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New scientific program approved by the CERN Research Board and Council in March–June 2024

       ➔ Now in Technical Design Report (TDR) phase 
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Particle physics is the quest to understand this evolution through:

• Fundamental constituents of matter - Matter particles

• Interactions with which particles act on each other - Interactions

• Particles propagating the interactions - Messenger particles

➔ Standard Model of Particle Physics  +  Standard Model of Cosmology
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Experimental evidence of unexplained phenomena – not accommodated in Standard Model

1. Mass of neutrinos (“neutrino flavour oscillations”)  

2. Matter/antimatter imbalance of the Universe – totally dominated by matter

3. Dark Matter – ~6 times more than ordinary matter, sourcing of additional gravity

In Universe :

~1 proton/m3 

~10x109 photons/m3 (Cosmic Microwave Background 2.725 K)

~0.33x109 neutrinos/m3 (Cosmic  Background 1.95 K)

Image result for neutrino flavour oscillations
Neutrino flavour oscillation

Total matter in Universe Energy balance in Universe

➔ There must be “New Physics” beyond Standard Model, i.e. new particles and interactions

4

https://thespectrumofriemannium.wordpress.com/tag/sterile-neutrinos/
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~10% of LHC + HL-LHC data recorded - no sign of “New Physics” up to now

5

Standard Model has given us successful formalism to implement particles, interaction and mediators  

• SM not only successful, we discovered what it predicted

• SM describes both what we observe and what we do not observe directly

𝓛𝒆𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒆 𝑺𝑴 = 𝓛𝑺𝑴 + ෍

𝒅>𝟒

𝑪𝒐𝒖𝒑𝒍𝒊𝒏𝒈
(𝒅)

𝑬𝒏𝒆𝒓𝒈𝒚 𝒔𝒄𝒂𝒍𝒆𝑵𝑷
𝒅−𝟒

𝓞𝒑𝒆𝒓𝒂𝒕𝒐𝒓(𝒅)

“Indirect effect” from New Phenomena on Standard Model

Standard Model “equation of motion”
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Standard Model has given us successful formalism to implement particles, interaction and mediators  

• SM not only successful, we discovered what it predicted

• SM describes both what we observe and what we do not observe directly

𝓛𝒆𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒆 𝑷𝑻 = 𝓛𝑷𝑻 + ෍

𝒅>𝟒

𝑹𝒊𝒔𝒌
(𝒅)

𝑰𝒎𝒑𝒂𝒄𝒕𝑵𝑷
𝒅−𝟒

𝑫𝒆𝒍𝒂𝒚(𝒅)

“Indirect effects” from “New Phenomena” 

influencing chances of getting to work on time! 

Public Transport “equation of motion”
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~10% of LHC + HL-LHC data recorded - no sign of “New Physics” up to now

5

➔ “New Physics” should either be very heavy OR interact very feebly to have escaped detection!

Standard Model has given us successful formalism to implement particles, interaction and mediators  

• SM not only successful, we discovered what it predicted

• SM describes both what we observe and what we do not observe directly

𝓛𝒆𝒇𝒇𝒆𝒄𝒕𝒊𝒗𝒆 𝑺𝑴 = 𝓛𝑺𝑴 + ෍

𝒅>𝟒

𝑪𝒐𝒖𝒑𝒍𝒊𝒏𝒈
(𝒅)

𝑬𝒏𝒆𝒓𝒈𝒚 𝒔𝒄𝒂𝒍𝒆𝑵𝑷
𝒅−𝟒

𝓞𝒑𝒆𝒓𝒂𝒕𝒐𝒓(𝒅)

Standard Model “equation of motion”

“Indirect effect” from New Phenomena on Standard Model
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 Observation of cluster of “nebulae”: F. Zwicky (1933)

 Galaxy rotation curves: V. Rubin (1970)

6

In order to obtain, as observed, a medium-sized Doppler effect of 1000 

km/s or more, the average density in the Coma system would have to be 

at least 400 times greater than that derived on the basis of observations 

of luminous matter [A. Einstein and W. De Sitter, Proc. of the Nat. 

Acad. Sci. Vol. 18, S.213, 1932]. If this should be verified, it would lead 

to the surprising result that dark matter exists in much greater density 

than luminous matter.

The Redshift of extragalactic Nebulae

5. Comments on the velocity dispersion in the Coma cluster of Nebulae

ApJ 159, 379, 1970

Helvetica Physica Acta, 6, 110, 1933

➔ Dark Matter is (at least almost) non-interacting, except through gravity!
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➔ Dark Matter is critical ingredient to realise structure formation in the Universe with help of gravity

Photo of Universe at age of 380 000 years

➔ Density variations at the level of 10-5

    form stars and galaxies

➔ ~100 million years for first stars 

➔ 1000 million years for first galaxies
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Standard Model has given us plausible tools to implement Hidden Sector with well-defined phenomenology

8

Hidden Sector

“Dark standard model”
Visible Sector

Standard Model

“Portal interaction”

𝓛𝑼𝒏𝒊𝒗𝒆𝒓𝒔𝒆  =  𝓛𝑽𝒊𝒔𝒊𝒃𝒍𝒆 +  𝓛𝒑𝒐𝒓𝒕𝒂𝒍𝒔 + 𝓛𝑯𝒊𝒅𝒅𝒆𝒏 𝑺𝒆𝒄𝒕𝒐𝒓

In the Standard Model language

Portal interactions may “drive” dynamics 

observed in the Visible Sector!
• Dark Matter (trivial)

• Neutrino mass and oscillations

• Matter-antimatter imbalance

• Mass of Higgs Boson

• Structure formation

• Inflation and Dark Energy

• ….
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• Dark Matter (trivial)

• Neutrino mass and oscillations
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• Inflation and Dark Energy

• ….

➔ 𝒪 1000  scientific theory papers developing ideas around this since the 90’s !

➔ Up to now, this sector of physics only explored in exotic studies as by-product of 

experiments built for other purposes ! 
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Profiting from “portal” coupling at accelerator!

➔ Light Hidden Sector particles are long-lived, travel metres-kilometres

9

E.g. Heavy Neutral Leptons

Example of Hidden Sector physics case

Ordinary particles
Ordinary particles
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Production Detection
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 2013 Oct: EOI with SHiP@SPS North Area as a new high intensity facility

     ...following brainstorming SHiP@LHCb, SHiP@CNGS, SHiP@WANF, SHIP@ECN3

 2014 Jan: Form collaboration and launch of TP phase

 2015 Apr: TP submission

 2016 Jan: Recommendation by SPSC to proceed to Comprehensive Design Study (CDS)

 2016 Apr: CERN management launch of Beyond Collider Physics study group

 2018 Dec: EPPSU contribution submitted by SHiP and BDF, and SHiP Progress Report to SPSC

 2019 Dec: CDS reports on BDF (Yellow Book) and SHiP submitted to SPSC

 2020 Sep: CERN launches continued BDF/SHiP R&D towards implementation in existing area

➔ Location and layout optimization study recommending ECN3

 2023 Mar: Provisional approval of High Intensity ECN3 project

 2024 Mar/Jun: Approval of SHiP for implementation in ECN3 -TDR phase
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SPS accelerator (O:7km)

(1976 - !)

4x1019 protons per year available in  SPS

From SPS
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Underground
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➔ BDF luminosity with the optimised target and 4x1019 protons on Mo target per year currently available in the SPS

➔ BDF@SPS ℒ𝑖𝑛𝑡 𝑦𝑒𝑎𝑟−1  = >4 x 1045 cm-2  

➔ HL-LHC ℒ𝑖𝑛𝑡 𝑦𝑒𝑎𝑟−1   = 1042 cm-2        

14

Protons or

electrons
Decay volume

SM

SM

Spectrometer(Absorber/sweeper)

HPProtons

Heavy target + detectorAbsorber/sweeper

Long 

high-Z/A target

Decay signaturesScattering signatures

E.g. ∼ 2×1017 charm particles  (>10 times the yield at HL-LHC)
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 ~3 years for detector Technical Design Reports 

 Facility implementation starting in Long Shutdown 3 of CERN’s accelerator complex

 Important to start data taking in 2032, ~2 year before Long Shutdown 4

➔ Complete detector at the latest in LS4 with initial configuration operating in 2032-2033

→ Initial configuration built from critical systems in full scale and full physics capability towards signal and 

background measurements

→ Decide and design with upgrade path in mind

→ Prototypes may fill “holes” in 2032-2033
15

LHC

SPS (North Area)

  Design and prototyping                         Production / Construction / Installation            Operation

Milestones BDF PRR CwB

Milestones SHiP PRR CwB

LS4
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2034 2035Accelerator schedule 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033
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➔ 15 years of physics exploration
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Walk-through of the SHiP project

- Facility and detector - 

16
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SND detector Hidden Sector Decay Spectrometer
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Civil engineering modifications /new structures in red

~220 m

~1200 m2
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~4.8m

~4m
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Baseline design

• Water-cooled, Mo & W blocks (cladded with Ta)

• Tested with beam in 2018, 2.4 x1016 protons on target 

TDR phase aimed at improving CDS design:

• Moving towards a target entirely made from tungsten 

• Alternatives to water cooling to avoid cladding and production of radicals

• Investigating helium rather than water cooling to simplify and improve safety & reliability, in synergy with other 

international laboratories

20

13 x TZM blocks (580 mm)

5x W blocks (780 mm)

~ 1500 mm

Baseline beam parameters of the BDF Target operation. 

https://doi.org/10.23731/CYRM-2020-002 

W

BDF Target. Coolant by Gaseous helium, ~200m/s.

3 or 4 channels in parallel.

https://doi.org/10.23731/CYRM-2020-002
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16bar helium vessel containing 

target and instrumentation

21

Machined-end pins define 
plates longitudinal position

Clam-shell manifold includes 
machined helium flow-path
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 Single resistive coil providing ׬−𝑳/𝟐

𝑳/𝟐
𝑩𝒚 𝒛 𝒅𝒛 = 𝟏. 𝟓𝑻 𝒙 𝟓𝒎

• Both Al- and Cu-based solution investigated

• Gaseous cooling

• Core field defined by stainless steel walls

 Main challenges

• Service connections

• Handling
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Dose/year:

Preliminary coil characteristics:

To be developed in close collaboration with 

Target Complex project and SHiP
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Suppress beam-induced muon flux by ~6 orders of magnitude by magnetic sweeper system

24

Protons

Target

Principle!

න
𝒕𝒐𝒕𝒂𝒍

𝑩𝒚𝒅𝒛 = 𝟖𝟎 𝑻𝒎

Optimization of field 

configuration by ML 

SHiP “bow wave”

CERN

(previous slides)

KIT-ITEP (DE)

UK / Italy

~4-5m
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 Requirements

• Along 𝑧-axis: 0׬

𝐿
𝐵𝑦(𝑧)𝑑𝑧 = ~35 T m

• 𝐵𝑦 on 𝑧-axis: 4 – 5 T ⇒ Length: 7 – 8.8 m

• Field-homogenity not required

• Core cross section: 0.9 – 1m × 0.5 – 0.6 m

• The core may be filled with iron

• Gap space: 0.2 m surround for cryostat and insulation

• Surround iron yoke thickness: 0.7 m–1.2 m

• Stray field at 4 m distance: 𝐵~𝒪(10) mT

• Stable operation

➔ Low beam-related heating (muons) 

 Assumptions for the base design with 2G-HTS

• Single-wound ReBCO tape

• Width: 12 mm

• Total thickness: 0.1 mm

• No-insulation winding technique

• Epoxy impregnated

• Operating temperature of 30 K

• Closed-cycle neon-refrigeration system

• Cooling tubes run thoughout the magnet system

25
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Proposal: Array of square coils with inner and outer iron yoke

• Coil inner dimensions: 1000 mm x 1000 mm

• Radial coil thickness: 20 mm

• Winding turns per pancake coil: 200 (no insulation)

• Coil bending radius: 200 mm

• Operating current: 649 A

• Number of coils: 168 coils

• Total tape length: 126 km (750 m per coil)

• Magnetic energy: 68.6 MJ

• Total inductance: 365 H

• Iron core dimensions: 900 mm x 500 mm x 900 mm (7 blocks)

• Outer iron yoke

• Inner cross-section: 1500 mm x 750 mm

• Thickness: 800 mm, Length: 7800 mm

• Outer cross-section: 3100 mm x 2350 mm

• Stray B-field at 4 m: about 14 mT

• Mass estimate: 450 tonnes

 Alternative solution with Elliptical Pancake Tilted Solenoid

➔ Programme of feasibility defined, initially focussing on winding process and coil characterisation

26

➔Magnet protection?
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Integrated into muon shield to use the return magnetic field for particle charge determination

27

W/Si vertex
detector

W/Si vertex
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Magnet yoke material (5cm)

Scintillator (1.5cm)

SciFi (0.5cm)
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1018 neutrinos and anti-neutrinos through SHiP’s fiducial volume, potentially producing background

1. Suppress to <10 interactions in ~550 m3 decay volume (~700 m2 membrane) by evacuating air

2. Reject interactions in decay volume structure by surrounding scintillator veto system

➔Helium gas bag at 1atm sufficient instead of vacuum at 1mbar (upgrade path) held in place by a frame 

structure of aluminium profiles

28

50m

4.6m

6
.6

m
1.4m

3
.1

m

➔ Need for a large-volume helium circulation and purification system (>99%)
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2018 prototype vessel 

compartment fully equipped

 Purpose: Tagging charged particles entering decay volume

➔ >99% efficiency, O(10)cm spatial resolution and ~1ns time resolution

 Characteristics

In critical areas

• Liquid scintillator based: linear alkylbenzene (LAB) together with 2.0 g/l diphenyl-oxazole (PPO) as the fluorescent

• WOMs with SiPM readout and surrounded by PMMA vessel

Complemented with

• Plastic scintillator staves and SiPM readout

Plastic scintillator systemLiquid scintillator system
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 Spectrometer requirements :

• Physics aperture 4 x 6 m2

• Bending field ~0.6-0.8 Tm , nominal on axis ~0.15T

• Integrated field uniformity more important than field uniformity (~5-10%)

• Field mapping in-situ important

• Design allowing future upgrade where yoke supports vacuum vessel in aperture

➔ Exploratory study of NbTi / Nb3Sn / MgB2 / ReBCO

 30

HL-LHC superconducting link sub-cable MgB2 from ASG (IT) 

~
8
.5

m

𝐵
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 Proposal

• Design with MgB₂ sub-cables from HL-LHC WP6a, operate with gaseous helium at 20K 

with cryocoolers (HFM WP 4.6)

 Under investigation with demonstrator

✓ Prototype phase 1 (LHe@4.5K) and 2(Ghe@20-30K) : thermal cycling, no training, no performance 

change after quench test

➔ Phase 3 (preparation ongoing): Test with warm yoke and coil at 20 K integrated in dedicated cryostat 

with indirect cooling

➔ Next steps: optimisation of cooling configuration and current leads, and study of final coil configuration 

and support

31

To optimize cryostat design and 

transfer of Lorentz loads, 

electromagnetic design of prototype 

includes two racetrack-type coils

Prototype for phase 1 and 2 (2023-24) 

Prototype for phase 3 (2025) 
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 Purpose: Track reconstruction and momentum, match hits in timing detector

 Technology developed for the NA62 experiment

➔ Horizontal orientation of tubes ➔ mechanical challenge

➔ Lower rate allows increasing straw diameter (highest rate ~10 kHz)

 Characteristics

• 4 x 6 m2 sensitive area

• Baseline:4m long 20mm diameter 36µm thick PET film coated with 50nm Cu and 20nm 

Au operated at 1 bar Ar/CO2 mix,

• Alternative: ~100µm aluminium straws

• Four stations, each with four views Y-U-V-Y, ~9600 straws

32

NA62 straw tracker

5m long 20mm straw 

prototype tested at SPS
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 Purpose: Provide precise timing (<100 ps) of each track

 Plastic scintillator characteristics

• Three-column setup with EJ200 plastic bars of 135cm × 6cm × 1cm, providing 0.5cm overlap

• Readout on both ends by array of eight 6×6 mm2 SiPMs, 8 signals are summed

• 330 bars and 660 channels

33

Resolution demonstrated to be ∼80 ps along the whole length of the bar and over 2m2 prototype

22x 168cm bar (44 channels) prototype tested at PS

6
m

4m
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 Purpose: e/ identification, 𝜋0 reconstruction, photon directionality ~5mrad

 Characteristics

• 20 X0 longitudinally segmented calorimeter with coarse and fine space resolution 

active layers

• Coarse layers: 60 planes of scintillating bar readout by WLS + SiPM (0.58cm / 0.3X0 

iron + 1 cm plastic) 

• Fine resolution layers: 3 layers (1.12cm thick), first at 3X0, and two layers at shower 

maximum to reconstruct transverse shower barycentre, with resolution of ~200m 

micro-pattern or SciFi detectors

34

Prototype in PS test beam 

(lead plates removed)
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 Subsystem architecture – aiming for common electronics

 Relatively low data rates, but very spread out, no radiation, easy access….

 Custom electronics in Front-End, COTS network and computer readout in back-end

+ Computing infrastructure for control, data processing, and storage and data bases

35

SHiP FE concentrator
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Among others:

 Magnet systems, normal conducting and high-temperature superconducting, and instrumentation 

 Magnet yoke material (iron and stainless steel)

 Small-scale and large-scale mechanics (steel, aluminium)

 Detector components (e.g. plastic scintillators)

 Cooling systems (CO2) 

 Helium gas bag, helium purification and 

 Tooling for transport and handling

 LV/HV power systems

 Control and monitoring

 Electronics

 Cabling

 Computing infrastructure (switches, routers, data processing, storage, control computers

36
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➔ 2024: 40 institutes from 18 countries and CERN

• Currently interest from 7 new groups in Austria, Italy, Netherlands, UK

• In contact with groups in Finland, France, and I hope Sweden! ➔ Facilitate procurement! 
37
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Strong reasons for a dedicated accelerator-based facility to explore “Coupling Frontier” 

• We are sharing the Universe already with feebly coupled and not-understood neighbours! 

• Light Hidden Sector can provide solutions to well-established problems!

• Essential complementarity with projects in launch/commissioning on the cosmofrontier 

• Unique physics potential of SPS with the SHiP experiment

• SHiP is complementary to Hidden Sector searches at HL-LHC and Future Circular Collider 

 Many scientific and technological challenges ahead!

➔Many opportunities for Swedish researchers and industry!

➔My hope is to establish SHiP in Sweden and the other Nordic countries

Cosmo 

frontier

Energy 

frontier

Intensity 

frontier

Coupling 

 frontier

38



Big Science Sweden, Uppsala, Sweden – 13 November 2024 R. Jacobsson 39

TauFV

BDF irradiation

stations

LAr TPC

Preliminary studies of opportunities to extend physics 

programme synergetically with SHiP:

1. Irradiation stations (nuclear astrophysics and accelerator / 

material science applications)

2. LArTPC to extend search for FIPs using different technology

3. TauFV to search for lepton flavour violation and rare decays 

of tau leptons and D-mesons

➔ SHiP physics exploration stretches over 15 years
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https://cds.cern.ch/record/2908145/files/English.pdf
CERN/SPC/1236/Rev. 

CERN/FC/6812/Rev. 

CERN/3829 

(Experimental facility for SHiP)

https://cds.cern.ch/record/2908145/files/English.pdf
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https://cds.cern.ch/record/2908145/files/English.pdf
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CERN/SPC/1236/Rev. 

CERN/FC/6812/Rev. 

CERN/3829 

https://cds.cern.ch/record/2908145/files/English.pdf
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