivative interactions to fermions (the so-called axion

portal [13, 15]). Light pseudoscalars have received a considerable amount of interest re-

cently in the context of dark matter model-building, because they may act as a mediator

for the interactions between dark matter and SM particles. In these models it is easily pos-

sible to reproduce the observed dark matter relic abundance from thermal freeze-out while

evading the strong constraints from direct and indirect detection experiments [16, 17].

In the present work we focus on pseudoscalar ALPs whose dominant interaction is with

photons1 and we are interested in masses and energies of the order of MeV to GeV, signifi-

cantly below the scale of electroweak symmetry breaking. The relevant Lagrangian is then

L =
1

2
!µa !µa! 1

2
m2

a a
2 ! 1

4
ga! aF

µ"F̃µ" , (2.1)

where ga! denotes the photon ALP coupling.

The origin of such an e"ective coupling to photons can be motivated in analogy to the

case of the axion and is generic for any (pseudo-)Goldstone boson of an axial symmetry

with non-vanishing electromagnetic anomaly. One naturally expects the e"ective coupling

to be of order

ga! " "

2#F
. (2.2)

Probing a small value of ga! therefore e"ectively allows us to probe a large scale F of the

underlying more fundamental theory from which the pseudo-Goldstone boson arises. We

emphasise that we take the ALP mass and the ALP-photon couplings to be independent

parameters.

In terms of the e"ective ALP-photon coupling ga! , the ALP decay width is2

# =
g2a! m

3
a

64#
(2.3)

1Other possibilities are discussed in section 8.
2We assume that the total decay width is dominated by the ALP-photon coupling ga! and that couplings

to leptons and quarks — if present — give subleading contributions. We discuss the impact of additional

decay channels in section 8.
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Fig. 9.6: Current limits and expected sensitivities of proposed accelerator-based experiments for
a scalar particle with a Higgs portal (top figure), a heavy neutral lepton (HLN) with a neutrino
portal (middle figure) and an ALP pseudsoscalar that couples exclusively to photons (bottom
figure). All figures are shown as a function of the mediator’s mass and the relevant parameter
defining the mediator-SM portal mixing. Here the scalar is assumed to decay to SM particles
though its mixing with the Higgs. The neutrino portal example shows the mixing matrix ele-
ment |Uµ |2 plotted against the HLN mass and assumes the latter HLN mixes only with muon
flavoured neutrinos. All plots in this figure are taken from the PBC report [361].

J. Phys. G47 (2020) 010501
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Muon flux normalisation
•Validation of Pythia simulation with testbeam 

• 3 weeks at SPS 
• 400 GeV protons 
• (3.27 ± 0.07) x 1011 pot 

•Data analysis 
• One event with μ’s per 710 ± 15 pots 
• Good agreement for p and pT distributions

16

p

Target

Beam Counter (S1)

Hadron Absorber

Drift tube stations T1, T2

Goliath magnet

Drift tube stations T3, T4

RPC stations 1-5Scintillator planes (S2a,S2b)

+z

+x (Jura)

+y

17.47 m
(from start of 
Beam Counter S1)

SPS Beam 
Counters (S0)

2.35 m

Figure 1. Layout of the experimental setup to measure the µ-flux. The FairShip (the SHiP software framwork)

coordinate system is also shown.

The two upstream tracking stations were centered on the beam line, whereas the two downstream
stations and the RPCs were centered on the Goliath magnet3 opening to maximize the acceptance.

The data acquisition was triggered by the coincidence of S1 and S2. For more details on the DAQ
framework, see [6], and for a description of the trigger and the DAQ conditions during data taking,
see [7].

The protons were delivered in 4.8 s duration spills (slow extraction). There were either one or two
spills per SPS supercycle, with intensities ⇠ 3 ⇥ 106 protons per second. The 1-sigma width of the
beam spot was 2 mm. For physics analysis, 20128 useful spills were recorded with the full magnetic
field of 1.5 T, with 2.81⇥ 1011 raw S1 counts. After normalization (see Section 3.1) this corresponds to
(3.25± 0.07)⇥ 1011 POT. Additional data were taken with the magnetic field switched o↵ for detector
alignment and tracking e�ciency measurement.

3 Data analysis

3.1 Normalization

The calculation of the number of POT delivered to the experiment must take the di↵erent signal widths
and dead times of the various scintillators into account. Moreover, some protons from the so-called
halo, might fall outside the acceptance of S1 and will only be registered by S0.

In low-intensity runs these e↵ects are small. We select some spills of these runs and split them
into 50 slices of 0.1 s. We then determine the number of POT per slice and count the number of

3The centre of the Goliath magnet is 17.86 cm above the beam line.
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Figure 5. Measured muon momentum distributions from data and simulation, top full range in log scale,

bottom detail of the low momentum range with a linear scale. The distributions are normalized to the number

of POT. For simulated data, some individual sources are highlighted, muons from charm (green), from dimuon

decays of low-mass resonances in Pythia8 (cyan), in Geant4 (turquoise), photon conversion (dark green) and

positron annihilation (brown).
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Figure 6. Transverse momentum distributions from data and simulation, top full range in log scale, bottom

detail of lower transverse momentum with a linear scale. The distributions are normalized to the number of

POT. For the simulation, some individual sources are highlighted, muons from charm (green), from dimuon

decays of low-mass resonances in Pythia8 (cyan), in Geant4 (turquoise), photon conversion (dark green) and

positron annihilation (brown).
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Charm cross section
•Charmed hadrons also produced in cascade showers 

• yields of ντ and hidden particle subject to large corrections 

•SHiP-charm project 
• aim to measure production cross-section 
• employ emulsion and electronic detectors 

•First optimisation run in 2018

17

CERN accelerator complex, with 5 ⇥ 107 PoT and a charm yield of about 1000 fully reconstructed
interactions.

Figure 9: A double-charm candidate event produced in proton collisions with the tungsten target recorded
at the H4 charm-production measurement.

15

Double-charm candidate event 
recorded with the emulsion detector

/8 [ M. Cristinziani | Pixel event display | 12–Feb–2019 ]

Vertex in emulsion volume
•Event 46928 in Run 2781 

• 89 hits, 11 reconstructed tracks, 1 common vertex visible
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Ds decays. In particular the cascade production of charm from primary protons which initially undergo
elastic scattering, and from secondary hadrons interacting inelastically, has never been measured. SHiP
aims at measuring the differential charm production cross section in a thick target, including the cascade
production. The measurement is also of interest for QCD. In parallel to this measurement, an effort is
ongoing to progress on the theoretical prediction and tune the next-to-leading order calculation.

Figure 37: Distribution along the z-axis of charmed hadrons production vertices in a lead target.

An optimization run, aiming at collecting about 10% of the total statistics foreseen for the final
measurement planned after LS2, was performed at the H4 beam line by modifying the muon flux set-up
in the last week of the July 2018 SHiP run. Figure 37 shows the position distribution along the beam
direction of primary and secondary charmed hadron production vertices in a lead target, as obtained
from simulation [77]. The interaction length in lead is 17.6 cm. Since the number of produced charmed
hadrons falls rapidly along the length of the target, the measurement focused on the first ⇠1.6 interaction
lengths.

Figure 38: Lateral view of the experimental apparatus for the charm measurement.

The layout of the SHiP-charm detector is shown in Figure 38. The SHiP replica target was replaced
by a lead target instrumented with Emulsion Cloud Chambers (ECC), in this case 1 mm-thick lead plates
interleaved with nuclear emulsion films, allowing the detection of both the production and decay of the
charmed hadrons in the target. A motorised precision table was used to move the ECC target in the
transverse plane, thus allowing to distribute the very narrow beam on the whole emulsion surface.

In order to cope with the high multiplicity of tracks produced by the electromagnetic and hadronic
showers, the drift tubes stations between the target and the Goliath magnet were replaced by a pixel
detector system. The measurement of the track slope downstream of Goliath was performed by two
SciFi stations in the high occupancy region and the drift tube stations in the external regions. Both the
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Project
•10/2013: Expression of Interest submitted to SPSC 

• received recommendation 

•10/2015 Technical proposal 
• with companion SHiP physics case 

•03/2016 CERN RB approves recomm. of SPSC 
• mandate to prepare CDS, included in EPPSU and PBC 

•01/2019 Input to EPPSU + SHiP progress report 
•12/2019 BDF and SHiP Comprehensive Design Studies 
•2023 TDR delivered (assuming approval in 2020) 
•2023–2028 Construction of BDF and SHiP 
•            Data taking can start!

18
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Conclusion
•SHiP experiment 

• search for feebly interacting GeV-scale particles 
• covers large region of parameter space 

•Sensitivity 
• decay and scattering signatures 
• heavy neutral leptons, dark photons, dark scalars, light DM, … 
• also ντ program and ν-induced charm production 

•Status 
• ranked as a mature and competitive project by PBC 
• ready for implementation 

• When approved, SHiP will be a major player in the 
quest for feebly interacting particles, starting 2028

19
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