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at CERN  



The intensity frontier aimed at exploring the Hidden sector 
region : Main target of PBC (Physics Beyond Colliders) activity 
at CERN  SHiP (Search for Hidden Particles) 

Why couldn't we detect them?  
 Too heavy or too weakly interacting 

Where is new physics? 

Energy frontier 
High mass scale, strong coupling 
(LHC, HL-LHC, FCC, ILC etc.) 

Intensity frontier 
Low mass scale, very weak coupling 
Long lifetime ( fixed target, beam dump …)  

In
te

ra
ct

io
n
 s

tr
e
n
g
th

  

Mass scale 



SM 

HS 

HNL & Dark Matter 

 Many hidden sector models often include low mass particles  

 around GeV scale ( LDM candidates ).  
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Extensions of SM 
Dark Photon 

Dark Matter Dark Matter 



nMSM  

N = Heavy Neutral Lepton (HNL) 

          Heavy RH neutrinos  

N1  (~10 keV)  

Dark matter candidate 

N2,3  (100 MeV~GeV)  

Matter-Antimatter asymmetry 
Neutrino mass (oscillation) 

Extends SM  by RH partners of neutrinos     

T.Asaka, M.Shaposhnikov 
PLB 620 (2005) 17 

 Neutrino portal 



Assuming  U2 = 10-7   

and tN = 1.8×10-5 s 

~12k fully reconstructed  

N2,3  m- p+ events are expected 

for MN = 1 GeV.  
 
~330 events for cosmologically 
favored region:  
U2 = 10-8  &  BR(N  m p )=20% 

The cosmologically interesting 
region is at low couplings   

#HNL will be increased if other decay  
  products (ep, mr, er etc. ) can be identified.    

Experimental and Cosmological constraints on HNLs 

BAU, Seesaw and BBN constraints  
indicate that previous exp did not 
prove the interesting region of HNL  
masses above the Kaon mass.   

SHiP  

early estimations 



SHiP experiment  
- Search for Hidden Particles - 

   A new experiment proposed at CERN  

   in order to search for Hidden particles 
   which is feebly interacting long-lived particles  

  (LLPs) including Light dark matter (LDM) 
   and to study Neutrino physics.  

Using High-intensity  

400 GeV proton beam   

2 x 1020 pot,  5 years run 



The SHiP facility is located 

on the North Area (Prévessin site), 
and shares the TT20 transfer line.  

Fixed-target facility at the SPS  

The SPS provides a unique high- 

intensity beam of 400 GeV protons:  

ideal setting for a CERN-based 

Beam Dump Facility (BDF). 

SPS 

PS 



Gaia Lanfranchi 





Scattering and Neutrino Detector (SND) 

The SHiP detector  

A discovery machine for feebly coupled LLPs, with a complementary 

detector for Neutrino physics and LDM scattering   

ECAL, Muon detector 
Straw trackers 
Timing detector   
Surround bg tagger  

Emulsion target (ECC+CES) -  

Target Tracker (TT)   

Muon filter (RPC)  -  muon identification 

HS Decay Spectrometor  

high spatial resolution tracker (sub-mm) 

charge & momentum  measure with magnet 

 large geometrical acceptance :  
     long decay volume close to dump  



Active muon shield  

Hadron absorber 

~50 m long evacuated  
decay vessel  
surrounded by liquid 
scintillator veto system   

  The SHiP detector  

Scattering and 
Neutrino Detector  

LDM & Tau neutrino 

Vacuum vessel   

HS decay spectrometer 

ECAL, Muon detector 
PID, Energy & Timing    

eliminate 2ry mesons  
(p, K ) ~ 5m Fe 

deflect m from 2ry meson decay 
~ 35m long, 1.7 T magnet 

ECC + CES  
(Nuclear emulsion) 
TT, RPC  



Blocks of  TZM (Titanium-Zirconium)  
doped Molibdenum alloy (10.22 g/cm3)  
followed by blocks of pure Tungsten  

Target  

1400 tons magnet 
m rate reduced to ~ 25 kHz  Active muon shield  

SHiP replica target used for beam test  
at SPS H4 beamline in July 2018 

Top view 



Decay of Hidden Particles 

Many Vee decay modes 

 Particle ID and Full reconstruction are essential 
to minimize model dependence.  

tested 

m-p+ 



 1018  charm mesons 
 1014  beauty mesons 

 1016  t  leptons 

 for 2 x 1020 pot (in 5 yrs) 

m- 

HNL production 

HNL decay  

p+ 



•  About 10,000 Tau neutrino & Anti-tau Neutrino    

  CC events can be observed in ECC target.  

   - First observation of the Anti-tau neutrino  

•  Tau neutrino physics 

   - Cross section, Magnetic moment measurements 

   - First evaluation of F4 and F5 structure functions   

   - Study of Strange quark content of nucleon  

•  LDM search in SND  

Neutrino Physics with SHiP  



Tau Neutrinos so far   

 Using Emulsion-Counter hybrid system  
 &  High speed auto-scanning system 

DONuT  9 events   
               First direct observation   
                  Proton beam dump exp. 
                  Cross section, mag mom   

 Same technique will be used in SHiP  

could not distinguish ντ  and  ντ 

OPERA  ντ event 

OPERA    10 events from oscillation 

               Long-baseline CNGS beam 

               Discovery of ντ appearance  
                  event by event basis (6.1s ) 
                  not statistical basis 



ντ  
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     (ECC brick+CES)             
             x 19 

 
        CES x 3           

 
            
              RPC x 12 

coil 

Scattering and Neutrino Detector 

TT x 19 

7.2 m 

5
 m

 

ECC (Emulsion Cloud Chamber) : High spatial resolution (~mm) to observe the τ decay 
CES (Compact Emulsion Spectrometer) :  measure muon charge & momentum 
TT (Target tracker) : Electronic detector to predict n interaction contained in ECC brick   
                           and provide the time stamp  
Magnet : to measure the charge of τ products (1.25 T) 

Muon filter (RPC) : Muon identification and tracking (area 2 x 5 m2 x 12 planes)  



 Copper 

Coil  

Heavy target 
  ECC  Light CES 

   Scattering and Neutrino Detector 
3
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ECC brick 
1 brick - 57 Emulsion film  (40 x 40 cm2)         
interleaved with 1 mm thick lead plates, ~100 kg  
Total 19 walls  
76 (=2x2x19) large bricks (~700 m2), ~10 tons 
to be replaced 10 times (~7000 m2 total)  
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Heavy target 
  ECC 

Light CES 

1 wall 

CES  
made of 3 emulsion films  
interleaved by 2 layers  
of low density materials  
to be replaced every  
~2 weeks 
each CES ~ 10kg    



 Anti-tau Neutrino identification by CES 

 nt   → t - →  m - 

 nt   → t + →  m + 

Measurement of Sagitta S 

NIM A 592 
(2008) 56 

• Electric charge can be determined with 
  better than 3σ level up to 12 GeV/c 
• Momentum estimated from the sagitta 
  Δp/p < 20% up to 12 GeV/c 

p- 

p- 

       ECC                    CES   

Large gap 

S 
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nμ CC interaction 

m- 

e- 

electromagnetic shower 

m id 

e id 

Identification of Neutrino flavors  

ne CC interaction 

Emulsion film as high precision  
tracker 

  identification of ne , nm , nt   
  is possible by distinguishing  
  e , m , t  particles 

ECC RPC  



Tau Neutrino  
 
Topological selecton  
& Kinematical cuts 
 
  PT , f , qkink … 
 
at interaction vtx 
& decay vtx 

Charm &  
Single-prong interaction  
of 2ry hadrons (white kink) 



1cm 

Scan 10 films around vertex plate 
and reconstruct tracks  

Track reconstruction in ECC brick 

n 

15 

Reject passing-through tracks   
& low energy tracks 

Neutrino interaction vertex 
Tau neutrino event  (OPERA) 



Infrastructure at CERN 

Emulsion handling room 
Laboratory used for past emulsion experiments  

(CHORUS, OPERA preparatory phase)  

Dark room   

CES 

Flash box used  

in CHORUS 

Emulsion 

development 

Brick  

Assembling 

machine 



SPS Test beam experiment (July 2018)   
using Prototype RPC, DT, pixel detector ...  



Expected yield of Neutrino CC DIS 
interactions in the SND (5 yrs) 

Neutrino interactions  

Expected Neutrino CC DIS interactions 
with Charm production 

~10,000 Tau & Anti-tau neutrino events  
will be observed in ECC (except t e channel) 

No charm candidates from electron 
neutrino was ever reported so far.   

nm : charm + K, p decay  

ne :  charm decay  

nt :  Ds → t decay  



Significant reduction of uncertainty on s-quark distribution (factor two) 
in nucleon with SHiP data in the x range between 0.03 and 0.35.  
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Strange quark content in nucleon  

Uncertainty band  

Charm from anti-νm  

   32 events in CHORUS 

   ( 2013 events from νm ) 

Expected in SHiP ~ 25,000 

Neutrino induced Charm production is 
sensitive to s-quark content of nucleon. 
 
Anti-charm production in Anti-neutrino CC  
interaction selects the anti s-quark 
content of nucleon. 

Bjorken x  

SHiP  LHC  

LHC and SHiP will probe the strangeness distribution in different ranges of x. 



First evaluation of F4 and F5 only accessible by Tau neutrino  

F4 = F5 = 0 

Structure functions  F4 , F5 

ντ CC DIS cross-section 
predicted by SM 

   + neutrino 
   - anti-neutrino 



Dark photon can decay into 
pair of Light Dark matter. 

Vector portal 



Meson decay           p0  ( h, h’ , w )  
  g A’  

Proton bremsstrahlung      pp  pp A’ 

QCD production       q + q  A’,  q + g  q + A’ 

Production of dark photon A’   

Decay of dark photon   

c  scatter on  e  or  n, p   DM search                 

(GeV) 

e+e - dominant  
below 2 mμ 

A’  e+ e–,  m+ m-                              

A’  hadrons         

A’  c c    (c : Dark matter) 



LDM (c) can produce  
                      via dark photon (A’) decay 

       Scatter on  e  

       c e  c  e         

pp  p0 X  

          p0 
 A’ g 

                   A’  c c           c: LDM 

~ GeV electron sample in emulsion 

Electron recoil 
high energy  



SIGNAL SELECTION 

c e-  c e- 

LDM c produced in a dark photon  
decay interact with electron. 

LDM search in emulsion 

SHiP sensitivity to LDM  
produced in dark photon decays.  
The coupling is given as 

 Y = e2a’D(mc/mA’)
 4. 

rad 

 Signal 



Number of background events in the LDM search  
after the selection for 2 x 1020 protons on target. 

Signal/bg discrimination   
currently being studied  
using Machine Learning 

BG rejection 
1) Energy–angle correlation  
2) Presence of proton rejects  
    Quasi-elastic scattering (QE) 
3) Presence of hadron jets rejects  
    Deep inelastic scattering (DIS) 



Sensitivities of the SHiP to HS particles 

HNL Dark photon  

Dark scalars ALP 

see K.Y. Lee’s talk 



54 institutes from 18 countries 
 295 members  

Member countries of the SHiP 





• Document submitted to ESPP on Dec. 2018  

    together with CERN Beam Dump Facility (BDF)  

• CDR (Comprehensive Design Report) is in preparation   

    for submission to SPSC in fall 2019 

• Continue phase 2 module-level prototyping for test beams 

    – at DESY (2019-2010),  at CERN (2021) 

• Detector engineering design and preparation of TDR 

    after Approval  

Project schedule    



Summary 

•  The SHiP is a multi-purpose and very timely experiment  

    for Hidden particles, LDM and Tau neutrino physics. 

•  About 10,000 nt  & Anti-nt  CC events can be observed  

   with ECC target.  

•  First observation of the Anti-nt   

•   nt  & Anti-nt  Cross-section and Mag moment measurements 

•  First evaluation of the F4 and F5 structure functions 

•  Study of Strange quark content of nucleon  

•  LDM search in the SND 

    … 



Backup   



CERN Courier 
March 2016 

SPSC supported 
and recommended 
to make CDR. 





SHiP-like LLP projects at LHC  

AL3X @ALICE: 1810.03636  



Light dark matter detection in Neutrino detector  

 c e-  c e- 

Electron recoil  
Cascade shower in Emulsion 

A’  c c  

Top: Light Dark Matter simulation process in FairShip.  
Bottom : Event display of a LDM scattering process simulated inside the Scattering Spectrometer. 



HS background rejection  Muon combinatorial background 
(mimic vertex) 

Muon induced background 
(inelastic interaction) 

Neutrino induced background 
(inelastic interaction) 

8.5⋅1015 fake vertices without time info. 
Reduced to 4.2⋅10-2 with time info (TD) 

6⋅104 μ/spill impinging on the decay volume 
2.1⋅108 inelastic interaction in 5 years 
BG after cuts (full reco) = 2.7⋅10-5 

BG after cuts (partial reco) = 6⋅10-4 

2⋅1018 𝛎 from target in 5 years 
3.5⋅107 inelastic interaction in 5 years 
BG after cuts (full reco) = 10-2 

BG after cuts (partial reco) < 0.1 (𝛄 conversion cut) 



Signal & Background channels for HS  
SHiP Technical proposal, arXiv:1504.04956 







Selection criteria for Tau Neutrino event   

At primary vertex  

At decay vertex  


