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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.
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Executive Summary

The SHiP Expression of Interest was submitted to the SPSC in October 2013 [3], resulting in a recom-
mendation to form a collaboration and to prepare a Technical Proposal (TP) for the detector and the
experimental facility. The TP was submitted to the SPSC in April 2015 [4]. Under the initiative and ex-
perimental guidance of the SHiP Collaboration, the TP was complemented by the SHiP Physics Case [5],
prepared by a large group of theorists. The SHiP TP was reviewed by the SPSC up to January 2016. In
response to the review, SHiP produced an addendum that demonstrated the advantage of operating SHiP
at the SPS as compared to facilities elsewhere, and a detailed road map and resources required for the
next study phase [6]. The SPSC concluded with a recommendation for SHiP to proceed with a three-
year Comprehensive Design Study for both the detector and facility [7]. The CERN Research Board and
the CERN management approved the recommendation in March 2016. The study of the SHiP detector
and the Beam Dump Facility (BDF) were included as R&D projects under the Physics Beyond Collider
forum (PBC) [8], with the further recommendation to submit an advanced proposal to the European
Particle Physics Strategy Update (EPPSU) and an evaluation of the physics prospects by the PBC.

The Comprehensive Design Study (CDS) phase for the SHiP detector has consisted of a broad-
gauged re-optimization of the overall detector configuration, and of the individual components, in re-
sponse to the studies and efforts to improve the physics performance and to extend the physics pro-
gramme. The simulation framework has evolved substantially with the inclusion of all relevant physics
models using the PYTHIA and GENIE event generators, and a detailed description and response of all
sub-detector systems in GEANT. The CDS phase has also included detailed technological and engin-
eering studies, and beam tests of prototypes of all components. Dedicated measurements of the muon
spectrum, with a prototype of the SHiP beam dump target, and charm production have been performed
to validate the physics simulation.

The outcome of the CDS study has been documented in the proposals for SHiP [9] and BDF [10],
submitted to the EPPSU, in the SHiP Progress Report [1], submitted to the SPSC in January 2019, and
in the BDF Yellow Report [2], submitted for publication by the BDF team in December 2019. The SHiP
Progress Report and the BDF Yellow Report are comprehensive records of the extended physics oppor-
tunities, the re-optimization performed during the CDS phase, the technological studies, prototyping and
beam tests, and the preliminary designs of all components involved in the detector and in the facility.

In parallel with these documents, the PBC forum has prepared summary documents with the evalu-
ation of the technological and the scientific prospects [11, 12], ranking SHiP as a mature and competitive
project ready for implementation. The SHiP/BDF project was extensively discussed at the Open EPPSU
Symposium in Granada in May 2019 [13], and drew significant attention and support as a major potential
player in the search for Feebly Interacting Particles. The EPPSU Physics Briefing Book [14] reflects very
well these favourable conclusions.

The CDS report herein is a summary of the current status of the physics and the detector with
focus on the challenges and the plans for the preparation of the Technical Design Reports (TDR). The
CDS work has generated a detailed understanding of the road map and the costs for both the detector
R&D and the construction, presented at the end of the document. For the TDRs the Collaboration aims
at taking the developments and the engineering through a Module-0 phase for all subsystems, aiming at
executive design level, to be able to proceed with construction in a timely fashion in parallel with the
construction of the BDF, should the project be approved after submission of the BDF and the detector
TDRs. Assuming approval of the TDR phase in 2020, the delivery of the reports is foreseen for end of
2022 for the BDF, and end of 2023 for the SHiP detectors.

As demonstrated in this document, the SHiP Collaboration is ready to commence preparation
of TDRs and expects an approval of this phase after the finalisation of the full EPPSU process. Timely
approval of the TDR phase is critical in order to be in position to seek funding for a seamless continuation
of the SHiP activities.
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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 1.2T, 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 <102 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



coincidence in order to reject the combinatorial background. The decay volume is surrounded by the
background taggers: the SND upstream background tagger (UBT) and the surround background tag-
ger (SBT) that instruments the decay volume walls. The taggers identify neutrino- and muon-induced
inelastic interactions in the material of the SND detector and in the decay volume walls, which may pro-
duce long-lived neutral particles, Vs, decaying in the decay volume and mimicking HS signal events.

The muon shield and the SHiP detector systems are housed in an ~120 m long underground ex-
perimental hall at a depth of ~15m. To minimise the background induced by the flux of muons and
neutrinos interacting with material in the vicinity of the detector, no infrastructure is located on the sides
of the detector, and the hall is 20 m wide along its entire length.

2 Summary of physics performance

The physics performance of the SHiP experiment is anchored in an extremely efficient and redundant
background suppression. Two detector systems provide a complementary search. The HS detector aims
at fully reconstructing the widest possible range of decay modes, including particle identification, to
ensure a model independent search for hidden particles. The SND system is optimised for scattering
signatures of LDM and neutrinos. A detailed description of the SHiP physics case can be found in
Ref. [5].

In addition to improving present constraints by several orders of magnitude for various HS chan-
nels, SHiP can distinguish among the different models, and, in large part of the parameter space, measure
parameters that are relevant for cosmology and model building. These features make the SHiP exper-
iment a unique discovery tool for Hidden Sector particles. Moreover, together with the direct search
for LDM, and neutrino physics, SHiP represents a wide scope general purpose fixed target experiment.
Further proposals for using the same beam facility in parallel have been presented independently [18,19].
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Figure 2: SHiP’s sensitivity to dark photons (top-left), dark scalars (top-right), axion-like particles
coupled to fermions (bottom-left) and to photons (bottom-right). References to the current constraints
shown and more details can be found in [12].



2.1 Hidden Sector particles: signal sensitivities

Ilustrative 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 x 10?° 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.
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Figure 3: SHiP’s sensitivity to heavy neutral leptons. References to the current constraints shown and
more details can be found in [12].
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Figure 4: Left: lower bound on the SHiP sensitivity to HNL lepton number violation (black dashed line).
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2.2 Hidden Sector particles: background studies

In order to maximise SHiP’s sensitivity to HS particles, the background should be reduced to a negligible
level. In addition, the redundancy of the selection criteria will allow determining the background directly
from data and, in case of signal evidence, to perform cross checks that minimise the probability of false
positives. The broad range of signals to which the SHiP experiment is sensitive can be classified into two
main categories: fully and partially reconstructed decays. The former category refers to decays where
there are at least two charged particles and no invisible final state particles, examples are HNL — p*7¥
and HNL — p*pT(— 7770). The latter category refers to decays with at least two charged particles
and at least one invisible particle in the final state, e.g. HNL — p* 4 Fv. In all cases, the experimental
signature consists of an isolated vertex, pointing back to the target. A common set of loose selection
criteria are applied to all HS searches to suppress the background (Table 1).

Requirement Value

Track momentum >1.0GeV/e
Track pair distance of closest approach <lcm

Track pair vertex position in decay volume > 5cm from inner wall
Impact parameter w.r.t. target (fully reconstructed) <10cm
Impact parameter w.r.t. target (partially reconstructed) <250 cm

Table 1: Pre-selection criteria used for the background rejection and the sensitivity estimate in the ana-
lysis of Hidden Sector particle decays.

There are three main sources of background that can mimic the signature of Hidden Sector particles:
random muon combinatorial, muon inelastic scattering and neutrino deep inelastic scattering. The back-
ground from cosmics has been proven to be negligible.

¢ Random muon combinatorial: The expected rate for muons that survive the muon shield or back-
scatter in the cavern and traverse the SHiP spectrometer is 26.34+3.6 kHz. A sample of fully simulated
muon combinatorial events was used to study this background. This sample was also complemented
with a fast simulation based on Generative Adversarial Networks [21], which allowed producing a large
sample of muons with the same kinematic and topological properties as obtained from the full simulation.
After applying the acceptance and selection cuts listed in Table 1, we expect about 10? pairs of muons
for the partially reconstructed topology in the lifetime of the experiment. These are suppressed to the
level of 10~2 muon pairs by requiring the muons to coincide in a time window of 340 ps, corresponding
to >2.5 times the time resolution of the HS timing detector. Redundancy and/or further rejection of the
muon combinatorial background can be obtained by using veto information from the surround and the
upstream background taggers.

e Muon inelastic: Muons interacting inelastically in the floor and walls of the cavern, and in the material
upstream of the vacuum vessel, can produce particles that enter the decay volume and mimic the signal.
We expect about 2 x 10® deep inelastic scattering (DIS) muons in the proximity of the vacuum vessel for
2 x 1020 PoT. Samples of background corresponding to the equivalent number of protons on target have
been generated. No events remain after applying the pre-selection in Table 1 and veto information from
the surround and the upstream background taggers. To further investigate the background suppression
we assumed that the background taggers’ veto and the pointing criteria factorize. With this assumption
we have set an upper limit of 6 x 10~ expected background events for 2 x 10%° PoT.

e Neutrino deep inelastic: The dominant source of this background comes from neutrino inelastic scat-
tering in the proximity of the decay volume, roughly corresponding to 3.5x 107 interactions from 2 x 102
PoT. In order to avoid irreducible background from neutrinos interacting with the air molecules inside
the vessel, a level of vacuum below 1072 bar is necessary. The background from neutrino scattering in
the floor and the walls of the cavern was studied and found to be negligible. A large sample, corres-



ponding roughly to seven times the planned proton yield of 2 x 102° 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/c?.

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) < 6x107%

Muon combinatorial 4.2 x 1072

Table 2: Expected background in the search for HS particle decays at 90% CL for 2 x 102° 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, X, and a total depth of 10 X(. 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 ye~™ — xe~. 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 x 10%° PoT.

The resulting background estimate for the different categories of neutrino interactions for 2 x 102°
PoT is reported in Table 3. The dominant background contribution arises from v, quasi-elastic scattering
(ven — e~ p, with the soft proton unidentified) and from topologically irreducible sources, i.e. V()
elastic and 7, quasi-elastic scattering (7, p — e n).

Signal events have been simulated with the help of the MadDump software [23], and assuming
LDM pair-production (x ) in the prompt decays of DP. In the considered DP mass range of M 4/ ~
O(1 GeV/c?), only contributions from the decay of light mesons (7, 7, w) 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 ap = 0.1 and an LDM mass of M, = M ,, /3, and a total of ~ 800 neutrino
background events, the SHiP 90% CL sensitivity is computed in the plane (M, Y = eap (M, /M , ),
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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Ve Ve v, b, al

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 x 10%° PoT.
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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 = e?ap (M, /M ,/)*.

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 7 decay and, therefore, to identify the 7 decay channel. In addition, tracking in
the SND magnetic spectrometer will allow for the first time to distinguish between v, and 7, by meas-
uring the charge of 7 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 7 lepton is not considered for the discrimination of v, against 7.

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 v and 7 interactions observed in the different
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Table 4: Expected CC DIS interactionsin ~ Figure 6: Momentum spectra of muon, electron and tau

the SND assuming 2 x 10%° PoT. neutrinos undergoing DIS in the SND target.
(E) CCDIS Charm frac.
[GeV] w. charm prod [%]
Decay channel v, Ur N 35 13 x10° 4.7
Vi . .

T U 1200 1000 N, 66 6.0 x10% 5.7

T—=h 4000 3000 Np, 49 2.5 x10* 4.2

T — 3h 1000 700 Ny, 57 1.3 x10% 5.1

Total 6200 4700 Total 2.3 x10°

Table 5: Expected number of v and v, Table 6: Left: Expected CC DIS neutrino interactions
signal events observed in the different 7 with charm production for 2 x 10%° protons on target.
decay channels, except for the 7 — eX Right: relative charm production yield per electron and
decays in which the lepton number cannot muon neutrinos CC DIS interaction.

be determined.

decay channels. Since the charge of the electron is not measurable, only an inclusive measurement of v
and 7 is possible in the 7 — e X decay channel. Unprecedented samples of about 6000 v and 5000 7,
detected interactions are expected for 2 x 102" protons on target, as reported in Table 5.

The expected charm yield with respect to the neutrino CC DIS interactions (0 ¢harm/0ccprs) was
estimated using the GENIE generator. The charm fractions are reported in the right column of Table 6
for electron and muon neutrinos.

With 2 x 102" protons on target, more than ~2x 10° neutrino induced charmed hadrons are expec-
ted, as reported in the central column of Table 6. The total charm yield exceeds the samples available in
previous experiments by more than one order of magnitude. No charm candidate from electron neutrino
interactions was ever reported by any previous experiment.

Therefore all the studies on charm physics performed with neutrino interactions will be improved,
and some channels inaccessible in the past will be explored. This includes the double charm production
cross-section [26,27] and the search for pentaquarks with charm quark content [28]. Charmed hadrons
produced in neutrino interactions are also important to investigate the strange quark content of the nuc-
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leon. The samples available at SHiP will also allow to significantly constrain the v, magnetic moment
and test lepton flavour violation in the neutrino sector.

2.5 Muon-flux measurement

The muon-flux, produced in the beam dump, enters quadratically into the derivation of the muon com-
binatorial background, and linearly into the muon inelastic background. For this reasons, confidence in
the background estimates requires validating the simulation with real data. A test beam experiment was
conducted in summer 2018 at the H4 beam-line of the CERN SPS in order to measure the muon spec-
trum with a replica of the SHiP target. While the replica had smaller transverse dimensions than the final
target foreseen for BDF/SHiP, it had the full length to properly include cascade production of particles
decaying to muons. About 3 x 10'! PoT at 400 GeV/c momentum were accumulated in three weeks of
running. Description of the setup can be found in Ref. [1,29].

Results from the comparison of the momentum and transverse momentum of muons from real
data and from muons simulated with the FairShip simulation software are shown in Table 7 and in Fig-
ure 7 [29]. Overall good agreement provides a solid confidence in using FairShip for future optimisation
of the design of the muon shield and the SHiP detectors. An evident peak from J/v¢ — ptpu~ decays
was also observed in the experimental data according to expectation (Figure 8).

Interval Data MC ratio
5—10 GeV/c (1.13£0.02) x 10° (1.124+0.03) x 10° 1.01 4 0.04
10 — 25 GeV/e  (2.41 £0.05) x 10*  (1.85 £ 0.06) x 10* 1.30 & 0.05
25 — 50 GeV/c  (4.86 £0.10) x 10> (3.76 £ 0.11) x 10> 1.29 & 0.05
50 — 75 GeV/c  (10.0£0.2) x 10> (8.0£0.2) x 10>  1.25+0.05
75 — 100 GeV/e (3.0 £0.06) x 102 (2.54+0.08) x 10>  1.21 £0.05
100 — 125 GeV/e (1.1 £0.02) x 10> (0.9+£0.03) x 10> 1.154+0.05
125 — 150 GeV/c 21.14+0.4 20.1+ 7.5 1.05 4 0.04
150 — 200 GeV/c 6.4 4 0.1 6.6 +0.3 0.97 +0.04
200 — 250 GeV/c 0.76 & 0.02 0.88 & 0.06 0.89 + 0.06
250 — 300 GeV/c 0.26 & 0.01 0.26 £ 0.03 0.99 +0.11

Table 7: Number of reconstructed tracks in different momentum bins per 10 PoT per GeV/c for data
and MC. The statistical errors for data are negligible. The uncertainty of 2.1% in data is dominated by
the normalisation to the number of protons on target. For MC the uncertainty is 3.3%, with the main

contribution coming from different reconstruction efficiency in MC compared to data.
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Figure 7: Comparison between real data from the H4 test beam and the FairShip simulation for mo-
mentum (left) and transverse momentum (right) of muons.
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Figure 8: Invariant mass of di-muon events recorded at the H4 beam-line test beam, opposite sign muon
pairs in blue (fitted) and same sign muon pairs in purple. An evident peak from J/v — ™t~ decays is
visible (right peak). The left peak consists of unflavoured p, 77(’ ) and w decaying into two muons.

2.6 Charm-production in the SHiP target

Charmed hadrons are produced either directly from interactions of the primary protons or from sub-
sequent interactions of particles produced in the hadronic cascade showers. As a result, the tau neutrino
yield, as well as the yield of any hidden particle produced by charm decays, are subject to large cor-
rections. Simulations of proton interactions in the SHiP target indicate that the charmed hadron yield is
increased by a factor of 2.3 as a result of cascade production [30]. The available measurement of the
associated charm production per nucleon o.z(vV2mE = 27.4GeV) = 18.1 & 1.7 ub [31] was obtained
with a thin target for which the secondary production is negligible.

The SHiP Collaboration proposed the SHiP-charm project [32], aiming at measuring the associ-
ated charm production by employing the SPS 400 GeV/c proton beam. This proposal includes a study
of the cascade effect to be carried out using the ECC technique, i.e. slabs consisting of a replica of the
SHiP experiment target [4] interleaved with emulsion films. The detector is a hybrid system, combining
the emulsion technique with electronically read out detectors and a spectrometer magnet to provide the
charge and momentum measurement of charmed hadron decay daughters and the muon identification.

An optimisation run was performed at the H4 beam-line of the CERN SPS in July 2018 with an
integrated number of protons on target of about 1.5x 10°. The data has allowed developing reconstruction
software for emulsion which is operating in an environment with significantly higher occupancy, longer
particle flight lengths and smaller angles than in the OPERA experiment. A subset of the data has been
analysed for fine-tuning the new software. Figure 9 shows an example of a double-charm candidate
event that has three vertices: the most upstream is the proton interaction vertex. There are two additional
vertices: one shows a two-prong topology without any charged parent particle while the other one shows
a kink topology. Therefore, the first one is a D° candidate while the second one is most likely either a D
or a Dg meson. The flight lengths of the neutral and charged charm candidates are 2.1 mm and 12.7 mm,
respectively. The impact parameter of the D daughter tracks with respect to the primary proton vertex
are 250 and 590 pum. The kink of the charged charm candidate is 31 mrad and the impact parameter of the
daughter particle to the primary proton vertex is 390 um. From the measured flight length and average
decay angle, one can infer an estimate of the lifetime of the particle [33]: this gives 1.4 x 10~!2s for
the neutral candidate and 1.3 x 10712 s for the charged, both consistent with the hypothesis of charmed
hadron decays.

A measurement with a larger statistical sample is planned after the long shutdown LS2 of the

14



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

' film #14

Figure 9: A double-charm candidate event produced in proton collisions with the tungsten target recorded
at the H4 charm-production measurement.
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3 Detector subsystems status and plans

An overview of the SHiP developments since the TP, and detailed description of the detector components,
are documented in the SHiP Progress Report [1]. In summary the changes since the TP are:

Introduction of the magnetisation of the hadron stopper as part of improving the muon shield.

The muon shield optimisation has led to a magnet system which is 35 m in length instead of 48 m,
and has 1300 tonnes of magnetic mass instead of 2900 tonnes.

The two-magnet system for the SND emulsion target and muon system were replaced with a single
magnet enveloping only the LDM/neutrino target.

The SND Muon Magnetic Spectrometer was replaced with a conventional muon identification
system, the last section of which constitutes the SND upstream background tagger, and no mag-
netisation.

The original decay volume, shaped as an elliptical cylinder has been redesigned as a pyramidal
frustum.

— The in-vacuum Straw Veto Tagger has been removed.

— The Spectrometer Straw Tracker stations and the vacuum tank through the spectrometer magnet
have been designed with transverse dimensions of 5 x 10 m? throughout.

— The Spectrometer Straw Tracker tube diameter has been changed from 10 mm to 20 mm, halving
the total number of tubes.

— The shashlik-based Electromagnetic Calorimeter has been replaced with a calorimeter based on
two different types of active layers, in order to extend its capability to reconstruct two-photon final
states. While most sampling layers are based on scintillating bars, resulting in a significant cost
reduction compared to the shashlik technology, a few high-precision layers are instrumented with
MicroMegas detectors.

— The Hadron Calorimeter has been removed, only the absorber is kept as the first muon filter. The
new Electromagnetic Calorimeter is expected to be capable of providing sufficient identification
for low momentum particles.

— The original muon system with scintillating bars has been replaced by a system based on scintil-
lating tiles with silicon photomultipliers (SiPM) readout to improve the timing performance.

Following these changes, the sections below report on the current strategy and the technology
pursued for each subsystem, including options alternative to the baseline, and the main parameters. The
development path and prototyping which have been undertaken up to now are described. This is followed
by a report on the plans for the TDR phase, outlining the remaining challenges, the proposed solutions,
and the prototypes which will be needed to address the challenges. Detailed timelines are proposed for
all detector subsystems. While the challenges and the main milestones are also relatively clear for the
large common infrastructure items, the design steps and the exact timelines and resources require further
elaboration. Preliminary plans for the construction and installation have been worked out for all systems,
showing that they are compatible with the timeline for the construction of the Beam Dump Facility.

3.1 Magnetisation of the hadron stopper

The detector re-optimization during the CDS phase started from launching an ambitious goal to magnet-
ise the hadron stopper immediately after the proton target. This allows increasing the detector acceptance
by moving the detector closer to the proton target. It reduces significantly the size and weight of the free-
standing muon shield magnets, and improves the overall performance of the muon shield. Taking the
technological limitations into account, the physics simulation has been used to specify the parameters of
the magnetic field.
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Figure 10: Layout of the BDF target bunker, showing the integration of the coil to magnetise the hadron
stopper as the first part of the muon shield.

The baseline design consists of a warm magnet coil integrated into the target bunker iron shielding
(Figure 10). Consequently the coil and the integration of the coil are subject to several strict constraints
related to the radiation exposure, powering, heat extraction, and handling. The CDS design study has
concluded with an extensive report [34] encompassing:

— Optimisation of the magnetic circuit resulting in a final definition of the system:
— optimisation of the yoke layout with realistic assembly from US1010 steel

— simulated field maps for use in physics simulations and for the optimisation and engineering
of the subsequent magnet chain

— hysteresis effects after multiple powering cycles

— magnetic forces of the entire magnetised assembly and interaction with the external/contiguous
shielding

— mapping of the stray field which could potentially influence the target instrumentation

— Preliminary engineering design compatible with the target complex design and the radiation envir-
onment:

thermal management (consideration of water and gas cooling)

connections of power cables, sensors etc

integration of magnetic iron blocks inside the coil for handling reasons

engineering risks (water leaks, short circuits etc)

long-term durability and reliability of the designed coil

The study has investigated copper and aluminium coils with liquid and gas cooling. An optimisa-
tion was performed which aimed at producing the largest magnetic field integral provided by the lowest
possible input power which is compatible with cooling by only the surrounding helium gas flow in the
target bunker. A small aluminium prototype coil was built to study the heat extraction. Computational
Fluid Dynamics (CFD) simulations of the target bunker and the planned helium circulation system has
determined the power input limit to 4 kW. The resulting solution for the coil consists of an anodised
aluminium strip coil powered at a current density of 0.45 A/mm?2, and externally cooled by a guided flow
of helium gas through the magnet former of the coil. In these conditions the magnet provides a field
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integral of 7.1 Tm in a magnetic core volume of ~1.0x1.3x 4.5m?>. 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 (4.5x2m?), 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 1.7 T 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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Effects on the magnetic properties of the CRGO steel and mitigation of the assembly of the CRGO
steel sheets.

— Structural engineering for the assembly of whole magnets.

Investigation of a technology for the coils.

Evaluation of thermal management and magnetic forces.

Assembly sequence

The current design (Figure 11 left) consists of about 600 individual packs of sheets with 50 mm
thickness, the largest with transverse dimensions of 6.6x3.8 m? and weighing about 8 tonnes. In total,
the muon shield has an overall weight of about 1300 tonnes. The total sheet cutting length is about
2000 km. The baseline for the coil consists of 9 mm isolated stranded copper wire consolidated using an
elastic compound. A table-size prototype has already been constructed and tested.

The main challenges concern the assembly technique of the CRGO steel sheets, guaranteeing the
quality and the geometric precision to better than a millimetre, and the time required for the production.
Two options have been pursued: electron-welding which can achieve a welding depth of up to 50 mm
but requires a large vacuum chamber, and laser welding which is limited to <25 mm. The heating from
welding degrades the magnetic properties of CRGO steel. At the same time, deformation as a result of
heating and manipulation may influence the packing factor that can be achieved. Promising results in
restoring the magnetic properties by annealing at >600 °C have been achieved (Figure 11 right). It is also
expected that the degradation of the magnetic properties due to the heating from welding the joints is
inversely proportional to the size of the magnet, bringing the effect down by a factor 30 to 50 for the real
size magnets as compared to the prototypes studied.

As part of the TDR phase, a mid-size 1.3 x 2.0 m? prototype is in preparation to further invest-
igate the mechanical quality of the long welded joints, mechanical stability and packing factor, and the
magnetic performance with a realistic module-to-weld size ratio. Both electron and laser welding will be
tested. This work is also aimed at determining details about the mechanical engineering, and procedures
for transport, assembly and installation. The first iteration has also shown that the structure supporting
the magnets on the experimental cavern floor contributes with a significant load which must be taken
into account in the civil engineering. This will also include a proper structural modelling of the complete
assembly to study seismic actions and mitigation.

The TDR phase will also pursue a more conservative approach by performing an optimisation of a
muon shield from a high-quality magnetic steel (e.g. ARMCO steels) which allows constructing it with
thick iron sheets.

The final decision will also depend on whether, during the TDR phase, companies are identified
which are capable of manufacturing the CRGO steel option. For the procurement of appropriate CRGO
steel, several sources have already been identified, and samples have been obtained for testing and for
the first prototype.

3.3 SND spectrometer magnet

Following the re-optimisation of the muon shield it has been possible to determine more accurately the
volume available for the SND. A significant effort has been put on designing the SND spectrometer
magnet adapted to this envelope which at the same time maximises the aperture available to the detector
(Figure 12). The main challenges of the magnet are a 10 m?® volume magnetised with a field gradient
of at least 1.2 T at an acceptable power consumption, and a low stray field to avoid influencing the
deflected muon flux. Furthermore, the emulsion system requires that the thermal management of the
detector volume respects the operating limit at a temperature of 18 °C and that the magnet can be opened
regularly for the emulsion film replacements. The complete procedure to replace the emulsion should
take no more than a day.
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Figure 12: Layout of the SND spectrometer magnet, showing the opening mechanism for the replacement
of the emulsion films.

A comprehensive design including the magnetic, electrical, thermal and structural aspects has been
elaborated during the CDS phase. It is based on a water-cooled warm magnet. Both a coil of copper and
aluminium have been evaluated. A copper conductor with a bore-hole for the water cooling has been
selected as the baseline option. The 356 tonnes iron yoke is built from soft steel. At a current density of
3.2 A/mm? and an excitation current of ~10kA, the total power consumption is ~ 1 MW. The magnet
design is extensively described in Ref. [36]

A preliminary solution for the implementation of the opening and closing mechanism has been
developed which relies on opening one of the side walls of the yoke by a hydraulic system with the help of
floor rails. The finalisation is planned for the TDR phase, potentially including prototyping. The strategy
for thermal management of the detector volume will need to be simulated and consolidated together with
more information on the dedicated cooling system for the SND target tracker. The manufacturing and
construction have to be addressed in detail during the TDR phase. It is estimated that three years will be
sufficient for the TDR phase.

A super-ferric magnet, possibly cryogen free, would significantly reduce the power consumption,
while respecting the space constraints for the coils. A study is currently being launched in the CERN
TE/MSC group and will be pursued during the TDR phase.

3.4 HS spectrometer magnet

The SHiP HS spectrometer magnet [37] is based on a warm normal conducting magnet. It is required to
have a physics aperture of 5 x 10 m? and provide a vertical bending power of about ~0.65 Tm over the
distance between the upstream and the downstream tracking stations. As the magnet aperture is limited in
the horizontal plane by the region cleared from the beam-induced muon flux, the choice of the horizontal
field orientation stems from the fact that it means a shorter field gap. In addition it has the critical function
of providing structural support to the vacuum vessel, as discussed below in Section 3.5.2.

The baseline design for the coils consists of a square-shape hollow aluminium conductor with
transverse dimensions of 50 x 50 mm? and a bore hole of 25 mm for water cooling, as for the LHCb
dipole [38]. The idea is to profit from the experience with the manufacturing of the LHCD coils. First
investigations indicate that the tooling developed, which is currently stored at CERN, can be adapted.
The yoke is built from a pack of 50 mm thick sheets of AISI1010 steel. The pack is assembled in a
brick-laying fashion around the corners. In terms of aperture, 100 mm has been reserved all around the
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Figure 13: Layout of the HS spectrometer magnet. The left figure illustrates the assembly step with the
insertion of the magnetic coils.

physics aperture to accommodate the vacuum vessel. The result is a 1155 tonne yoke with two vertical
coil packs of 25 tonnes each.

The magnet design has undergone two iterations of studies, including numerical simulations. A
three-dimensional magneto-static finite element model has been constructed, in parallel to modelling by
CERN’s TE/MSC group with OPERA 3D. This has also allowed the production of realistic field maps
for the physics simulation.

The simulations show that the required performance can be obtained with a current density of
1.5 A/mm? and an excitation current of 3000 A, resulting in a total power consumption of ~ 1.1 MW.

Significant effort has gone into a first iteration of elaborating the structural and the mechanical
aspects of the magnet yoke assembly, and securing of the yoke during the construction in-situ (Figure 13).
The magnet and its assembly sequence have been modelled in 3D CAD, together with a first iteration of
the tooling needed. Seismicity has been considered for both the final installation and the assembly phase.

The TDR phase will see an update of the layout, together with the work on the integration of the
spectrometer straw tracker, which should consolidate the concept. The main challenges of the magnet to
address are the manufacturing of the coils, mechanics of the yoke assembly together with the integration
of the vacuum vessel, all of which require very high precision. Tolerance management during construc-
tion is a major issue, which will also require close collaboration with a survey team. No prototyping
associated with this option is currently foreseen except for further technical studies on the adaptation of
the existing tooling for the manufacturing of the coils.

In parallel, as with the SND magnet, a super-ferric option for the coils will be considered if the
results of the R&D, that is currently starting in the CERN TE/MSC group, are promising. While this
option would not change the overall layout, a solution must be found whereby the spectrometer vacuum
vessel can still be anchored to the yoke in a similar manner to the current solution with rods running
through the coil winding.
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3.5 HS vacuum vessel

The SHiP Hidden Sector searches rely on a decay volume under vacuum at < 10~2 bar to suppress neut-
rino background. Since it is not acceptable to have a significant amount of material in front of the
spectrometer tracker (Section 3.11), the vacuum volume extends throughout the spectrometer magnet
with the tracker residing in vacuum. The tracker is inserted into the vacuum by a top loader system
including a flange and cover. This results in a total vacuum volume of ~ 2040 m?. The vacuum volume
end-cap is located just behind the last tracker station upstream of the timing and the particle identification
detectors.

To further ensure that signal candidates are not produced by neutrino or muon interactions in
the upstream Scattering and Neutrino Detector or the walls of the decay volume, the decay volume
section is completely covered by a high efficiency Surround Background Tagger (SBT) system which
is capable of detecting the charged particles produced in the interactions. The current baseline for the
background tagger system is based on a liquid scintillator detector (Section 3.10) which is integrated into
the wall structure of the decay volume. An alternative option based on plastic scintillator also exists. The
upstream end-cap is covered on the outside by the Upstream Background Tagger based on Multi-gap
Resistive Plate Chamber technology.

11.5m

In situ

In situ
! In situ
Factory
Factory

Figure 14: Left: layout of the HS decay volume as simulated in the FEM analysis using "Robot Structural
Analysis Professional” from Autodesk. Right: illustration of the components that will be assembled in
factory and the assembly strategy in situ.

3.5.1 Decay volume

The geometry of the decay volume [39] is determined by the acceptance of the HS spectrometer magnet
and by the region cleared from muons by the muon shield. In the current optimisation of the muon shield,
the decay volume has a length of 50 m, and upstream and downstream physics acceptance of 1.5x4.3 m?
and 5.0x 11.0 m?, respectively.

The decay volume wall structure has been optimised in order to be as thin and light as possible,
and to incorporate the SBT liquid scintillator detector in compartments (referred to as "SBT cells") with
dimensions of 0.80 x 1.20 — 1.5m?, compatible with the performance requirements on this system. The
final design consists of a double wall structure with an internal skeleton of azimuthal beams and longit-
udinal strengthening members entirely based on S355JO(J2/K2)W Corten steel. A complete structural
model of the decay volume for stress verification has been built and simulated with boundary conditions
corresponding to the front-cap and the interface with the spectrometer section. This has also included an
elaborate study of seismic effects. The norms to be applied have been discussed in detail with the CERN
HSE unit. The work has been performed in close collaboration with a structural engineering company
specialised in large and complex metallic structures. A first iteration of mechanical engineering has been
done including an elaborate evaluation of the welding and construction technique in factory, transport
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and assembly sequence in-situ (Figure 14). A conceptual design also exists for the vacuum vessel support
structure based on a system of moving chariots.

Several challenges remain to be solved, mainly related to the integration of the SBT. For the
liquid scintillator, the final solution to guarantee the wall reflectivity in the SBT cells must be elaborated,
and the layout of the connections with the hydraulic system is to be fully designed. A first single cell
prototype was constructed during the CDS phase to study the handling of the liquid scintillator and the
SBT detector performance in test beam (Section 3.10).

The TDR phase will begin with a re-optimisation of the dimensions following the updates of the
muon shield, and the interface with the spectrometer section and the front-cap. After remodelling and
verification, including the final designs of the integration of the SBT system and the vacuum system, the
executive design will be developed. The assembly sequence will be elaborated together with the work to
refine the requirements on the experimental area. The geo-technical studies foreseen to finalise the civil
engineering of the facility will also give input to define the final parameters for the seismic actions to be
taken into account. In the final design, the structural and the mechanical aspects, as well as the welding
procedures must be demonstrated by a large scale prototype.

The TDR phase foresees several stages of prototypes of sub-assemblies to address all these points.
The prototypes will serve both the purpose of testing the structural aspects in structural engineering test
benches and the purpose of testing the integration and performance of the SBT system. Apart from
smaller sub-assemblies to test specific aspects such as weld typologies and tightness, buckling, stress
path etc, two main prototypes are foreseen during the TDR phase:

— (End 2021) Sub-assembly consisting of 2x2 SBT cells of 0.80x 1.20 m? to test the welding tech-
niques, checks of stress paths, deformations and tightness of welds, and finally testing the integra-
tion and performance of the SBT system mid 2022.

— (2022 - 2023) Full-size single or double ring of the vessel fitted with flanges and upstream and
downstream end-caps. The prototype will allow verifying weld quality over long paths in fact-
ory and in-situ, assembly tolerance management, validating the interface with end-caps and full
structural load tests under vacuum. In a second step it will also allow full system test of the SBT
system.

3.5.2 Spectrometer vacuum section

The spectrometer section of the vacuum vessel [40] is very complex and challenging in that it is lodged
inside the spectrometer magnet, it is anchored to the magnet for structural support by rods through the
magnet yoke, it houses the four tracking stations which are loaded into the vessel on frames hanging
off individual flanged top covers, and it is interfaced to the decay volume and the flat end-cap. It is
also responsible for channeling the axial compressive vacuum forces resulting from the plug effect of
the atmospheric pressure on the decay volume, and arrest them on the magnet yoke. For this reason the
external wall of the spectrometer section also envelopes completely the magnet coils and services.

A full conceptual design of the spectrometer section has been developed including simplified final
element modelling and 3D CAD modelling (Figure 15). Austenitic stainless steel has been chosen as the
baseline material for reasons of weldability. For reasons of assembly and in order to have the possibility
to access the coil and the services in case of a failure, the vacuum chamber is split in two essentially
symmetric sections with a flange-type interface in the centre of the magnet.

The main challenge with the spectrometer section is the precision and tolerance management re-
quired during manufacturing and assembly, which will require close collaboration with a survey team.

Significant effort need to be invested on this section during the TDR phase to consolidate the
concept, fully develop the structural and the mechanical design, and model and simulate it to determine
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Figure 15: Left: layout of the vacuum tank, with the four top openings for the insertion of the straw
tracker, and the surrounding magnet of HS spectrometer section. Right: the magnetic coils (1) are
enclosed within the double wall structure. The vacuum tank consists of two sections joined together in
the centre of the magnet (2). The vacuum tank wall running through the magnet is anchored by rods (3)
through the magnet yoke.

the stresses and deformations. The many interfaces and links to adjacent components mean that the
executive design and assembly procedure must be iterated together with them.

3.5.3 HS vacuum vessel front- and end-cap

An upstream and a downstream end-cap close off the ends of the vacuum vessel. Both end-caps are
required to have a low material budget, upstream to minimise neutrino and muon interactions, and down-
stream to avoid spoiling the calorimetric performance.

The baseline option for the end-caps consists of a flat bending-stiff wall constructed from extruded
aluminium profiles welded together to build a wall-like structure. This will produce an acceptable mater-
ial budget of ~0.8 Xy. The issue with the aluminium solution lies in the need for electron welding under
vacuum. Efforts are currently concentrating on identifying companies which are capable of performing
the welding operation of such large dimensions.

3.5.4 Vacuum system

A detailed conceptual design of the vacuum system [41] has been developed considering the need for
large volume pump-down, the operational requirement on the vacuum of < 10~2 bar which is capable
of coping with surface load and straw permeation load, and the leak testing. For regular operation,
pump down time should be of the order of 2-3 days. Conservative assumptions have been taken for the
surface load from the steel of the decay volume and the stainless steel of the spectrometer section. The
pump-down scenario has been evaluated considering an unpainted internal wall of the entire vacuum
tank. The load from permeation of drift chamber gas through the tubes of the Straw Tracker is known
from NA62. With these assumptions, the surface out-gassing turns out to be at the same level as the
straw permeation load. The permeation through the elastomer seals of the vessel’s assembly introduces
a negligible pumping load in operational conditions, but has been taken into account for the conditions
required for leak testing.

The proposed leak test method is the same as used for the RICH vessel of NA62, and consists
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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~* 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 x 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 1073 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.

Emulsion Cloud Chamber

_

\Plastic cover
1
[Emulsion/Tungsten target)
Metallic bosx L

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 161left). The walls are divided in 2x2 cells, each with a transverse size of 40x40 cm?,
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 7 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 X. Electrons are identified by observing electromagnetic
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showers in the brick [46]. Nuclear emulsion films are produced by Nagoya University in collaboration
with the Fuji Film Company and by the Slavich Company in Russia.

A unit ECC cell is made of 36 emulsion films with a transverse size of 40x40 cm?2, interleaved
with 1 mm thick plates of tungsten alloys. The resulting brick has a total thickness of ~5 cm, corres-
ponding to ~10Xy, and a total weight of ~100 kg. The overall target weight with 19 walls of 2x 2 bricks
is about 8tonnes. The study of the appropriate tungsten alloys with the best performance/cost is part
of the R&D to be carried out in view of the TDR for the ECC. According to the current estimate of
the background flux, the emulsion films must be replaced twice a year in order to keep the integrated
number of tracks to a level <10° particles/cm?, and not spoil the reconstruction performance. The films
are analysed by fully automated optical microscopes [47,48]. Recently, the scanning speed, measured in
terms of film surface per unit time, was significantly increased [49-51] (Figure 16 right). Assuming ten
scanning systems available to the SHiP collaboration, the whole emulsion film surface can be scanned
over a time scale of six months with a system running at about 1000 cm? per hour. The construction of a
prototype running at that required speed is part of the R&D phase for the preparation of the TDR. It will
be based on the proof-of-concept reported in Ref. [52].

The compact emulsion spectrometer (CES) modules aim at measuring the electric charge and the
momentum of hadrons produced in 7 lepton decays, thus providing the unique feature of disentangling
v and 7, CC interactions also in their hadronic decay channels. The CES also measures the momentum
of soft muons which are emitted at large angles and which do not reach the downstream muon tracker.
The basic structure of the CES is made of three emulsion films interleaved by air gaps.

A CES prototype with air gaps was designed and tested in 2017 at the CERN PS. The air gaps were
made of a 15 mm-thick polymethylmethacrylate (PMMA) hollow spacer placed between consecutive
emulsion films. Different emulsion film prototypes were tested in order to identify the support for the
emulsion which minimises local deformations. Results show that the use of a 500 um-thick glass base
induces deformations on the emulsion surface which are five times smaller than the 175 pm thick PMMA
base typically used. The results obtained with the CES made of a glass base are very promising. The
distributions of the measured sagitta along the z-axis for 1 and 10 GeV/c pions show Gaussian peaks
with o of 10.2 and 1.15 pum, respectively. A momentum resolution of ~30% up to 10 GeV/c momenta
was achieved for the first time.

The main milestones towards TDR are summarised in Table 8.
The items to be addressed in the TDR are reported in the following:

— ECC design: transverse size of ECC, choice of passive material (tungsten/tungsten alloy), chemical
compatibility with emulsion films, longitudinal size (number of Xg), number of walls, total mass
of the target.

— CES design: material and thickness of film mechanical support (base), mechanical frame acting as
support and spacer.

— Design of mechanical structure: engineering of the detector layout, support and tool for brick
walls, ECC/CES mechnical interface, ECC replacement, CES replacement.

— Emulsion production and quality assessment. production capability by Nagoya University and
Slavich Company, automatisation of pouring process for ECC films, emulsion fading and fogging
at 18 °C, sensitivity.

— Facilities for emulsion handling: design of dedicated facility for CES films production, assembly
and storage, design of ECC/CES assembling machine, design of development chains.

— Microscopy: development of optical microscopes with improved scanning speed.

— Event reconstruction: definition of the film replacement frequency, efficiency of neutrino recon-

struction in high track density environment, electromagnetic shower identification and energy
measurement, ECC/CES matching, CES/TT matching.
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— Software and simulation: development of algorithms to simulate the emulsion response to a deeper
level; reconstruction in high occupancy environment to be demonstrated with data.

Milestone Timeline
ECC small-scale prototype R&D mid 2021
ECC large-scale module mid 2022
ECC module beam tests 2023
CES small-scale prototype R&D mid 2021
CES large-scale module mid 2022
CES module beam tests 2023
Mechanical structure design and R&D  mid 2022
Mechanical structure prototype mid 2023
Emulsion R&D mid 2022
Emulsion test production mid 2022
Emulsion exposure to test beam mid 2023
Emulsion facilities design and R&D 2022
Emulsion facilities tools prototype 2023
Microscopy design and R&D mid 2023
Microscopy prototype end 2023
TDR of SND emulsion target end 2023

Table 8: SND emulsion target: milestones up to TDR.

3.7 SND target tracker

The baseline option for the SND target tracker system (TT) consists of a scintillating fibre tracker (SciFi).
Its main characteristics are [53, 54]: high granularity tracking with a spatial resolution of 50 um over
a surface of ~1m?2, single plane time resolution of 400 ps, high detection efficiency of >99.5%, and
insensitivity to magnetic field. The active detector planes are composed of several fibre layers glued
together to form fibre mats of ~1.5 mm thickness. The fibre mats are glued on supports made of carbon
fibre honeycomb structures, forming large detector surfaces with dead-zones of less than 500 pm along
the borders with adjacent fibre mats. The total thickness of an x — y plane is less than 15 mm.

The active area of each plane is 917 x 1440 mm?. The dimensions exceed those of the ECC
and CES in order to track particles emitted at large angles in several consecutive walls downstream
of the ECC in which the interaction occurred. Additionally, a signal cluster shape analysis allows a
modest single hit angular resolution which helps to resolve possible combinatorial ambiguities. During
the TDR phase, it will be evaluated with real data whether the angular resolution is sufficient to keep
random combinations of emulsion tracks and SciFi hits at a negligible level. In case it would turn out
to be significant, the possibility of doubling the number of x — y measurements in each station will be
considered.

The full dimension of the SciFi target tracker modules is 930x 1500 mm?, just barely larger than
the active area. The SiPM photo-detectors are located at one fibre end and are aligned with polycarbonate
end-pieces. A light injection system is placed on the opposite side for calibration purposes. The time
measurement requires a readout electronics with TDCs for each channel in a dedicated ASIC. A first
prototype based on the STiC3 has been tested during 2018-2019. The FE boards will have a water
cooling system to evacuate the dissipated heat.

The main milestones towards TDR are summarised in Table 9.

The items to be addressed in the TDR are reported in the following:
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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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Figure 18: Left: layout of the SND muon identification system. Right: RPC chambers constructed and
used in the muon system for the muon-flux measurement at the SPS in 2018 (Section 2.5).

The four most upstream iron layers, acting as a filter against hadrons produced in the neutrino
interactions in the target, are 15 cm thick. The downstream layers are 10 cm thick in order to reduce
the amount of material and hence the interactions inside the muon system which could be a source of
additional background for the HS searches. Studies are ongoing to optimise the number of tracking
planes as well as the thickness of the iron layers. In particular, a high efficiency is also desirable for soft
muons.

Due to the significant rate of beam-related particles impinging on the muon system, the RPCs in-
strumenting the detector will be operated in avalanche mode. Each RPC plane will be made of three gaps
with an active area of 1900x 1200 mm? each. The RPC planes will be read out by means of orthogonal
strip panels with ~1 cm pitch.

The mechanical structure, enclosing the three gaps and the strip panels of each plane as well as
hosting the front-end cards, has been designed. The overall transverse dimension of one plane is 4290
x 2844mm?. The design includes HV and LV distribution as well as an improved gas distribution
system specifically studied to reduce the length of the gas pipes within the structure, thus minimising the
probability of damages that could cause gas leaks during the operation of the detector.

A conceptual design of the muon system support structure has been worked out. In order to
withstand seismic loads, the steel plates are tied in the top and in the bottom sections and on both
sides through braces able to transmit the seismic actions to the ground. Preliminary safety checks have
been performed with respect to buckling and tension actions. The full model will be implemented in
finite element analysis and simulated in order to compute the stresses and strains in each element of the
structure.

The RPC planes will be hanging from top. The insertion and extraction of the planes from one
side will be possible by means of upper trails. The planes will be staggered by +10 cm to compensate
for the acceptance loss due to the dead areas between adjacent gaps in the same plane.

The front-end boards, currently under development, will house two ASICS with 8 input chan-
nels each, performing amplification and discrimination of signals, and an FPGA onboard for data time-
stamping, zero suppression and serialization. Each RPC plane will be readout by 38 boards. Data will
be sent to two concentrators, connected to the readout boards via optical fibres. The current option for
the ASICS is the FEERIC chip [55], developed by the ALICE Collaboration.

A small-scale prototype of the muon system has been designed, built, tested and exposed at
the CERN H4 beam line for the muon-flux and charm-production measurements in July 2018 (Sec-
tion 2.5 and 2.6). A pilot production of five RPC detectors, each consisting of a 2 mm-wide gas gap
with 2 mm-thick Bakelite electrodes and an active area of 1900x 1200 mm?2, was made. The chambers,
readout by two panels of orthogonal copper strips with a pitch of 10.625 mm and running in avalanche
mode with standard gas mixture, were successfully operated, showing an efficiency above 98%.
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The items to be addressed in the TDR are reported in the following:

— RPC gas mixture: environmental-safe gas mixture for the operation of large surface RPCs in ava-
lanche mode.

— Simulation: full simulation and optimisation of the muon system structure to determine the total
iron filter thickness and segmentation, number of RPC planes, in view of a high muon efficiency
also at lower momenta.

— Mechanical structure: validation of the design of the RPC mechanical structure, implementation
of the full model and finite element analysis of the muon system support structure.

As the muon identification system is complemented by the two downstream stations made of
MRPCs, an overall optimization of the two detectors is envisaged. The integration of the RPC and the
MRPC tracking planes in the same mechanical support structure will also be elaborated.

The main milestones towards TDR are summarised in Table 10.

Milestone Timeline
RPC mechanical structure prototype end 2021
RPC front-end electronics prototype end 2022

MRPC front-end electronics prototype end 2022
MRPC mechanical structure prototype mid 2023

Iron filter mechanical structure design end 2021
Iron filter mechanical structure prototype end 2022
Module-0 assembly and beam test mid 2023

TDR of SND muon identification system end 2023

Table 10: SND muon identification system: milestones up to TDR for the RPCs and for the MRPCs,
which also act as the upstream background tagger for the HS detector.

3.9 SND upstream background tagger

This system is designed to tag charged particles produced by neutrino interactions in the passive material
of the muon identification system. A good timing resolution, around 300 ps, is needed in order to avoid
losses in the signal efficiency caused by a longer veto gate. This system will also provide the position of
the muon track, complementing the SND muon identification system in its functionality. The envisaged
technology is a novel concept of MRPC, the Sealed Glass Stack (SGS) [56]. With the SGS approach two
delicate aspects of an MRPC, the gas volume and the HV insulation, are confined inside a permanently
sealed plastic box and decoupled from the pick up electrodes.

Given the less stringent requirements in the timing resolution compared to those of the Hidden
Sector detector described in Section 3.12, a multi-gap RPC structure with only two gas gaps is envis-
aged in this case. The RPC structure is defined by three 2 mm thick float glass electrodes of about
2070x 1020 mm? separated by 1 mm nylon mono-filaments. The HV electrodes are made of a resistive
layer applied to the outer surface of the outermost glasses with airbrush techniques. The structure is
permanently sealed inside a PMMA gas tight box with a 1 mm lid thickness equipped with feed-throughs
for gas and HV connections. This technology was successfully tested [57,58] and it is being used in the
framework of other projects [59-61].

Each veto tagger plane is made of five MRPC modules arranged vertically in order to cover the
vacuum vessel entrance window. The modules are staggered by 20 cm to avoid dead zones due to the
frames. Experimental tests performed with a single SGS with an active area of 1.5 x 1.2 m? have shown
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90% efficiency on the whole surface (limited by the pick-up electrode, which covers 90% of the detector
active area), and about 300 ps time resolution.

Each SGS is read out by a pick-up electrode made from a FR4 Printed Circuit Board (PCB) with a
thickness of 1.5 mm and equipped with 2070 x 32 mm? copper strips. The set is enclosed in an aluminum
case to guarantee the electromagnetic isolation from the environment and enough mechanical rigidity.
The SGS is operated with £6000 V. Both ends of each copper strip is directly connected to a low-jitter
high-gain/bandwidth Very Front-End Electronics (VFEE) [62]. It encodes the time (leading edge) and the
charge (trailing edge) in one single channel. The LVDS (Low Voltage Digital Signal) signals provided
by the VFEE are fed into the TRB3 board (used during the tests), an FPGA-based TDC featuring 128
Multihit TDC channels [63]. A possible alternative could be the SAMPIC chip which is available in 16,
32, 64 channels and which has a mode to readout LVDS signals. Therefore, it is foreseen to make tests
to verify the feasibility of using SAMPIC as a DAQ board for the MRPC.

The milestones for this project are included in Table 10.

Test beam Sep 2018, CERN PS
q b "-I w—p-—

A

‘k \

A

\ AN Ay
A LL
A lt

[ | S | | |\
| | W | | W S\
[JJP | P W | W\ S| W
P | S — — V— —

' W | S | N, W, W\

Figure 19: Left: layout of the HS surround background tagger liquid scintillator cells around the decay
volume. Right: test beam setup with a prototype of a complete cell at CERN in 2018.

3.10 HS surround background tagger

The baseline option for the surround background tagger (SBT) is a liquid-scintillator (LS) detector,
since it guarantees an optimal filling factor of the space between the outer ribs of the vacuum vessel
(Figure 19 left). Full coverage is crucial to detect interactions of neutrinos and muons in the vessel walls
and surroundings with high efficiency.

The LS SBT cells are readout by Wavelength-shifting Optical Modules (WOM), which consist of
a PMMA tube that transports the light to an array of SiPMs directly coupled to the tube. The PMMA
tubes are painted with a wavelength-shifting (WLS) dye. The choice of liquid scintillator is Linear Alkyl
Benzene (LAB) with 2 g/l Diphenyloxazole (PPO) as fluorescent dye. It emits light with wavelength
between 340 nm and 500 nm. The LS-layer thickness is targeted to be of the order of 30 cm. The LAB
is purified in an Al»Og filtration column to increase the LS transparency in the UV range, in particular
around 380 nm wavelength, as this corresponds to the peak emission of PPO and as absorption in the
PPO becomes significant below 360 nm.
The test beam measurements at CERN’s SPS in 2017 and 2018 (Figure 19 right) have demonstrated a
single WOM efficiency in excess of 99% for distances up to 50 cm around the WOM [64].
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The main SBT milestones towards TDR are summarised in Table 11.

Milestone Timeline
Prototype upgrade with reflector, cyan WOM, WOMs/PMMA vessels from molds  beg 2021
Demonstrator 2x2 cells design and assembly end 2021
Calibration system: full version for demonstrator 2x?2 cells mid 2022
Demonstrator 2x2 cells test beam and data analysis fall 2022
Test version of FEE + power for demonstrator end 2022
First electronic system test including concentrator electronics mid 2023
Demonstrator 2x2 cells test beam with FEE and concentrator electronics mid 2023
Data analysis fall 2023
WOMs: standardised/parallelised dip-coating; eff. and paint thickness end 2023
PMMA vessels: Pressure resistance tests end 2023
Scintillator: R&D incl. LHS and filling tests mid 2023
Vacuum Vessel Rings: Functionality Test of LHS fall 2023
TDR of HS surround background tagger end 2023

Table 11: HS surround background tagger: milestones up to TDR.

The most important milestone is the construction of a large-scale module consisting of four adja-
cent cells made from the same soft steel material as foreseen for the construction of the vacuum vessel,
and with the inner walls coated by reflective paint. This detector will be tested at the CERN test beams in
2023 in order to prove that the detection efficiency meets the design goal of 99.9% over the whole SBT
cell in a large scale module. Uniformity of the detector response as well as time resolution will also be
studied.

The construction of the test module necessitates a number of R&D studies on the topics listed
below:

— Readout electronics including the FE electronics, concentrator electronics and SiPM power supply.

— The detector calibration and monitoring system based on either LEDs or central picosecond laser
injecting the light to the WOMs.

— WOM related studies such as a choice of the dip-coating procedure and choice of the PMMA
material to construct the WOM tubes.

— Optimization of LS composition, in particular inclusion of a blue dye to improve transparency, and
the corresponding adaptation of the WOM WLS paint.

— Optimisation of the decay vessel filling and emptying procedures. These studies will pursue a
global R&D on the decay vessel (see Section 3.5.1). The pressure tests of the PMMA tubes and the
tests of the LS handling system (LHS) will be made at this stage. Moreover the filling procedure
will be tested using a dedicated large transparent mock-up allowing a visual control of possible
bubble formation.

— LS purification tests including in particular a 1:10 prototype of the AloO3 absorption column with
a subsequent filtration stage.

3.11 HS spectrometer straw tracker

The SST spectrometer consists of a large aperture dipole magnet (discussed in Section 3.4) and a pair of
tracking stations at the each side of the HS magnet. The magnetic field, oriented along x, is about 0.14 T
at its maximum and about 0.08 T at the location of the closest tracker stations, just outside the magnet.
On the longitudinal axis the field integral between the second and third station is approximately 0.65 Tm.
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Figure 20: R&D activities on the HS spectrometer straw tracker. Top left: 20 mm diameter straw in test
beam at CERN in 2017. Top right: cut-out view of the straw end piece with the custom-made constant-
force spring to decouple the straw elongation from the anode wire. Bottom left: first prototype of the end
piece assemblies in the option with carbon cable suspension. Bottom right: a first cemented straw pack
prototype.

Each tracking station is composed of four views, two measuring the y-coordinate, two measuring along
a tilted axis (stereo angle Ogereo =~ +5°). The tracker stations are made of straws, similar to those of the
NAG62 experiment [65], operated in vacuum. The straws are made of 36 um thick, Cu-Au coated PET, of
10 mm nominal radius and 5 m length. The sensitive gas is an Ar/COy mixture (~ 70/30%) operated at
1 bar, giving a maximum drift time O(1 ps) at ~ 2kV high voltage, depending on wire offset. The target
straw hit spatial resolution is ~ 0.12 mm and the hit efficiency > 99%.

The SST design builds on the experience gained within the NA62 experiment with ultralight wel-
ded BoPET straws, see Ref. [66—69], the main differences coming from the required acceptance of the
detector (5 mx 10 m) and the expected maximum hit rate which leads naturally to a larger straw diameter
(current baseline is 2 cm). Test beam / lab tests of 2 cm diameter long straws have been performed in
2017 (Figure 20 top left) to study the spatial resolution as function of wire offset, and the results are
being documented [70].

The main challenges associated with the SST detector are principally of a mechanical engineering
nature (sag, stability and size). The prototyping effort is thus focused on addressing the sagging issues,
which are exacerbated by the substantial relaxation of elongated PET. Preliminary work was carried out
to define the problem of instabilities and deformations of thin-walled pipes with anode wires [71-73].
As a result, three options for the station design are currently under consideration in SHiP. All options
adopt the strategy to insert a fully instrumented station from an opening at the top of the spectrometer
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vacuum vessel. The options differ in the implementation of the straw modules, straw and wire tensioning
and support.

A first design option [74] was worked out in 2017 and was improved recently. It is based on the
concept of pulling on the straws with an adjustable traction over time, while decoupling the wire via
a custom-made constant-force spring (Figure 20 top right). The most recent evolution simplifies the
mechanism used for pulling on the straws [75]. A second strategy, based on suspending the straws from
thin carbon cables, has been proposed and is being extensively explored [76] (Figure 20 bottom left). A
massive stiff frame, employed in this design, helps to maintain minimal deflections when all forces are
applied to the frame. Finally, a third strategy, inspired by the PANDA self-supporting straw tracker [77],
is also being explored. Here, the stiffness of the straw modules is radically boosted by gluing a number of
straws into a cemented pack. The combination of this method with welded-PET straws of 5 m length and
2 cm diameter is not straightforward and needs prototyping (Figure 20 bottom right). This design would
allow using a less massive station frame, since the forces due to over-pressure and straw/wire traction are
decoupled from the frame.

The global SST milestones towards the TDR are listed in Table 12. Important milestones will be
the engineering reviews of the SST station and straw module designs. A Conceptual Design Review,
including external experts, was held in October 2019. The review confirmed the soundness of the pro-
posed designs for all three options and confronted the advantages or disadvantages of each. At the next
stage, some time in early 2020, a single design should be chosen as baseline by the SST group, proposed
for endorsement by the Collaboration Technical Board, then further developed and described in the SST
TDR. This process will involve the construction of a module prototype, of realistic size, which will be
used to demonstrate the mechanical performance while being subjected to all relevant forces. In a second
step, before the TDR, the prototype will be operated in vacuum, with prototype readout electronics, to
validate the complete design.

An important part of the TDR preparation for the chosen design is the development of the analog
and digital electronics. A crucial decision will have to be taken on which part of the readout chain will be
operated in the SST vacuum chamber. In addition, measurements of straw electrical properties such as
impedance, attenuation, cross talk, signal shape, ion tail, etc. will have to be carried out on straw module
prototypes in the participating laboratories.

Milestone Timeline
Decision on mechanical design 2020
Decision on in-vacuum readout implementation 2020
Mechanical performance demonstrated (module prototype) 2021
Electronics readout prototype 2021
Module prototype with readout in vacuum 2022
Engineering Design Review Straw mechanics 2022
Engineering Design Review: Electronics 2022
Engineering Design Review: Services 2022
TDR of HS spectrometer straw tracker 2023

Table 12: HS spectrometer straw tracker: milestones up to TDR.

The mechanical requirements on straw module design and construction will be based on tracker
performance simulation studies with geometrical distortions. Algorithms to correct for wire offset and
straw shape imperfections using charged particle hits and tracks have to be developed in a realistic sim-
ulation environment, and cross-checked with test beam measurements. This represents an important
software development effort that, ideally, should produce results before the TDR in order to guide the
mechanical design constraints.
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168 cm x 3 cm =5 m (1 cm overlap)

10 m (0.5 cm overlap)

6cm x 182 bars

FE Host
Figure 21: Left: layout of the HS timing detector in the plastic scintillator option. Right: test beam
setups with large prototypes of both the scintillating bars and MRPC at CERN in 2018.

3.12 HS timing detector

The HS timing detector (TD) will be located outside the vacuum vessel, right after the aluminum end-
cap of the decay volume, and in front of the electromagnetic calorimeter. The TD will cover an area of
5mx 10 m. The role of the timing detector is to provide unambiguous start times to the SST for the drift
time measurement and to the coincidence criterion on the decay vertex candidates. In order to reduce
combinatorial di-muon background to an acceptable level, a timing resolution of better than 100 ps is
necessary.

Two alternative technologies are being considered for the detector: an option based on plastic
scintillator, and an option based on time measuring resistive plate chambers (tRPC) (Figure 21). The
choice of the technology for the baseline option will be made after more detailed studies of the actual
background rates, and after comparing the respective performances, the calibration strategy, and the
costs.

The plastic scintillator option is composed of staggered scintillator bars arranged in 3 columns,
each of which contains 182 rows. Each bar has dimensions of 168 cmx6cmx1cm, and is read out
on both ends by an array of 8 large-area SiPMs soldered to custom pre-amplifier PCBs [78]. Signals
are digitized by a DAQ module based on the SAMPIC ASIC [79]. There is a 5 mm overlap between
bars in the vertical direction and a 1 cm overlap in the horizontal direction. In total there are 546 bars
corresponding to 8736 SiPMs grouped into 1092 readout channels.

The material for the scintillator plastic was chosen by the requirement on the timing resolution.
EJ200 is found to have the right combination of light output, attenuation length (3.8 m) and fast timing
(rise time of 0.9 ns and decay time of 2.1 ns). The emission spectrum peaks at 425 nm, perfectly matching
the SiPMs spectral response. The number of photons generated by a minimum-ionising particle crossing
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1 cm of scintillator is @(10%). The bars will be wrapped in an aluminium foil, and a black plastic stretch
film on top, to ensure opacity.

Several test beam measurements have been carried out at the CERN PS on single bars of vari-
ous lengths, scintillator types and SiPM array configurations [78, 80, 81]. The time resolution of a
168 cmx6 cmx 1 cm bar ranges from 80 ps for a particle crossing near the sensor, to 180 ps for a particle
crossing at the opposite end of the bar. The deterioration in accuracy is due to the absorption of photons
and smearing of the signal leading edge during its propagation along the length of the bar. With the
SiPM-arrays located at both ends of the bar, and measuring the timing as the weighted mean of the two
signals, a relatively constant time resolution of 85 ps has been achieved along the entire lengths of the
bars.

In July 2018 a 22-bar prototype, consisting of a single column of vertically staggered bars covering
an active area of 168 cm x 120 cm was constructed [81]. The bars had the same dimensions as for the final
TD detector, with the exception of the top and bottom bar that had the same cross-section but were 18 cm
shorter in length. Signals from each channel were digitized using a 64-channel SAMPIC module. The
prototype was tested in August and September of 2018 at the T10 beam line of the CERN PS. Preliminary
results for overlapping bars are found to be close to the expectation of about 90 ps. Further analysis of
the test beam results is ongoing.

The studies to be performed for the TDR include

— Finalisation of the analysis of the prototype test beam measurements, and in particular the meas-
urement of the time resolution across the entire detector and for overlapping bars. Furthermore,
the calibration procedure is yet to be finalised.

— Validation and the choice between two options for the readout chain based on an ASIC, called
MUSIC, or on a custom discrete circuit amplifier board. In-lab time resolution measurements
using cosmics on a long bar of 230 cm in length indicate similar performance for both options.
These tests still need to be repeated on a bar of the correct dimension (168 cm length). Test beam
measurements are needed to fix the parameters of the chip (shaping time, gain, dynamic range,
etc).

— The detection efficiency of a single bar with the correct readout has yet to be measured. It is
assumed that the detection efficiency is near 100%, but further test beam measurements are needed
to validate this assumption. It is envisaged these tests can be performed during validation of the
discrete circuit amplifier.

The option based on the RPC technology derives from a novel concept of Multigap Resistive Plate
Chamber (MRPC) with a Sealed Glass Stack (SGS) [56]. This technology is also used in the Upstream
Background Tagger described in Section 3.9. All components of this technology are well tested [57, 58]
and are deployed in a number of projects [59-61]. The TD module is composed of two identical SGSs
which house a MRPC structure with six 0.3 mm wide gas gaps defined by seven 1 mm thick electrodes of
160x 120 cm? area. The module is readout by a pick-up electrode plane located between the SGSs and
equipped with 160x 3.7 cm? copper strips. The TD module is enclosed in an aluminum case to provide
electromagnetic shielding and mechanical stability.

A large scale prototype of the TD MRPC module has been tested at the CERN SPS in October
2018. A time resolution, 0< 60 ps and an efficiency >98% have been demonstrated over the sensitive
area of the prototype.

The most critical milestone towards TDR requires a proof of the multi-hit time performance of
MRPC, which is essential for the measurement of the time arrival difference of the HS decay products
separated by a short distance in the same TD module. Other important R&D milestones include the
integration of the SAMPIC chip to the FEE architecture and the test of the gas recovery system that will
be followed by a development of a gas re-circulation/purification system. Realistic CAD drawings of the
mechanics to hold MRPC modules will also have to be made.
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Table 13 shows the milestones, which are valid for both the scintillator and the MRPC option, up
to TDR.

Milestone Timeline
Front-end electronics design and prototype 2021
Module-0 prototype with final electronics 2022
Design of mechanical structure 2023
Decision on technology (scintillator vs MRPC) 2023
TDR of HS timing detector 2023

Table 13: HS timing detector: milestones up to TDR, valid for both the plastic scintillator and the MRPC
options.
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Figure 22: Left: layout of the HS split calorimeter. Right: test beam setup with a prototype at DESY in
2019.

3.13 HS split calorimeter

The electromagnetic calorimeter, SplitCal [82], employs the sampling technology with lead/scintillator
planes orthogonal to the beam axis for energy measurement. It is currently foreseen to use 40 ab-
sorber/scintillator planes of 6x12m? cross-section and 20X depth. The scintillator planes are made
of alternating in x and y, 1 cm wide strips with wave-length-shifting (WLS) fibre readout. SplitCal is
longitudinally segmented in two sections with a 1 m gap in between to provide good pointing resolution
(Figure 22 left). Two (or three) precision SplitCal layers measure the shower transverse profile at the
beginning of the shower in the first section, and around the shower maximum in the second section. An
optimisation of the number of the precision layers, as well as their exact positions, will evolve basing
on the test beam results and simulation studies. The baseline solution for the high precision layers is
MicroMegas chambers, similar to those developed for the upgrade of the ATLAS muon system [83] but
of smaller area of 80x80 cm?.

The SplitCal prototype composed of four absorber/scintillator layers and two MicroMegas pre-
cision layers of 80x80cm? cross-section has been successfully tested at DESY test beams in October
2019, demonstrating good agreement between data and simulation (Figure 22 right).

An important milestone for the TDR is the construction of a large scale technological prototype
(see Table 14) which involves all required materials and technologies and demonstrates their feasibility
and functionality. The prototype will have a front face of about 1.5 x 1.5m to allow four full-size
MicroMegas chambers in one high-precision layer and still simple handling. In total, ten scintillating
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layers (five horizontal and five vertical) and two high-precision layers are foreseen. The number of
readout channels will be 500 SiPM channels and 25200 MicroMegas channels. For both SiPM and
MicroMegas readout, the final or close to final ASICs shall be used. An additional important aspect of
the technological prototype is the mechanical integration of both the scintillators and readout PCBs in
light-tight cassettes together with absorbers and of the MicroMegas layers, which need to be staggered
in longitudinal direction to allow overlaps.

Milestone Timeline
ECAL SiPM-WLS-fibre coupling now — 12/2021
ECAL FEE design and testing now — 12/2021
ECAL scintillator production 7-12/2021
ECAL WLS fibre production 7-12/2021
ECAL scintillator treatment 1-12/2022
MicroMegas design now — 6/2020
MicroMegas production (2 chambers) 7-12/2020
MicroMegas test (2 chambers) 1-6/2021
MicroMegas production (6 chambers) 7-9/2021
MicroMegas test (6 chambers) 10-12/2021
MicroMegas readout 7/2020 - 12/2021
Mechanical design now — 12/2020
Absorbers 1-6/2021
Construction 1-6/2022
Test runs and data analysis 7/2022 — 6/2023
TDR of HS SplitCal end 2023

Table 14: HS SplitCal: milestones and timeline up to the TDR.

3.14 HS muon system

The status of the design and R&D activities of the Hidden Sector muon system is described in Ref. [84],
along with a defined path towards the TDR with associated timescale, person-power, and expertise and
financial resources needed.

The muon system is made of four active stations, 6 m wide, 12 m high, interleaved by iron filters ~
3.0\ thick and covering a total active area of 288 m? (Figure 23 left). The baseline technology consists
of scintillating tiles with direct SiPM readout. The basic unit is a ~200 cm? area and ~8 mm thick tile
of organic scintillator, read out by four to six SiPMs equipped with individual amplifiers followed by a
common summing point. Each active layer is made of 3 200 scintillating tiles for a total of 12 800 tiles.
Tiles are grouped in modules of 32 tiles each and read out by a 32-channel digitizer board.

The main reasons for choosing organic scintillators are their fast response (short rise and decay
times) and their high light yield. SiPMs provide advantageous properties such as good timing, compact-
ness, and high photon detection efficiency (PDE). In order to achieve a time resolution of O(100-150) ps
over the four stations, a time resolution better than 300 ps per station (e.g. per tile) is required. In
addition to a very good timing performance, the choice of tiles guarantees the determination of the x, y-
coordinates with a single active layer and a good tolerance against hit rate variations.

A thorough R&D activity has been performed in the past three years in order to characterise the
basic unit of the system and provide a preliminary design of the front-end electronic readout. A FLUKA-
based simulation of the detector basic unit response complements and completes the experimental R&D.

Several prototypes of tiles with close to nominal dimensions, wrapped with various wrapping/coating
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Figure 23: Left: layout of the HS muon system. Right: test beam setup with a prototype based on
scintillating tiles at CERN in 2018.

materials, equipped with several types of photosensors, and read out by different front-end electronics
have been built and characterised at test facilities in Frascati and Bologna and their performance as-
sessed during two beam test campaigns at the CERN PS in 2018 (Figure 23 right). All tiles are made of
the EJ200 organic scintillator. The best prototypes demonstrated the time resolution of ~320 ps averaged
over the tile surface.

As time resolution depends on both signal slew rate and noise, the photon collection should be
maximised by means of large area SiPM and signal-to-noise ratio should be carefully optimised. A tile
read out by four to six SiPMs with individual preamplifiers followed by a common summing point seems
to offer the best solution as it allows local SiPM signal amplification and the possibility of adjusting the
readout chain shaping both at the input and at the summing point. A tile-sized PCB has been developed,
where each SiPM is connected with a very short trace to a bipolar transistor operated in common base
configuration. This configuration has negligible input impedance, mitigating the effect of the large SiPM
capacitance on the signal rise time.

The design of the system comprises several important items that must be fully addressed in the
forthcoming TDR. These items are detailed in the following list.

— Choice of the best scintillator material; tile size and shape; photodetector coupling that maximises
photon collection and time resolution.

Choice of large area SiPMs with high PDE and good time resolution, and determining the SiPM
operating conditions for optimal matching with the pulse shape emitted by the chosen scintillator.

— Development of a readout front-end electronics able to cope with a large sensor capacitance and
to extract the required time information from the signal.

— Construction and test of a module-0 (32-tiles) equipped with the final front-end and middle-end
electronics.

— Integration of the HS muon system electronics into the overall SHiP electronics framework.

— Engineering of the detector layout and its integration with the other detectors in the experimental
hall.

— Simulation of the HS muon detector, integration in the general FairSHiP framework, and assess-
ment of the particle identification and timing performance to control the background.

The main milestones of the Muon System towards TDR are listed in Table 15.
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Milestone

Timeline

Tile prototypes design and test
Front-end electronics design & test
Middle-end electronics design & test
Details:

1/2020 - end 2021
1/2020 - end 2021
1/2021 - middle 2022

- tile & FEE prototypes: assembly & test in lab 1-6/2020
- test beam at BTF (Frascati) 6/2020
- (4 — 8) tile mini-module: assembly & test in lab 3/2021
- test beam at CERN PS for mini-module 6/2021
- analysis of test beam data 12/2021
32-tile Module-0
- material procurement 6/2022
- module assembly and test in lab 12/2022
- test beam at CERN PS and data analysis 6/2023

Simulation and integration in FairSHiP framework
Engineering of detector layout

1/2020 - 6/2023
172020 - 6/2023

1/2021 - 6/2023
end 2023

Integration of middle-end electronics in TDAQ
TDR of HS muon system

Table 15: HS muon system: milestones and timeline up to TDR.

3.15

The requirements on the SHiP readout system are characterised by relatively small data throughput, no
radiation to electronics, and mostly trivial powering and cooling. On the other hand, the complexity is
in the collection of data from a relatively high number of channels spread out over a very large detector,
and in the event building with a very wide range of time-of-flights.

Common detector electronics and online system

The readout scheme for the SHiP detector has been elaborated conceptually during the CDS phase
with the aim of proposing an architecture based on common components throughout the systems up to
the Front-End Electronics (FEE). The architecture has two main subsystems: the Control distribution,
data Transport and Concentration (CTC) system, and the Timing and Fast Control (TFC) system. The
architecture does not comprise a hardware trigger, only a central software filter after the final event build-
ing, acting on data from complete SPS cycles. Several dedicated workshops have been held together with
the sub-detectors to collect the requirements and to iterate on the proposal for the architecture, and on
the specifications of the components and functionalities. While the Front-End Electronics is sub-detector
specific and under the responsibility of the sub-detectors, common interfaces to the TFC and the CTC
systems have been defined. Downstream of the Front-End electronics, the system is composed of cas-
caded Front-End Concentrators which fan-in and fan-out the CTC and the TFC networks. Downstream
of the Front-End Concentrator chain of each subsystem (in reality partition), the last concentrator is in-
terfaced with a Front-End Host (FEH) computer for data readout, slow control and monitoring, and with
the TFC master for the clock and synchronous commands. The design strategy is to base the system as
much as possible on FPGAs, including the FEE.

The FEH computers transform the collected data in a well-defined format and forward the data to
the Event Filter Farm (EFF). For every SPS cycle a computer in the EFF is assigned to collect the partition
data, to extract the physics events candidates and to build the events. The FEH and EFF computers are
based on commodity PCs.

With the baseline detector, it is estimated that about 300 concentrator boards will be required
together with a total of 25 DAQ links, 12 FEH and 42 EFF computers.
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During the CDS, the main effort has been invested on collecting requirements and defining the
common architecture, links, and the functionality, and ensuring common understanding across the sub-
systems. The proposed scheme and the full architecture have also been modelled in VERILOG for func-
tional system simulations. Design work has started on prototyping the Front-End Concentrator boards,
which will continue during the TDR phase. Apart from building a test bench of the readout architecture
to develop firmware and software, the aim is also to propose the system for future beam tests during the
TDR phase, providing already a platform for validating FE interfaces.

The plans for the TDR phase consist of fully specifying the interfaces and the CTC and the TFC
system, and building a complete slice of the architecture with all components and firmware/software
included for data transport, and event building and filtering. The timeline is outlined in Table 16.

Work package Timeline
Prototype of the FE Concentrator 2020
Firmware for the FE Concentrator 2020
Software for test and stand-alone mode 2020
Test of FE link 2020
Pre-series for FE Concentrator 2021
TFC system specification 2021
TFC Emulator 2021
Specification of DAQ interface on FEH 2021
Prototype of DAQ interface on FEH 2022
Tests of DAQ link 2022
Prototype of TFC system (generation and distribution) 2023
TDR for common electronics and online system end 2023

Table 16: TDR timeline for the common electronics and online system.

3.16 Offline computing

SHiP has developed a full software framework for simulation, reconstruction and analysis. The frame-
work (FairShip) is based on the FairRoot package and incorporates GEANT4 to trace particles through
the target and the experimental setup. The detector description has been implemented up to digitisation,
and magnets are implemented with field maps from simulations with OPERA 3D. PYTHIAS is used
for the primary proton fixed-target interaction, PYTHIA6 for muon deep inelastic scattering, and the
GENIE MC generator for interactions of neutrinos.

The production and decays of the various Hidden Sector physics channels have been implemented
in FairShip. Mainly PYTHIAS is used to generate the different signal processes. For HS particles
produced from the decays of charm and beauty hadrons, the effect of cascade production of charm and
beauty hadrons from secondary interactions has been implemented. For decays to hadronic final states,
fragmentation is handled by PYTHIAS.

The validity of the FairShip prediction of the particle fluxes has been verified by comparing to
the data from the CHARM beam dump experiment at CERN [85]. The FairShip description of multiple
scattering and catastrophic energy losses, which is crucial for the muon shield performance, has also
been found in good agreement with existing data [4]. The most realistic cross-check of FairShip has
been performed in summer 2018 in a dedicated experiment at the CERN SPS (Section 2.5).

A review of the software framework is planned early in the TDR phase with help from EP-SFT
group and the IT department. The goal is to perform an overhaul and optimisation of the entire frame-
work, which has been in continuous development throughout the TP and the CDS phases. With the work
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planned for the TDR phase it is expected that the simulation will see important updates from both sub-
detectors with updated and refined geometries and raw data encoding/decoding, and from physics with
improved and new event generators, requiring significant coordination efforts. Reconstruction needs
further development to include global reconstruction by combining objects from sub-detector local re-
construction, track fitting, and alignment. The analysis framework is currently relatively rudimentary.
The plan is to develop proper analysis methods allowing a consistent and common approach to eval-
uating signals and backgrounds. Plans also exist to develop a database for real and simulated data,
complemented by a geometry and a conditions data base.

3.17 Safety implications of SHiP

SHiP is classified as an experiment with Major Safety Implications due to the hazards generated. Ac-
cordingly, every component of the detector will undergo a detailed safety analysis during the TDR phase,
and a safety authorisation will be required from the CERN HSE Unit before start of operation. The sub-
sections below consider general safety aspects. Safety implication related to ionising radiation will be
discussed with the CERN HSE-RP group.

3.17.1 Mechanical and structural safety

Pressure equipment and all items associated with lifting will follow the CERN Safety Regulation SR-M
and the applicable Specific Safety Instructions. All supporting structures and parts of the experiment will
be designed and manufactured according to the Eurocodes. Calculation notes, material certificates and
other documentation in line with these requirements will be discussed during the TDR phase and will
be finalised by the Engineering Design Reviews. All the documentation will undergo a final review by
the HSE Unit during the review of the TDRs. In the SHiP experiment, the most complicated elements
in terms of structural safety are the muon shield and the decay vessel, for which a first preliminary
mechanical safety review has already taken place. Similar reviews will also be needed for the large
structures supporting the HS timing detector, calorimeter and muon stations.

3.17.2 Fire safety

For what concerns fire safety, all equipment and parts of the SHiP detector must comply with the CERN
Safety Code E and with the related CERN Safety Instructions (e.g. IS 23, IS 41, IS 48). This applies
to all materials in the SHiP experiment. The CDS phase has already addressed this in part, but more
work is needed during the TDR phase as the detector designs are refined. In addition, a detailed fire risk
assessment will be carried out during the TDR phase, and be reviewed by the CERN HSE Unit.

3.17.3 Electrical safety

Since low and high voltages are present in the experiment, related safety measures will be applied follow-
ing the CERN Safety Code C1 with the related Safety Instructions and the NF C 18-510 (e.g. compliance
of the design, access restrictions, appropriate grounding, protection of live parts, necessary training). In
particular, HV is present in several SHiP detectors as for example in the HS straw tracker, the MRPCs
and the calorimeter.

3.17.4 Non-ionising radiation safety

The SHiP experiment features several large magnets: the magnet coil in the hadron stopper in the target
bunker, the muon shield, the SND spectrometer and the HS spectrometer. The presence of these magnets
creates an area with potential electromagnetic field hazard. Ideally, the residual magnetic field outside
the magnets should be lower than 0.5 mT. If that is not the case, mitigation measures will be put in place
following the CERN Safety Instruction IS 36 and a risk assessment will be done for any activity carried
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out inside the magnetic field. In addition, the limit of 0.5 mT will be made visible (pacemaker warning
sign and ground marking, if applicable).

3.17.5 Chemical safety

Chemical products are present in the experiment in all their forms. Gas mixtures are used in different
parts of the detectors, as in the RPC/MRPCs of the SND muon system, the HS straw tracker, and the
HS calorimeter. Other chemicals include the plastic scintillators used in the SND target tracker, the
HS timing detector, calorimeter and muon system, as well as the SND emulsion films and the liquid
scintillator of the HS surround background tagger. Once the type and quantity of these chemicals is
fixed, a dedicated chemical risk assessment will be carried out. If any of the gas or liquids used are
flammable, an explosion risk assessment will also be carried out and, if judged necessary, a classification
of hazardous (ATEX) area will be applied. Moreover, lead plates are used in the HS calorimeter.
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4 Road map

Since the inception of the Comprehensive Design Study, the SHiP detector has undergone major re-
optimisation, resulting in improved and consolidated physics performance and an extension of the phys-
ics scope. Significant progress has been made in the development of all sub-detector systems. Several
alternative options have been eliminated as a result of improved understanding of the physics require-
ments. The current baseline detector is based on a mixture of novel and well-established technologies.
The technological studies during the CDS phase, including a first iteration of detailed modelling and
engineering, have demonstrated the feasibility of the whole detector. All sub-systems have undertaken
genuine programs of prototyping to validate their performance with beam tests of small scale prototypes.
The results have established SHiP’s physics performance in full simulation with a realistic detector.

The studies and the beam tests have also identified the technological challenges to be addressed
during the TDR phase, the solutions to be explored, and the expertise required. Many of the R&D
activities are of high innovative value and draw interest from new groups. The preparation for the next
level of prototyping is ongoing. It consists in the construction of larger-scale prototypes, which will
help in corroborating the manufacturing techniques. The production of these prototypes requires funding
which is pending approval of the TDR phase. The tests of the prototypes, several of which involve testing
jointly multiple detector systems, aim at measuring their global performances in beam tests in 2021 and
beyond.

All subsystems have been through conceptual design reviews during the second half of 2019,
with a particular focus on outlining the work up to TDR. In particular, the magnetisation of the hadron
stopper, the free-standing muon shield, the spectrometer magnets, all sections of the vacuum vessel, and
the straw tracker have been reviewed with external experts. Timelines for the TDR phase have been
presented for all subsystems. The plans envisage full detailed modelling and executive engineering, and
construction and testing of a module-0 for all subsystems. Three years starting from end 2020 will be
necessary for these plans. The module-0 prototypes will fully validate the technological feasibility, and
establish the manufacturing techniques and the final physics performance. These final prototypes will
also help to gain a complete understanding of the construction phase. An innovative Building Integrated
Model (BIM) project in collaboration with CERN is being launched. It is aimed at developing a new
approach to centrally manage all design and operational information related to the subsystems and the
full integration.

The plans are compatible with delivery of TDRs by end of 2023, assuming an approval of the TDR
phase by the second half of 2020. It takes into account the national funding cycles with positive outcome
in the first rounds, the lead-times for large scale prototypes, and availability of beam time at DESY in
2020 and at CERN in 2021 - 2023. The SHiP project timeline, shown in Table 17, is compatible with
the planning of the TDR for the Beam Dump Facility, which aims at submission at the end of 2022 and
seeking approval for construction in 2023.

Preliminary plans for the production and installation of all subsystems have been elaborated. The
production and preassembly times are within the estimated three years of construction and preparation
of the BDF experimental area and the adjacent structures. The in-situ installation procedures and the
expected times needed have determined the layout of the experimental area, and conclude on an overall
installation time of 2.5 years. Thus, the scenario foresees five to six years from approval of the con-
struction to operation. The exact scheduling will require significantly more work during the TDR phase
together with further studies of the construction of the facility.

With the current status of SHiP and the mature understanding of the continued detector develop-
ments, the SHiP project is ready to commence the TDR phase in conjunction with the BDF TDR work
towards an executive design.
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Timeline  Milestone

2020 Continued design studies and beam tests at DESY
Preparation of next level prototypes and funding applications
End 2020 Approval to proceed with TDRs

2021 Construction of next level prototypes and beam tests
Further R&D and engineering design
2022 Design and construction of module-0 prototypes

Detailed integration studies
End 2022 Design reviews of critical SHiP components
Delivery of the BDF TDR
2023 Seek approval for construction of BDF
Final beam tests
Executive designs
Specification towards production
Engineering Design Reviews (where foreseen)
End 2023 TDR delivery
2024 Production Readiness Reviews
2024+ Tender, component production

Table 17: Overall timeline for the SHiP TDR phase. The main BDF milestones are included for com-
pleteness [2].
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5 Cost estimates

The Comprehensive Design Study phase has allowed all subsystems to develop a model which specifies
in detail the requirements in terms of mechanics, electronics, services and infrastructure. Based on the
detailed breakdown of the sub-components of all subsystems, material cost estimates for the TDR phase
and the production have been elaborated. The costs are presented in Table 18, including the cost for the
complete muon shield which was not available at the time of the preparation of the BDF CDS report [2].
The SHiP detector has undergone an important revision since the Technical Proposal, as outlined in
Section 3. The costs of the sub-components have also been completely re-evaluated on the basis of the
progress made during the CDS phase. The HS timing detector is the only subsystem for which two
alternative options are under investigation. The option with the highest cost has been used for the current
estimate. No costs for personnel have been included.

The uncertainties on the sub-components costs have been estimated from the level of maturity of
the design and from the way in which the cost estimates have been derived in terms of direct quote from
manufacturer, scaling from existing design or quote, estimate in collaboration with company, estimate
in-house, and best estimate. The level of maturity in the design of the different subsystems varies.

The high-level of expertise involved in the study of the magnetisation of the hadron stopper and the
conservative approach to the technological solution put high confidence in the cost estimate. Uncertainty
mainly comes from the challenges with the integration and remote handling in the target bunker. The
free-standing muon shield, the SND spectrometer magnet, the entire vacuum vessel train, and the HS
spectrometer magnet are critical common infrastructure items presenting major challenges. While the
R&D has made significant progress, a detailed design is only available for the decay volume. For these
reasons, these items are attributed with relatively large uncertainties.

The SND emulsion target system is a well-known concept from the OPERA experiment. The
uncertainties come mainly from the choice of significantly larger modules sizes, the higher occupancies,
and the use of the new concept of the compact emulsion spectrometer modules. The R&D cost for the
emulsion target does not include the emulsion films required for the prototype of the SND detector at the
LHC, which is currently under discussion. The SND target tracker is based on an implementation of the
SciFi technology that is similar to what was developed for the current LHCb detector upgrade, which
significantly reduces the uncertainties in SHiP. The SND muon identification system based on RPC is a
well-known technology and design. The challenges come from the use of an environmental friendly gas
and the mechanics associated with the large-sized planes. The SND upstream background tagger system
based on the MRPC technology has been developed for [57, 58] and is being used in the framework
of other projects [59-61] with similar characteristics, and is therefore attributed with relatively small
uncertainties.

The HS surround background system based on liquid scintillator is a major system presenting
several challenges from the performance requirements and the integration, and comes with large uncer-
tainties. While the HS spectrometer straw tracker detector is based on technology developed for the
NAG2 experiment, the large size of the detector presents major challenges both with respect to perform-
ance, mechanics and integration in vacuum. Consequently, it is attributed relatively large uncertainties.
Two options are being considered for the HS timing detector. The scintillating bar option is profiting
from a concept developed for the BabyMIND experiment. The MRPC technology benefits from earlier
works on developing applications for [57-61], as above. The challenges of both are associated with the
large size, multi-hit capability, and the required accuracy of the timing calibration. Even though the HS
SplitCal is based on the known technology of scintillating bars and MicroMegas, the requirement of di-
photon event reconstruction leads to a novel concept which is still in the early R&D phase. This aspect
and the large size introduce important uncertainties. Finally the HS muon system has seen significant
progress during the CDS phase, putting the detector at a high level of maturity. The main technological
challenges concern timing accuracy and again the large detector size.
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As aresult of the considerations above, the final total production cost estimate for the full detector

is attributed with a combined uncertainty at the level of J_F%EE’)Z;, making it compatible with a Class 3 cost

estimate. It is assumed that the uncertainty is at the same level for the TDR material costs.

TDR Production
Item material cost [KCHF] | material cost [kCHF]
Muon Shield 370 11000
Magnetisation of hadron stopper 120 1300
Free-standing muon shield 250 9700
Scattering and Neutrino Detector 1230 21330
Spectrometer magnet 240 3540
Emulsion target 430 11430
Target tracker 360 4940
Muon system (RPCs and iron filters) 150 1200
Upstream background tagger 50 220
Hidden Sector Detector 2380 37010
Decay volume vacuum vessel 350 3750
Spectrometer vacuum vessel N/A 4540
Vacuum vessel front- and end cap 30 310
Spectrometer magnet 100 6300
Surround background tagger 490 3850
Spectrometer straw tracker 1070 6190
Spectrometer timing detector 50 700
Option: Scintillating bars (600)
Option: MRPC (700)
Calorimeter 200 7470
Hadron absorber N/A 300
Muon system 90 3600
Common electronics and online system 150 150 1190 1190
Total 4130 70530

Table 18: Breakdown of the updated cost of the SHiP detectors and the muon shield, including infra-
structure, following the Comprehensive Design Study.
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6 Status of the SHiP Collaboration

SHiP is currently a collaboration of 53 institutes and 4 associated institutes, in total representing 18
countries, CERN and JINR. The formal organisation of SHiP consists of a Country Representative Board
(CRB), elected Interim Spokesperson, Technical Coordinator and Physics Coordinator, and the group of
project conveners as ratified by the CRB. The organisation has been adopted for the Comprehensive
Design Study phase.

Component

Institutes

Hadron stopper magnetisation
Free-standing muon shield

SND spectrometer magnet
SND emulsion target

SND target tracker

SND muon system

SND upstream background tagger
HS decay volume vacuum section
HS spectrometer vacuum vessel
HS vacuum vessel front/end cap
HS spectrometer magnet

HS surround background tagger

HS spectrometer straw tracker

HS timing detector (Sci)
HS timing detector (MRPC)
HS SplitCal

HS muon system

Common electronics
Online system
Offline computing

RAL(UK)"!, CERN*

MISiS(RU)?*, YSDA(RU)*?,

ICL(UK)"?, UCL(UK)"3, UOB(UK)"°, UWAR(UK)%4,
CERN*

INFN-UNINA(IT) 44, CERN**

INFN-LNGS(IT)'¢, INFN-UNINA(IT) 44, AIC(JP)'7,
KOBE(P)'®, NAG(JP)', NIHJP)?°, TOHO(JP)?!,
GNU(KR)?2, LPI RAS(RU)?2, MISiS(RU)?*, SINP MSU(RU)??,
METU(TR)*®, ICL(UK)??

EPFL(CH)*®, UNIBON(DE)”, MISiS(RU)?*, NRC KI(RU)?3,
INFN-UNIBA(IT)'#, INEN-UNINA(IT)'*¢, KODEL(KR)%®
LIP(PT)?8

INFN-UNINA(IT)!44, NRC KI(RU)?3, CERN*

NRC KI(RU)?3, CERN*4

NRC KI(RU)?3, CERN*4

CERN#*

HUB(DE)%, FZJ(DE)?, JGU(DE)', INFN-UNINA(IT)4<,
TSNU(UA)?

FZJ(DE)?, UHH(DE)?, MEPhI(RU)3®,

PNPI(RU)?¢, SPPURU)?*", YSDA(RU)*, TSNU(UA)?,
JINR?, CERN*

UNIGE(CH)*, UZH(CH)*", LAL(FR)*,

LIP(PT)?8

JGU(DE)'°, INEN-UNICA(IT)'3¢, IHEP(RU)??, ITEP(RU)?°
INFN-UNIBO(IT)!2:*, INFN-LNF(IT)'?, INR RAS(RU)?!,
MEPhHI(RU)38

LAL(FR)*

NBI(DK)?, LAL(FR)*, SU(SE)*?, UU(SE)*3, CERN**
YSDA(RU)*?, CERN**

Table 19: Current activities by the institutes in the SHiP Collaboration. The indices refer to the full
names in the list of institutes.
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