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Physics motivation
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• We know that the Standard Model is incomplete…
• …but we do not know yet the scale of New Physics.
• Dark matter might be light
• We may have a whole Hidden Sector (HS) of weakly interacting particles.

INTENSITY
FRONTIER

ENERGY
FRONTIER

Long lived neutral (hidden) particles 
predicted in many BSM models. They can be 

searched for at:

energy frontier:
heavy particles, 

high energy events

intensity frontier:
light particles, 

very rare events

• Several portals to the HS: scalar portal, neutrino portal, vector portal, SUSY…
• All of these can be probed at the intensity frontier with SHiP!



Neutrino portal
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Complete the SM by adding Heavy Neutral Leptons:
• could explain ν oscillations and
• the smallness of ν masses (seesaw)
• could explain baryon asymmetry
• could explain dark matter

Production and decay through HNL - ν mixing



The SHiP experiment
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• Proposal for a new facility at the 
CERN SPS accelerator:

• general purpose HS detector
• ντ facility

• 235 experimentalists from 45 
institutes and 15 countries + CERN

• Technical Proposal submitted in April 
(arXiv:1504.04956)

• Physics Proposal signed by 80 
theorists (arXiv:1504.04855)

• Presently under scrutiny by the SPSC

http://arxiv.org/abs/1504.04956
http://arxiv.org/abs/1504.04855


The SHiP facility at the SPS
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Proposed implementation at the CERN 
North Area, based on minimal 
modification to the SPS complex.

Share transfer line and slow extraction 
mode with existing facilities.



SHiP requirements
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• High intensity beam dump experiment ⇒ K, D, B mesons
• Long-lived, weakly interacting particles require:

• large decay volume
• shielded from SM particles

• Spectrometer, Calorimeter, PID

Signal signature:

• charged tracks forming an 
isolated vertex inside the 
fiducial volume

• candidate momentum pointing 
back to the target

• “silent” VETO detectors



The SHiP experiment
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The SHiP experiment

08/10/2015 - CERN Elena Graverini, on behalf of the SHiP collaboration 8

• 2 x 1020 protons on target in 5 y
• Mo (4 λint) / W (6 λint) target
• peak power 2.5 MW, water cooled
• challenging radiation issues



The SHiP experiment
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μ sweeping magnets

• 2 x 1020 protons on target in 5 y
• Mo (4 λint) / W (6 λint) target
• peak power 2.5 MW, water cooled
• challenging radiation issues



The SHiP experiment

08/10/2015 - CERN Elena Graverini, on behalf of the SHiP collaboration 10

• 3

• ~3k fully reconstructed 𝜈𝜏
• cross section measurements
• HNL normalization with 𝜈𝑒
• charm physics with 𝜏
• proton structure function

μ sweeping magnets

• 2 x 1020 protons on target in 5 y
• Mo (4 λint) / W (6 λint) target
• peak power 2.5 MW, water cooled
• challenging radiation issues



The Hidden Sector detector
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How to kill HS background
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𝜈 interactions in the 
material upstream 
of the HS detector

Background rejection
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HS decay volume
Target

&
filter

HS decay volume

After selections:

≤ 0.1 bkg / 5 y

ν

• Redundant VETO system
• Combinatorial rejected by timing detector
• Impact parameter to the target

N

vacuum



Background rejection
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Target
&

filter

μ sweeping field

After selections:

≤ 0.1 bkg / 5 y

μ

N

wall

HS decay volume

𝜇 backscattered to 
the vessel

• Redundant VETO system
• Combinatorial rejected by timing detector
• Impact parameter to the target



Background rejection
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Target
&

filter

After selections:

≤ 0.1 bkg / 5 y

μ

N

HS decay volume
Cosmic rays

• Redundant VETO system
• Combinatorial rejected by timing detector
• Impact parameter to the target



Background summary
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Online selections: upstream veto, straw veto, RPC, liquid scintillator
Offline selections: fiducial volume, track multiplicity, track and vertex quality, 
impact parameter to the target, coincidence

• background MC samples 
mimic ≥ 5 years of data 
taking, when possible

• after applying selections we 
are left with 0 events for each 
background source

• we can set upper limits based 
on the generated statistics

• limits expected to decrease 
with larger MC samples



Signal efficiency
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Online selections: upstream veto, straw veto, RPC, liquid scintillator
Offline selections: fiducial volume, track multiplicity, track and vertex quality, 
impact parameter to the target, coincidence

• background MC samples 
mimic ≥ 5 years of data 
taking, when possible

• after applying selections we 
are left with 0 events for each 
background source

• we can set upper limits based 
on the generated statistics

• limits expected to decrease 
with larger MC samples



Sensitivity to HNLs
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Theory bibliography:
• Gorbunov, Shaposhnikov hep-ph/0705.1729

νMSM model: 𝑼𝒆
𝟐:𝑼𝝁

𝟐 :𝑼𝝉
𝟐 = 𝟓𝟐:𝟏:𝟏, inverted hierarchy

• Critically improving present limits in 𝑈2

• Access masses up to 𝑚𝐵

• Probe region of special interest:
• left open by cosmological 

observations (BBN)
• explains 𝜈 masses (seesaw)
• explains matter-antimatter 

asymmetry (BAU)
• Sensitivity in all 𝑈𝑒 , 𝑈𝜇 , 𝑈𝜏 channels

• but the physics case is wider



Sensitivity to other portals
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Dark photon
• sources: 𝑝 bremsstrahlung, 

light meson decays, QCD
• decays to 𝑙+𝑙−, 𝑞  𝑞

Dark scalar
• sources: 𝐵 mesons
• decays to 𝑙+𝑙−, 𝑞  𝑞



A wide physics case…
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…and so 
much 

more…

Below, just a small extract from the 
SHiP Physics Paper…



Conclusions
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…and so 
much 

more…

SHiP: a 400 GeV proton beam dumped with maximum intensity and followed by 
the closest, longest and widest possible decay tunnel!
• unprecedented sensitivity to many BSM models
• under review of the CERN SPSC committee, decision expected soon
• only 10 years to data taking!

Come on board!



Thanks!
Questions?

Elena Graverini
on behalf of the 

SHiP collaboration



Time Schedule
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NA work packages
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Updated time schedule
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With new LHC schedule (run 2 up to 2018):

With WP1 during LS3 (also reduces costs during the TDR phase):



The Hidden Sector
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𝐿𝑤𝑜𝑟𝑙𝑑 = 𝐿𝑆𝑀 + 𝐿𝑚𝑒𝑑𝑖𝑎𝑡𝑖𝑜𝑛 + 𝐿𝐻𝑆

• Neutrino portal: new Heavy Neutral Leptons coupling with Yukawa coupling, 

𝐿𝑁𝑃 = 𝐹𝛼𝐼  𝐿𝛼  Φ 𝑁𝐼
• Vector portal: massive dark photon coupling through loops of particles 

charged both under U(1) and U’(1): 𝐿𝑉𝑃 = 𝜖𝐹𝜇𝜈
′ 𝐹𝜇𝜈

• Scalar portal: light scalar mixing with the Higgs 𝐿𝑆𝑃 = 𝜆𝑖𝑆𝑖
2 + 𝑔𝑖𝑆𝑖  ΦΦ

• Axion portal: axion-like particles, 𝐿𝐴𝑃 =
𝐴

4𝑓𝐴
𝜖𝜇𝜈𝜆𝜌𝐹𝜇𝜈𝐹𝜆𝜌

• SUSY: neutralino, sgoldstino, gaugino…



Sterile Neutrinos
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Fermions get mass via the Yukawa couplings:

If we want the same coupling for neutrinos, we need right-handed 
(sterile) neutrinos… the most generic Lagrangian is

Kinetic term Majorana mass term Yukawa coupling

Seesaw mechanism:

if 𝑀𝑁 ≫ 𝑀𝐷:



Sterile neutrino masses
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If we want to explain the smallness of 
neutrino masses (in a natural way) the 
mass of sterile neutrinos should be at 
least at the GeV scale



Neutrino portal: the νMSM

08/10/2015 - CERN Elena Graverini, on behalf of the SHiP collaboration 29

• Complete the SM by adding RH neutrinos
• with 3 new right handed neutrinos:

• 2 heavy quasi-degenerate HNLs explain 
BAU and neutrino masses

• 1 lighter HNL could be Dark Matter
• Production and decay through HNL - ν mixing



Constraints on N2, N3
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If 𝜏 𝑁2, 𝑁3 < 0.1 𝑠, they cannot 
affect the Big Bang nucleosynthesis

The seesaw limit defines the region 

where 𝑁2,3 can explain the 
observed active neutrino Δ𝑚2

If 𝑈2 is too large, 𝑁2,3 are in 

thermal equilibrium during the 
expansion of the Universe

At 𝑀𝑁 ≥ 𝑀𝑊 the rate is enhanced
by 𝑁 →𝑊𝑙 leading to stronger 

constraints on 𝑈2



Sensitivity to HNLs

08/10/2015 - CERN

𝑈𝑒
2: 𝑈𝜇

2: 𝑈𝜏
2 = 52: 1: 1

inverted hierarchy
𝑈𝑒
2: 𝑈𝜇

2: 𝑈𝜏
2 = 1: 16: 3.8

normal hierarchy

𝑈𝑒
2: 𝑈𝜇

2: 𝑈𝜏
2 = 0.061: 1: 4.3

normal hierarchy

𝑈𝑒
2: 𝑈𝜇

2: 𝑈𝜏
2 = 48: 1: 1

inverted hierarchy
𝑈𝑒
2: 𝑈𝜇

2: 𝑈𝜏
2 = 1: 11: 11

normal hierarchy

Elena Graverini, on behalf of the SHiP collaboration 31

Ca
n

et
ti

, S
h

a
p

o
sh

n
ik

o
v

h
ep

-p
h

/1
00

6.
01

33

G
o

rb
u

n
o

v,
 S

h
ap

o
sh

n
ik

ov
h

ep
-p

h
/0

70
5.

17
29



HNLs at future colliders
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http://arxiv.org/abs/1411.5230
http://arxiv.org/abs/1503.08624

http://arxiv.org/abs/1503.08624
http://arxiv.org/abs/1503.08624


Sensitivity with background
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• 𝑈2 scales with 𝑁𝑆

• Need more than 100 
background events to 
lose half an order of 
magnitude in 𝑈2!



Constraints on N1
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This gives an upper 
bound for the mass of the 
mass of the sterile 
neutrino Dark Matter



Constraints on N1
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Bulbul et al. 2014 (arXiv:1402.2301)

Boyarsky et al. 2014  (arXiv:1402.4119)

Discussion in the community, 

not yet clear if this is a “good” 

signal, needs confirmation



Cosmology
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Cosmology
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Sensitivity to other portals
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Dark photon
• sources: 𝑝 bremsstrahlung, 

light meson decays
• decays to 𝑙+𝑙−, 𝑞  𝑞

Dark scalar
• sources: 𝐵 mesons
• decays to 𝑙+𝑙−, 𝑞  𝑞



Dark photon
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Updated computations 
show that direct QCD 
production is dominant 
at large masses.
SHiP’s sensitivity 
reaches 𝑚𝛾 ∼ 8GeV 

(work in progress).



ντ physics
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The SHiP facility at CERN
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SHiP detector: ECAL/HCAL
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SHiP detector: MUON
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Possible Muon system:
 Four active stations (1 cm scintillators)
 interleaved with 60 cm (3.6 lambda) iron filter
 Strips: 5cm x 2cm x 270 cm



SHiP detector: TRACKER
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NA62-like straw tubes with:
• 120 𝜇m resolution
• 0.5% 𝑋0/𝑋
• 5 m length
• vacuum 10-2 mbar



Tracker magnet
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Dipole magnet similar to LHCb
magnet, but with 40% less iron and 
three times less power

LHCb: 4Tm and aperture of 16m2

This design:
aperture 20 m2

Peak B-field 0.2T
Field integral 0.5Tm over 5m



Neutrino detector
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Target
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Layers of Titanium / 
Zirconium / Molibdenum
for 4λint followed by layers 
of pure W



Muon background
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Active μ shield
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Muon flux is dangerous:
• background for HS physics
• ageing of 𝜈𝜏 emulsions

Active muon shield based on sweeping magnets 
with a vertical magnetic field of 86.4 Tm



Vacuum vessel
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Timing detector
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Challenges:
• large area
• required resolution < 100 ps

NA61/SHINE ToF:
• 100 ps resolution
• size of scint. counter 120 x 10 x 2.5 cm3

• total active area 1.2 x 7.2 m2

Energy loss in plastic: dE/dx min = 2 MeV/cm,
light yield: 10000 photons/MeV ⇒
for 2.5 cm bar: Nγ= 2.5 x 2 x 10k = 50 k

For long bars, mainly photons with total
internal reflection (θ >39o ) are detected



Timing detector: MRPC option
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61 chambers x 120 cm strips, 3 cm pitch
Based on the EEE project

50 ps resolution achievable


