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Introduction

- The technical proposal (250 physicists, 46 institutes, 16 countries) submitted to CERN in 
Apr 2015 (arXiv:1504.04956) 

- Physics Paper (85 physicists, 65 institutes) accepted for publication in Review on 
Progress in Physics (arxiv:1504.04855)

https://arxiv.org/abs/1504.04956
https://arxiv.org/abs/1504.04855
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SHiP Collaboration
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Introduction
      Experimental facts of BSM physics 
          - Neutrino masses & oscillations 
          - Baryon Asymmetry of the Universe  (BAU) 
          - The nature of non-baryonic Dark Matter (DM) 
   
Many theoretical ideas, including those which predict new light particles, 
and which can be tested experimentally

 SHiP is designed to find a solution for BSM physics by searching  
for very weakly interacting particles of <10 GeV mass

Brief history of SHiP: 
✓ Letter Of Intent  - October 2013 
✓ Technical Proposal & Physics Paper - April 2015 

Reviewed by the SPSC and CERN RB by March 2016, and recommended  
to prepare a Comprehensive Design Study (CDS) by 2018 
à Input to the European strategy consultation to take a decision  
    about approval of SHiP in 2019/2020 
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Introduction

   Full reconstruction and PID are essential to minimize model dependence

Experimental challenge is background suppression 

Models Final	states

HNL,	SUSY	neutralino	
Vector,	scalar,	axion	portals,	SUSY	
sgoldstino	
HNL,	SUSY	neutralino,	axino	
Axion	portal,	SUSY	sgoldstino	
SUSY	sgoldstino

l+π−, l+K-, l+ρ− ρ+àπ+π0

l+l−
l+l-ν
γγ
π0π0

✓HS production and decay rates are strongly suppressed relative to SM 
      - Production branching ratios O(10-10) 
      - Long-lived objects 
      - Interact very weakly with matter

Hidden Sector 
Naturally accommodates Dark 
Matter  (may have rich structure)

Visible Sector     
   Mediators	or	portals	to	the	HS:	

vector,	scalar,	axial,	neutrino

L	= LSM + Lmediator +LHS
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Experiment
✓Search for HS particles in Heavy Flavour decays 
          Charm (and beauty) cross-sections strongly 
          depend on the beam energy  

✓ HS produced in charm and beauty decays have 
     significant PT

  Detector must be placed close to the target to maximize geometrical acceptance  
  Effective (and “short”) muon shield is essential to reduce muon-induced backgrounds

Opening angle of the 
 decay products in Nàµπ 
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The BDF at the SPS

CERN	Theory	Institute,	February	2017 7

(Prevessin North Area site)

Proposed implementation is based on minimal modification to the SPS complex

The SHiP facility is located 
on the North Area, and  
shares the TT20 transfer 
line and slow extraction 
mode with the fixed target  
programmes   

7
7
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The SHiP Experiment

( implemented in Geant4 for TP )

~150m

>1018 D,  >1016 τ,  >1020 γ
for 2×1020 pot (in 5 years)

SHiP	Technical	Proposal:	
	1504.04956

Emulsion 
 spectrometer

Search for DM (scattering on atoms) 
ντ physics (specific event topology)

Search for Hidden Sector 
particles (decays in the 
decay volume) 

“Zero background” experiment 
 - Heavy target 
 - Muon shield 
 - Surrounding Veto detectors 
 - Timing and PID detectors, …
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Optimization Phase
✓ Improve SHiP (TP) sensitivity to new very weakly particles: 
    HNLs, dark photons, dark scalars, … and tau neutrino physics 

✓Further extend physics case. SHiP has very good potential to search for 
     Light Dark Matter via its scattering on atoms of emulsion spectrometer 

✓Keep background under control and at O(0.1) level 

Improve SHiP TP version respecting cost constraints



10Nico Serra - CERN Theory Institute  February 2017

Introduction
✓Configuration of the muon shield (MC to be validated with data) 
✓Shape, dimension and evacuation of the decay volume 

✓Optimization of physics performance for various sub-detectors 
✓Revisit detector technologies, including new sub-detectors, 
     to further consolidate background rejection and extend PID  

Updated background estimates and signal sensitivities, and cost 

✓Contribution from the secondary interactions in the target improves  
     signal yield by ~50%  (to be validated with data)



Target
-  Layers of Titanium/Zirconium/

Molibdenum for 4λint in the core of the 
beam 

- Followed by Layers of pure W 
- Each layer is cooled by water  
- Alternative cooling with He under study 
- Magnetization of the last part of the 

target under study

355 kW average,  
2.56 MW during 1s spill
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Muon Shield

SPSC$open$session,$23rd$June,$2015$
28$

Magnetic sweeper field 

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

SHiP muon shield 

Dose rate in the SHiP hall 

2800 tonnes
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- Magnetizing the target allows to get ~5m 
closer to the tracker 

- Weight drops by 65%



v Tau Detector

- Only 9 tau neutrinos events recorded

- We can fully reconstruct 3000-4000 vets

- tau neutrino cross section measurements

- Charm physics with taus

- Proton structure function

- Large electron neutrino flux to measure Charm production
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HS Detector: Tracking
- Vacuum: 10-3 mbar for the TP (can relax this requirement)

- Large vacuum vessel (5mx10mx50 m) 
- Liquid Scintillator around decay vessel  
- Timing detector with <100ps resolution

Straw tubes similar to NA62 with 120um 
spatial resolution and 0.5% X0/X
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HS Detector: Timing Veto

Various design under study (alternative design with MRPC)

- 6m long bars read by PMTs, more realistic design with shorter bars

- Replace PMTs by SiPM 


Challenges:

-  Dark rate, typical value (Hamamatsu, C-series of sensL) is 100 kHz/mm2= 10 

MHz/cm2
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HS Detector: Magnet
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Possible Calorimeter based on spiral-
fibre Shashlik module

HS Detector: Calorimeter
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- Different options under study


- Preshower and calorimeter with 
pointing capabilities for the 
diphoton final state under study



HS Detector: Muon Det

One of the main backgrounds are muons, so it more a muon veto than a 
muon detector
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SPSC$open$session,$23rd$June,$2015$ 31$

Decay volume and spectrometer magnet 
LS cell with WOMs 

!  Estimated need for vacuum: 
     ~ 10-3 mbar 

!  Vacuum vessel 
!!!!!!!!! - 10 m x 5 m x 60 m 
       - Walls thickness: 8 mm (Al) / 30 mm (SS) 
       - Walls separation: 300 mm; 
       - Liquid scintillator (LS) volume (~360 m3) 
         readout by WLS optical modules (WOM) 
         and PMTs 
       - Vessel weight ~ 480 t                                                            !!!!

! Magnet designed with an 
   emphasis on low power   
                                                                                                                                                                       
- Power consumption < 1 MW                                                                                  
- Field integral: 0.65Tm over 5m                                                                                           
- Weight ~800 t                                           
- Aperture ~50 m2!

HS Detector: Veto

Alternative proposal with plastic scintillators
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Background

p active  
muon filter

decay volume

⇡
,K

muons

Tim
ing

 De
te

ct
or

     Suppressed by: 
       - Basic kinematic and topological cuts   ~104 
       - Timing veto detectors  ~107  
       - Upstream veto and surrounding veto taggers ~104

Combinatorial background due to two muons that scatter and enter the 
decay volume
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p active  
muon filter

decay volume

⇡
,K

muons
KL,KS ,⇤

n

charged particles

Few last interaction lengths

Inelastic scattering due to muons or scattering the in the vicinity of the decay 
volume

Background

- Vetos and Kinematic cuts (in addition to the muon sweeper) allow to bring 
this background to a negligible level
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Background

p active  
muon filter

decay volume

⇡
,K

neutrinos
KL,KS ,⇤

n

charged particles

Few last interaction lengths

Main background from neutrino inelastic scattering in the vicinity of the 
vacuum vessel

- Fiducial volume and kinematic cuts and veto to suppress this background
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Kinematic Selection

Very simple selection reduces the bkg to 
only a few in 5 years:


- Fiducial volume

- DOCA

- IP wrt target

- Vetos


Realistic to reach 0.1 expected bkg 
events for exclusive channels we have 
been studying so far
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Muon Background

Visible contribution from long living 
strange neutral resonance


Background negligible once veto on the 
incoming muon is considered (expected 
less than 10-3 bkg events)
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Neutrino Background
Neutrino scattering in the surroundings (generated 7.5 years of SHiP )

• High background rejection for two body charged decays (e.g. N ! ⇡+`�)
due to pointing and isolation

• Very good background rejection also for channels with ⇡0 when the vertex
is known (e.g. N ! ⇢+(⇡+⇡0)`�)

• High background rejection for leptonic final states (e.g. N ! `+`�⌫)
due to particle identification (important for sterile neutrinos where U2

⌧

dominates)
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HNL Prospects@SHiP
U2

e: U2
µ: U2

τ~52:1:1 
Inverted hierarchy

U2
e: U2

µ: U2
τ~1:16:3.8 

Normal hierarchy

SHiP sensitivity covers large area of parameter space below the B mass 
Moving down towards the ultimate see-saw limit

BAU constraint is model-dependent (shown below for νMSM)

SHiPSHiP

Enhanced HNL production 
   ( B-L gauge symmetry ) 

Batell,	Pospelov,	Shuve	
1604.06099

SHiP

Further studies: 
Drewes	et	al.	(2016)	
Hernandez	et	al.	(2016)	
Hernández	(2015)	
Drewes	&	Garbrecht	(2012)	
Abada	et	al.	(2015)
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LDM Searches
The prediction for the mass scale of DM spans from 10-22 eV  to 1020 GeV 

✓WIMP DM is a popular theoretical paradigm (“WIMP miracle”) 
✓Extensive exp. search for WIMPs with masses 10 GeV – 1 TeV  
     Sensitivity is very limited below few GeV

Large classes of theor. models 
can make the observed relic 
density with sub-GeV DM: 

  - Hidden-sector models 
  - Supersymmetry  
  - Strongly Interacting DM (SIMP) 
  - Extra dimensions

Essential to explore the sub-GeV mass range for DM
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Courtesy	of	Patrick	
deNiverville

MA’/Mχ=5

SHiP would be able to probe even 
beyond relic density in minimal 
hidden-photon model provided that the 
background from neutrino interactions 
Is kept under control

LDM (χ) can be generated in 
a beam-dump, for example in 
decays of HS mediators, 
e.g. dark photons A’ à χχ

>1020 photons expected in SHiP 
can be used as a LDM beam 

Detect LDM via its scattering on 
atoms of emulsion spectrometer 

50	signal	events	
@	SHiP

Requires dedicated study/beam 
test for CDS !

LDM Searches
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Other Portals
✓Dark photons à U(1) associated particle A’ (γ’) in HS that can have non-zero mass 
     and mix with the SM photon with ε 
     Produced in bremsstrahlung and QCD processes or in decays of π0 à γ’γ, η à γ’γ, ω 

à γ’π0 and η’ à γ’γ  
✓Hidden scalars, S, can mix with the SM Higgs with sin2Θ  Mostly produced in penguin-

type B and K decays

SHiP probes unique range of couplings and masses 
(complimentary to existing experiments)

 Search for the decay vertex into a pair of SM particles into e+e-, µ+µ−, π+π+, KK, ηη, ττ, DD, … 

- We should study cascade production for other portals, e.g. Dark Photon
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Other Portals
✓We are implementing many models in our full MC simulation (FairSHiP) to provide 

official sensitivity for as many channels as possible

✓Cascade production of charm and beauty taken into account, we have to 
implement this for other mesons and photons (large impact on the DP searches)



Status of SHiP

Physics

Production

Design

TDR

Optimization

Installation
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Status of SHiP
EOI

Physics

Production

Design

TDR

Optimization

Installation
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Status of SHiP
CERN Task


Force Report

Physics

Production

Design

TDR

Optimization

Installation
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Status of SHiP
PP and TP

Physics

Production

Design

TDR

Optimization

Installation
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Status of SHiP
SPSC Recommandation

Physics

Production

Design

TDR

Optimization

Installation
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Status of SHiP
Physics Beyond 


Colliders

Physics

Production

Design

TDR

Optimization

Installation

- Several other experiment proposing to explore similar physics case as SHiP, 
e.g. NA62 in dump mode after LS2


- Lot of work done for the new Beam Dump Facility (see Fabiola’s presentation 
at ECFA )
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https://indico.cern.ch/event/524795/contributions/2235106/attachments/1348615/2034750/FG_Aix-2016.pdf
https://indico.cern.ch/event/524795/contributions/2235106/attachments/1348615/2034750/FG_Aix-2016.pdf


Status of SHiP
CDR

Physics

Production

Design

TDR

Optimization

Installation
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Status of SHiP
CERN Final Approval

Physics

Production

Design

TDR

Optimization

Installation
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Status of SHiP
Production

Physics

Production

Design

TDR

Optimization

Installation
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Status of SHiP
Installation

Physics

Production

Design

TDR

Optimization

Installation
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Status of SHiP
Data Taking

Physics

Production

Design

TDR

Optimization

Installation
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Questions for theorists
- We are trying to optimize the experiment to have an inclusive search of very weakly 

interacting long living particles below 10GeV 

- How interesting is the diphoton channel, we are studying the possibility to design a 
calorimeter with pointing 

- How interesting are multi hadron channels? We can take this into account in the 
optimization 

-  We also plan to use the tau neutrino detector for the HS, this could be interested for 
models with hidden particles with short lifetime 

- Invariant mass resolution of a few MeV is possible, we do not need it for discovery, but it 
could help to disentangle different models (same for pion/kaon separation)
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Conclusions
- Comprehensive Design Study will be input to the Physics Beyond Colliders working 

group —> Report for the European Strategy Meeting 

- Several progresses since the TP: 
- Cascade production of D and B 
- Many models are being implemented 
- Relax vacuum requirements 
- Magnetization of the target, optimisation of the muon shield 
- Search for LDM in the tau neutrino detector 

- More work to do to implement cascade production of other HS particles and optimise the 
detector (collaboration with theorists very important) 

- SHiP has the potential to improve by several oder of magnitudes the search for hidden 
particles below ~10GeV 

- We are aiming to have a zero bkg experiment, important for the discovery and to fully 
exploit the potential of the SPS



Thanks for the attention
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Magnetization
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Diphoton Search



Vacuum Vessel
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SBT
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LiSci
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The Standard Model
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Energy loss in plastic: dE/dxmin = 2 MeV/cm,

light yield: 10000 photons/MeV ⇒

for 2.5 cm bar: Nγ= 2.5 x 2 x 10k = 50 k


For long bar mainly those γ which have total

internal reflection (θ >39o ) are detected

NA61/SHINE ToF

- 100ps resolution in NA61/Shine ToF

-  Size of scintillator counter 120x10x2.5 cm3

-  Total active area 1.2x7.2 m2

Challenges:

- Large area 

- Required time resolution <100ps
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SBT plastic
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LDM @ SHiP
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LDM @ SHiP

‣ Electron identification and energy measurement is a key issue for the 
LDM identification and background rejection 
‣ New software tools under development by Yandex School of Data 
Analysis 
Machine learning-powered searches of EMshowers 
in the Emulsion Cloud Chamber data
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LDM @ SHiP
Preliminary estimation reported in TP 
‣ 10 t of lead assumed 
‣ Cut on energy and electron angle

PLANS 
‣ detailed evaluation of background from neutrino interactions using current detector 
geometry 
‣ Study of kinematical variables for signal/background discrimination (MVA selection)
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Introduction


