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SHiP is a PROTON BEAM DUMP experiment  proposed at 
CERN with the SPS p beam of 400GeV with  2x1020pot/5 
years

It would make good use of the full SPS intensity that, 
apart from the ~2fill/day of the LHC, is not exploited 
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What is SHiP?
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PROTON BEAM DUMPS: THE PAST

+ DONUT             FNAL                                                      3.6x10-3          800              W       
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Figure of merit: 

#(𝛎𝝉)SHiP/DONUT=600

#(HNL)SHiP/CHARM=10k 
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SHiP/Hidden Sector Workshop, LPNHE, Paris, 11 October, 2017 R. JacobssonR. Jacobsson 2

Civil engineering 
Geotechnical and hydrogeology of site 

Target and target complex
355 kW average power
2.5 MW pulsed power

Construction of junction cavern
Switching into new beam-line 

New beam line
Beam dilution 

Radiation protection of 
personnel and environment 

Safe exploitation 

18-
22/Sep/2017 M. Calviani - NBI2017/RaDIATE workshop 2

Beam delivery by SPS
Slow extraction with acceptable losses

Existing users 

� Critical technical studies under PBC as specified in the SHiP Technical Proposal



Main new technological challenge compared to 
LNGS: the slow extraction of the whole SPS beam

Tested this year!
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momentum

49.2s

intensity

extraction during the  
flat top of 1s into the  
TT20 transfer line to  
the North Area

acceleration to 400 GeV

single injection of  
protons from PS to SPS

Few times 1012 protons/spill for a couple of hours!  
The main challenge is now to go to 4x1013 protons/spill  
—> R&D planned
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EWSB, Hierarchy
WIMP DM ...Where is the new physics?

Energy 
Frontier
- LHC

RH neutrinos
Dark Matter

Hidden sector
...
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⇠ GF

Intensity Frontier
- SHiP

—> long lifetimes



DIRECT DETECTION: long list of models  that 
we can test in unexplored parameter domains

massive neutrinos (HNL)

dark photons (dark vector) 

- to SM

- to dark matter

dark scalars (dark Higgs)

dark pseudo-scalars (ALP, PNGB) 
coupling to: 

 - fermions 

 - photons

low mass SUSY 
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c-hadron decays

QCD

b-hadron decays

b-hadron decays

Primakoff

c and b hadron decays

Main production modes

0

0

≠ 0

0

0

(≠ 0)(*)

0

background
after selection

(*)under study
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DIRECT EVIDENCE OF NP : 
DETECTION of long lived 
particles with masses 
below few GeV   

downstream detector
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DIRECT EVIDENCE OF NP : 
DETECTION of dark matter particles with  masses below few GeV   
+
INDIRECT EVIDENCE OF NP in 𝛎 scattering: violation of lepton 
universality (lepto-quarks)
+
new or more precise structure functions in 𝛎 scattering

upstream detector
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DIRECT EVIDENCE OF NP : 
DETECTION of dark matter particles with  masses below few GeV   
+
INDIRECT EVIDENCE OF NP in 𝛎𝝉 scattering: violation of lepton 
universality (lepto-quarks)
+
new or more precise structure functions in 𝛎 scattering
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DIRECT EVIDENCE OF NP : 
DETECTION of dark matter particles with  masses below few GeV   
+
INDIRECT EVIDENCE OF NP in 𝛎 scattering: violation of lepton 
universality (lepto-quarks)
+
new or more precise structure functions in 𝛎 scattering



Our benchmark physics
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The 𝛎MSM and its fellows

3 Majorana (HNL) partners of 
ordinary 𝛎, with MN<MW

In a peculiar parameter space (N2 and  
N3 almost degenerate in mass and 
with m=O(GeV) and N1 decoupled 
with m=O(keV) ),  𝜈MSM explains: 

neutrino masses (see-saw), 
baryogenesis (via lepto-genesis) and 
DM (N1)! 

No hierarchy problem 
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long-awaited Higgs boson of the Standard Model (SM) [3]. This discovery implies that the Landau
pole in the Higgs self-interaction is well above the quantum gravity scale MPl ' 1019 GeV (see, e.g.
Ref. [4]). Moreover, within the SM, the vacuum is stable, or metastable with a lifetime exceeding that
of the Universe by many orders of magnitude [5]. Without the addition of any further new particles,
the SM is therefore an entirely self-consistent, weakly-coupled, e↵ective field theory all the way up to
the Planck scale (see Refs. [5, 6] for a recent discussion).

Nevertheless, it is clear that the SM is incomplete. Besides a number of fine-tuning problems (such as
the hierarchy and strong CP problems), the SM is in conflict with the observations of non-zero neutrino
masses, the excess of matter over antimatter in the Universe, and the presence of non-baryonic dark
matter.

The most economical theory that can account simultaneously for neutrino masses and oscillations,
baryogenesis, and dark matter, is the neutrino minimal Standard Model (⌫MSM) [7,8]. It predicts the
existence of three Heavy Neutral Leptons (HNL) and provides a guideline for the required experimental
sensitivity [9]. The search for these HNLs is the focus of the present proposal.

In addition to HNLs, the experiment will be sensitive to many other types of physics models that
produce weakly interacting exotic particles with a subsequent decay inside the detector volume, see
e.g. Refs. [10, 11, 12, 13, 14, 15]. Longer lifetimes and smaller couplings would be accessible compared
to analogous searches performed previously by the CHARM experiment [16].

In the remainder of this document the theoretical motivation for HNL searches is presented in
Section 2 and the limits from previous experimental searches are then detailed in Section 3. The
proposed experimental set-up is presented in Section 4 and in Section 5 the background sources are
discussed, before the expected sensitivity is calculated in Section 6. The conclusions are presented in
Section 7.

2 Theoretical motivation

In type-I seesaw models (for a review see Ref. [17]) the extension of the SM fermion sector by three
right-handed (Majorana) leptons, NI , where I = (1, 2, 3), makes the leptonic sector similar to the
quark sector (see Fig. 1). Irrespective of their masses, these neutral leptons can explain the flavour
oscillations of the active neutrinos. Four di↵erent domains of HNL mass, MN , are usually considered:
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Figure 1: Particle content of the SM and its minimal extension in the neutrino sector. In the (left) SM the
right-handed partners of neutrinos are absent. In the (right) ⌫MSM all fermions have both left- and right-handed
components and masses below the Fermi scale.
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νMSM: T.Asaka, M.Shaposhnikov PL B620 (2005) 17 
M.Shaposhnikov Nucl. Phys. B763 (2007) 49 



N2,3 production

Interaction with the Higgs  v.e.v. -
>mixing with active  neutrinos 
with U 2

in the  νMSM strong limitations in 
the parameter space (U2,m)

a lot of HNL searches in the past 
but, for m>mK, with a sensitivity 
not of 𝛎MSM interest

ex. meson decays —>
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 Future Hadron Collider meeting, CERN, February 6, 2014 R. Jacobsson 

� Production in mixing with active neutrino from leptonic/semi-leptonic weak decays of 
charm mesons 

• Total production depend on ࣯ଶ = σ ࣯κூ
ଶ

ூୀଵ,ଶ
κୀ,ఓ,ఛ

 

 

• Relation between ࣯
ଶ,࣯ఓ

ଶand ࣯ఛ
ଶ depends on exact flavour mixing 

 
Î For the sake of determining a search strategy, assume scenario  
      with a predominant coupling to the muon flavour  

 
 

 
 
 

 
 
 

� Production mechanism “probes” ࣯ఓ
ଶ = σ ௩మ ഋ

మ


ೃమ

ூୀଶ,ଷ
 

Î Br(ܦ ՜ ܰܺ) ~ 10ି଼ െ 10ିଵଶ 
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(arXiv:0705.1729) 

 Future Hadron Collider meeting, CERN, February 6, 2014 R. Jacobsson 

1. See-saw: Lower limit on mixing angle with active neutrinos to produce oscillations and masses 
2. BAU: Upper limit on mixing angle to guarantee out-of-equilibrium oscillations (Ȟேమ,య < H) 

3. BBN: Decays of ଶܰ and ଷܰ must respect current abundances of light nuclei 
Î Limit on lifetime ߬ேమ,య < 0.ͳݏ  (ܶ >   (ܸ݁ܯ 3

4. Experimental: No observation so far   
Î Constraints 1-3 now indicate that previous searches were largely outside interesting parameter space 
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inverted mass hyerarchy



N2,3 decays

very long life-time 

decay paths of O(km)!: for    
U2μ=10-7, τN =1.8x10-5s 

Various decay modes : the  
BR’s depend on flavor mixing  

The probability that   N2,3 
decays within the  fiducial 
volume of the experiment  ∝Uμ2

—> number of events  ∝Uμ4  if N 
detected 
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SHIP sensitivity to HNL

SHIP will scan most of the cosmologically allowed (in the context of 𝛎MSM) 
region below the charm mass
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Also FCC-ee and LHC could say 
something
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Figure 4.11: Limits on the mixing between the muon neutrino and a single HNL in the mass
range 100 MeV - 500 GeV. The (gray, dotted) contour labeled BBN corresponds to an HNL lifetime
> 1 sec, which is disfavored by BBN [395, 414, 528]. The (brown, dashed) line labeled ‘Seesaw’
shows the scale of mixing naively expected in the canonical seesaw (see Section 4.3.2.3). The
(dotted, dark brown) contour labeled ‘EWPD’ is the 90% C.L. exclusion limit from electroweak
precision data [554]. The contour labeled ‘K ! µ⌫’ (black, solid) is excluded at 90% C.L. by
peak searches [535, 536]. Those labeled ‘PS191’ (magenta, dot-dashed) [578], ‘NA3’ (light yellow,
solid) [580], ‘BEBC’ (orange, dotted) [584], ‘FMMF’ (light cyan, dashed) [585], ‘NuTeV’ (purple,
dashed) [586] and ‘CHARM’ (dark blue, dot-dashed) [587] are excluded at 90% C.L. from beam-
dump experiments. The (cyan, solid) contour labeled ‘K ! µµ⇡’ is the exclusion region at 90% C.L.
from K-meson decay search with a detector size of 10 m [313]. The (green, solid) contour labeled
‘Belle’ is the exclusion region at 90% C.L from HNL searches in B-meson decays at Belle [409].
The (yellow, solid) contour labele1d ‘LHCb’ is the exclusion region at 95% C.L from HNL searches
in B-meson decays at LHCb [408]. The (dark blue, dot-dashed) contour labeled ‘CHARM-II’ [588]
is excluded at 90% C.L. from the search for direct HNL production with a wide-band neutrino
beam at CERN. The (pink, dashed) contour labeled ‘L3’ [550] and (dark green, dashed) labeled
‘DELPHI’ [551] are excluded at 95% C.L. by analyzing the LEP data for Z-boson decay to HNL.
The (blue, solid) contour labeled ‘ATLAS’ [563] and (red, solid) labeled ‘CMS’ [589] are excluded
at 95% C.L. from direct searches at

p
s = 8 TeV LHC. The (blue, dashed) curve labeled ‘LHC 14’

is a projected exclusion limit from the
p

s = 14 TeV LHC with 300 fb�1 data [549]. The (light
blue, solid) contour labeled ‘LBNE’ is the expected 5-year sensitivity of the LBNE near detector
with an exposure of 5⇥1021 protons on target for a detector length of 30 m and assuming a normal
hierarchy of neutrinos [582]. The (dark green, solid) contour labeled ‘FCC-ee’ is the projected reach
of FCC-ee for 1012 Z decays and 10-100 cm decay length [383]. The (violet, solid) contour labeled
‘SHiP’ is the projected reach of SHiP at 90% C.L. [35].

arXiv:1601.01658
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Not only 𝛎MSM for the sterile 𝛎’s (1): 
interpretation in the context of Left-

Right symmetric model
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arXiv:1509.00423v1 
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Not only 𝛎MSM for the sterile 𝛎’s (2):
enhanced sterile 𝛎 production via new 

dark gauge force, e.g B-L gauge symmetry

arXiv:1604.06099 



Dark photon coupling to SM  
particles
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 arXiv:1509.06765

decay modes



Dark Higgs
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from B decays

LHCb projections

decay modes

complementary!



Pseudo-scalar 
portal: ALP or PNGB
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coupling to fermions only: 
produced in B decays 
decay to fermions

coupling to photons only: 
decay to photons

arXiv:1512.03069

we are currently studying 
backgrounds and possible 
detector improvements for 
reconstruction of the 
photon direction



Low mass SUSY (I) 

Search for SUSY renegades, below the EW scale

Neutralino’s in RPV SUSY models

In the constrained MSSM with 5 parameters the lightest neutralino must 
be heavier than 46GeV but in general even massless neutralino is allowed

production: from decays of D and B mesons

decay: ee𝛎, 𝜇𝜇𝛎, πe, π𝜇, Ke, K𝜇 like the HNL

24  NorwayUkraine School— CERN 7- Nov 2017

Phys. Rev. D 92, no. 7, 075015 (2015)



Low mass SUSY (I) 

For coupling of order 1 
the mass reach for        
s-fermion masses 
(assumed the same in 
this paper) is O(30TeV)
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Low mass SUSY (II) 

If SUSY is spontaneously broken at not very high energy scale (see 
models with gauge mediation of SUSY breaking as an example), the 
particles from SUSY breaking sector may show up at quite low ener- 
gies. 
The Goldstino supermultiplet contains the Goldstino (the Nambu–
Goldstone field, fermion) and its superpartners, scalar and 
pseudoscalar s-goldstinos. 
S-goldstino couplings to the SM fields are ∝1/F2 (scale of SUSY 
breaking ) in the whole model  
 —> their couplings are anticipated to be rather weak.
 —>test the SUSY breaking scale by hunting for the light s-goldstinos 
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arXiv:1511.05403



Low mass SUSY (II) 

Production: B and D decays
Decay:

SHiP can probe the supersymmetry breaking scale 

up to 103 TeV for the model without flavor 
violation and up 105 TeV for the model with flavor 
violating parameters 
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CHARM

SHiP

Excluded by search 
for B->K0S𝛎𝛎

scalar
pseudo-scalar



Backgrounds for the downstream detector: 

from TUNED-ON-DATA MonteCarlo we found <0.1 
in more than 2e20 pot (*)

(*) except for ALP—>γγ under study

but still investigating
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1) from active 𝛎 interactions

2) from cosmics

3) from 𝝻 interactions

4) combinatorial 𝝻 background
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The target complex
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SHiP/Hidden Sector Workshop, LPNHE, Paris, 11 October, 2017 R. JacobssonR. Jacobsson

� Challenging in extreme environment 

� Very strict constraints on integration, access, 
thermal and magnetic stresses, cooling circuit
radio-activation

� Studies and challenges
• Realistic field map from magnet modelling
• Coil assembly
• Insulation properties
• Heat conductivity
• Heat removal with external heat exchangers
• Electrical connections
• Handling issues
• Durability by multiple energisation
• Radiation resistance

� Milestones
• Reduced scale prototype-0: 2019-Q2
• Module-0 with cooling system and final power connections: 2020-Q3

6

CERN(EP, EN/STI), RAL(UK), MISiS (RU)

Magnetic coil

�ƚʶ ǕŏƇɟȩȘ ɯɾȩɔɔƚɟ ɔɟȩɔȩɯŏȀ

_Ǟǃʕɟƚࡇ �ƚʶ ǕŏƇɟȩȘ ɯɾȩɔɔƚɟ ɔɟȩɔȩɯŏȀ

! °ȘȀʿ ȩȘƚ ǕŏƇɟȩȘ ɯɾȩɔɔƚɟ ȒŏǃȘƚɾ
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ࠊ$� ßʕǞżǺ ŏɔɔɟȩʾǞȒŏɾƚ ǞȒɔȀƚȒƚȘɾŏɾǞȩȘ ǞȘ _ŏǞɟëǕǞɔ ɾȩ ǃǞʲƚ ʕɯ ŏȘ ǞƇƚŏ ȩǀ Ǖȩʶ
ɟŏɾƚɯ࠘ɔƚɟǀȩɟȒŏȘżƚ żǕŏȘǃƚɯࠒ

°ȀǞʲƚɟ �ŏȘɾʶǞȘ ͱ͖̐ ɾǕߝߝ ëmǞÚ +ȩȀȀŏųȩɟŏɾǞȩȘ �ƚƚɾǞȘǃࡈ +Cá� ÚƚɟǀȩɟȒŏȘżƚ ȩǀ żʕɟɟƚȘɾ �ʕȩȘ ëǕǞƚȀƇ ǀȩɟ Șƚʶ ǃƚȩȒƚɾɟǞƚɯ ߡߞࡕߝߞ



Target and muon filter

Longitudinally segmented hybrid 
target: Mo(58cm)/W(58cm) 
 the beam is spread on the target 
to avoid melting 

It  is followed by a muon filter. 

The issue is not trivial since the 
muon flux is enormous: 1011/
SPS-spill(5×1013 pot)
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The Most Demanding Magnet

← close B-↑↓

From JINST Vol 12, May 2017:
“At start of this second magnet,
the two field polarities should be as close in x as possible.”

From SHiP note 2015-003 (V.Baylis at al.):
Small gap between opposite direction B-fields
risks to have flux jump through the gap.

7/6/2017 - 2 -

H.Dijkstra
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Construction phase – Assembling parts



Straw tracker 
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5m straws!
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Test beam 2016 results

WORK ONGOING, PRELIMINARY RESULTS Vladimir Solovev

SHiP Collaboration Week MFL CERN 07.06.2017 10 of 14
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Elongation of Straws

Properties of straws

5m long with 2 cm diameter

Needed longitudinal tension (upscaled from NA62): 5 kg

. Sagging in center: 2mm

. Elongation of a few cm

Deal with elongation of straw over time up to 8 cm

A first idea: Constant straw tension by hydraulics/pneumatics

2 cylindrical bellows, one inside the other, separating
drift-gas
hydraulic-medium
vacuum

Made of rubber, stabilized by metal disc rings or entirely metal

Keep wire tension independent of straw tension

D. Bick (UHH) Ideas for the Straw Tracker June 7, 2017 3 / 8



40  NorwayUkraine School— CERN 7- Nov 2017

Before and after elongation of the straw

straw wireinsulatorcrimp pin inlet for
hydraulics/pneumatics

outer bellowinner bellowend cap

feed-through connector
for straw

Before elongation of the straw

After elongation of the straw
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Timing detector
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� Suppression of combinatorial di-muon background by coincidence with a 
timing resolution of ≤100 ps

� Two options
• Plastic scintillators read-out by PMT or large area SiPMs (6x6mm2)
• Multigap resistive plate chambers (MRPCs) with 6 x 0.3mm gaps

� Studies and challenges
• Scintillating bar dimensions
• SiPM configuration
• Electronics
• Timing alignment of 50 m2

• Mechanics

• MRPC developed for HADES

� Milestones:
• Mechanical design and final optimization of 

single element: 2018-Q1
• Prototype-1, 32 bars array (~1.7m of length): 2018-Q4
• Module-0, 3x3 bars array (>5m of length): 2019-Q2

• Full chain prototype-1: 2017-Q4

13

Geneva(CH), Zurich(CH), LIP(PT), Barcelona(ES), Orsay(FR)

Test beam May 2017
Scintillator EJ-204, 50x6x1 cm3

Baseline: 3 x 168 cm

PlSci

MRPC
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  PMT

Mini-WOM
(Wavelength-shifting
Optical Module)

Reminder: WOM-detection principle 

Charged
Particle

Glue PMMA mirror on 
one side of (Mini-)WOM 
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… M. Wurm,
EPJC D57, 105 (2010)
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UV scintillation photon

LS: emission spectrum      WLS: absorption & re-emission 
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First LS-filled box with large-area WOM

  Liquid 
scintillator

WOM

Sideview

25 cm

Photo-
sensor

  Liquid 
scintillator

   WOM
D = 6 cm

Topview
50 cm 

Place inside

Bachelor thesis: M. Ehlert



Motivations for a good particle identification in SHiP

1) measure the mass of final states from hidden sector particle decays, with 
and without neutrals  

2) distinguishing between models: HNLs, dark scalar, dark vector, SUSY etc.

3) distinguishing final states so to extract the parameters of the 𝛎MSM —> 
together with the measurement of the Dirac phase 𝝳 by DUNE/HyperK, 
information on lepto-genesis (e.g. JHEP 1708 (2017) 018)

As a by-product we will get further suppression     of  𝛎 induced background
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The TP design (1)

requirements considered for  ECAL design: 

e- and γ reconstruction, energy and position measurement, e-/𝛑 separation

- large size

- known technologies

- e-/𝛑 separation as good as possible from 1 to 100Gev 

- moderate 𝝈(E), granularity to see the two photons from the 𝛑0 from HNL—
>ρl
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distance  of photons in ECAL  from  𝛑0’s in        HNL—>ρ l

need to see separate two photons to distinguish 𝛑0𝛑0   
from ALP—>γγ 
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Figure 4.60: Number of reconstructed ⇡0 mesons as function of ECAL vertical semi-axis (a). Number
of electron tracks matched to an ECAL cluster vs. the vertical semi-axis (b).
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Figure 4.61: Distance between the two photons from a ⇡0 from HNL ! l±⇢⌥ ! l±⇡⌥⇡0 decay:
(a) overall distribution and (b) region of small distances d(�1, �2) up to 50 cm.

distance between the two photons from ⇡0 for m = 1 GeV/c2 HNL decays before the start of
the tracking system, requiring E� > 0.3 GeV. The minimum separation distance between two
photons is as small as a few cm, while the mean distance is as large as 100 cm.

4.10.1.2 Detector technology

The electromagnetic calorimeter employs the shashlik technique, consisting of a sampling
scintillator-lead structure read out by plastic WLS fibres. This technology has been successfully
developed and deployed by the HERA-B collaboration [150] at DESY, the PHENIX collabo-
ration [151] at BNL and the LHCb collaboration [152] at CERN. The combination of good
energy resolution, fast response time and relatively low cost-to-performance ratio fulfill the
requirements of the SHiP electromagnetic calorimeter.



The TP design (2)

requirements considered on HCAL/MUON detector design: 𝝻/𝛑 separation (including also  ECAL!)

- large size

- known technologies 

- tag neutral particles such a K0L for background rejection (but at the time no practical example)

- 𝝻/𝛑 separation for non decaying pions as good as possible from 1 to 100GeV

HNL decay product spectrum

(DP harder)
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2.2. HIDDEN SECTOR DETECTOR 13

Figure 2.5: Total cc production cross sections at fixed target energies [45–47].

taggers should be located upstream and at the beginning of the HS fiducial volume.
The full reconstruction of the hidden particle decays requires a magnetic spectrometer and a

system for particle identification at the end of the decay volume. Figure 2.6 shows the momen-
tum distribution (left) and the opening angle distribution (right) of the decay products in ⇡µ
decays of HNLs from charmed hadrons. In order to provide discrimination against background,
the tracking system of the spectrometer must provide good tracking and mass resolution, and
precise determination of the position of the decay vertex and the impact parameter at the tar-
get for the particle producing the decay vertex. A timing detector with sub-nanosecond time
resolution as part of the hidden particle reconstruction system is further required to exclude
fake decay vertices from combinations of random tracks.
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Figure 2.6: Momentum distribution (left) and opening angle distribution (right) of the decay
products in ⇡µ decays of HNLs with mass 1 GeV/c2 from charmed hadrons.



The TP Design
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The EM calorimeter in the 
Technical Proposal

Physics: HNL—>𝛑𝛑0l, DP—> 𝛑𝛑𝛑0, e-/𝛑 separation in 
HNL—>𝛑e

Particle rate —> low

Shashlik (a la LHCb)
Cells of 6×6 cm2 cross section 
with 140 alternating layers of 
1 mm lead and 2 mm scintillator. 

Total depth of ~50 cm = 25 X0


𝝈(E)/E≈5.7%/√E
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Current Design in TP:  Shashlik calorimeter

• Cells of 6×6 cm2 cross section                                                         

with 140 alternating layers of                                                            
1 mm lead and 2 mm scintillator.


• Total depth of ~50 cm = 25 X0.

• Light transfer with longitudinal WLS fibres.

• Light readout with PM tubes.

• In total 11504 cells/channels.

• Energy resolution σE/E ~ 5.7%/√E


Disadvantages of shashlik design: 
• High cost (10 M€ in TP). 

• No possibility for additional “high precision                                     

layers” for directional information.                                                                               

2

ECAL Design in Technical Proposal

Rainer Wanke, SHiP Collaboration Meeting, June 8th, 2017
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(a) (c)

(b)

Figure 4.62: Calorimeter system geometry: (a) a shashlik calorimeter cell (for display purposes
cover foils have been removed), (b) Geant4 view of a shashlik ECAL module, and (c) 5x10 m2 elliptic
Calorimeter system and its position with respect to the MUON system (3D view with the top-right
quarter removed).

Recent developments in shashlik technology have shown that electromagnetic shower en-
ergies can be measured with a resolution of �(E)/E ' 6%/

p
E (E in GeV) [153]. This

performance can be obtained using a sampling structure of 1 mm lead sheets interspersed with
2 mm thick scintillator plates and an accurate design of the light collection by the wavelength
shifting (WLS) fibers. A photo of a shashlik module is shown in Figure 4.62 (a). Results of
detailed simulation of such a structure using the Geant4 toolkit (shown in Figs. 4.62 (b, c)) are
discussed in the Section 4.10.1.5.

The schematic front view of the ECAL is shown in Figure 4.62 (c). The calorimeter is
constructed from modules, which are shown in the figure as rectangular blocks with a trans-
verse dimension of 12⇥12 cm2. Each module is separated into 2⇥2 light-isolated readout cells.
As shown in Figure 4.61 (b) the resulting 6⇥6 cm2 cells provide nearly 100% e�ciency for
two-photon separation. A possible increase of the transversal cell size would introduce some
ine�ciency but allow substantial reduction in the overall ECAL cost. The modular geometry
of the calorimeters facilitates their integration in any geometrical configuration of the SHiP
detector. The modules are connected mechanically at the front and backward sides and form
a self-supporting structure.

A Geant4 implementation of a calorimeter module is shown in Fig 4.62 (b). The module
is built from alternating layers of 1 mm thick lead, white reflecting Tyvek paper (2x0.06 mm)
and 2 mm thick injection-moulded polystyrene-based scintillator tiles. The complete stack is



The HCAL and MUON detector  in 
the Technical Proposal

The TP design (2)

Design:

cover 𝜇/𝜋 separation  above few GeV’s <threshold> with “MUON” 
detector (4 layers of plastic extruded scintillator read out by WLS fibres 
and SiPMS’s and digital readout alternated with 3.4 λI iron absorbers) —
> a “topological” detector
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Figure 4.67: Muon detector layout. Green thick layers are the passive iron filters, grey thin
layers are the active modules. Each active module is defined by two layers (horizontal and
vertical) of scintillating bars and the support aluminum structure. The beam impinges from
the right-hand side.

construction, potential for distributed production, long-term stability, low maintenance, high
reliability and cost e↵ectiveness, all important aspects for building a large area detector.

The scintillating strips in the SHiP muon detector will be 5 (10) cm wide, 3 m long and 2
(1) cm thick. Precise definition of the dimensions will be done for the Technical Design Report.
Crossings of horizontal and vertical strips can provide the x, y view in each muon station with a
readout granularity of 5 (10) cm. In Figure 4.68 and Figure 4.69 a possible layout of horizontal
and vertical strips for each muon station is shown.

About 480 vertical strips and 480 horizontal strips 5 cm wide are needed to instrument one
muon station in the two views, 3840 strips for the entire system readout at both ends by 7680
photodetectors. In Table 4.9 the main numbers of the muon detector are summarized.

Given the relatively large area, a good choice could be the rather inexpensive scintillators
produced at the FNAL-NICADD [160,161] facility which are fabricated by extrusion with a thin
layer of T iO2 around the active core. Another possibility could be polystyrene scintillator bars
extruded at UNIPLAST plant (Vladimir, Russia). In this case, the scintillator composition is
polystyrene doped with 1.5% of paraterphenyl (PTP) and 0.01% of POPOP and the bars are
extruded with thickness of 7 and 10 mm and then covered by a chemical reflector by etching
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Figure 4.68: Scintillating strips layout.

Figure 4.69: Muon detector layout: detail.

the scintillator surface in a chemical agent that results in the formation of a white micropore
deposit over the polystyrene surface [162].

Since the attenuation length of the plastic scintillator is rather short (⇠35 cm), the light
produced by the particle interaction has to be collected and transported to the photodetectors
e�ciently by WLS fibres. These fibers need to have a good light yield to ensure a high detection
e�ciency for fiber lengths of ⇠ 3 m. Possible choices for WLS fibers are those produced by
Saint-Gobain (BCF92) [163] and from Kuraray (Y11-300) [164] factories. Both companies
produce multiclad fibers with good attenuation length (� ⇠ 3.5-4 m) and trapping e�ciency
(⇠ 10%). The fibers from Kuraray have a higher light yield (about 40% more), while Saint-
Gobain fibers have a faster response (⇠ 2.7 ns versus ⇠ 10 ns of the Kuraray), which ensures
a better time resolution. The choice of the manufacturer will be done for the Technical Design
Report.

Large volume scintillator detectors require the usage of inexpensive, compact, photosensors
with a high e�ciency to the green light emitted from WLS fibers.

Manufacturers have advanced in recent years in developing new generations of multipixel
Geiger photodiodes referred as SiPMs. Di↵erent SiPM types are available on the market
from di↵erent manufacturers like Hamamatsu, AdvanSiD (FBK), KETEK and SensL (see Ta-
ble 4.10). We are planning to test di↵erent models in order to find out the solution that fully
matches our requirements.



The TP design (2)

and cover the low momentum region <4GeV with  iron 
Shashlik HCAL with 24x24cm2 cells with 6.2 λI

first thin section (H1) with 18 sampling layers followed by 
a  second section (H2) of 48 layers  
(Shashlik  was chosen just for  conceptual simulation)      

Of course the MUON detector threshold depends on what 
is in front in terms of λI
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Performance  studies already in the TP

ECAL response studied with FairSHiP MC

HCAL detector optimised stand-alone (not in FairSHiP) 

MUON detector NOT optimised but simulated in FairSHiP 
with HCAL in front  (6.2λI )

Beware: hadronic shower response in MC not  
completely reliable
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Performance on non-decaying pions of the  MUON 
detector
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Figure 4.73: Muon identification e�ciency (left) and the pion misidentification probability for
pions not decaying in flight (right) as a function of momentum.
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Figure 4.74: Pion identification e�ciency (left) and the muon misidentification probability
(right) as a function of momentum.

- definition of the number and layout of the WLS fibers;

- choice of the manufacturer of the WLS fibers;

- test of the SiPMs present on the market;

- design and test of prototypes of the front-end electronics.

For this purpose a two weeks long test beam is scheduled at the T9 area of the PS at CERN
in October 2015.

4.12 Trigger and Online System

The architecture of the Online system is inspired by the one proposed in the LHCb Trigger
and Online Upgrade TDR [169]. The philosophy is to implement a trigger-less readout system,
which performs event building of all zero suppressed data and subsequently executes a fully
software trigger on an online computer farm. Contrary to LHCb the SHiP front-ends (FE)

P(𝜋—>𝜋) P(𝜋—>𝜇)
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- definition of the number and layout of the WLS fibers;

- choice of the manufacturer of the WLS fibers;

- test of the SiPMs present on the market;

- design and test of prototypes of the front-end electronics.

For this purpose a two weeks long test beam is scheduled at the T9 area of the PS at CERN
in October 2015.

4.12 Trigger and Online System

The architecture of the Online system is inspired by the one proposed in the LHCb Trigger
and Online Upgrade TDR [169]. The philosophy is to implement a trigger-less readout system,
which performs event building of all zero suppressed data and subsequently executes a fully
software trigger on an online computer farm. Contrary to LHCb the SHiP front-ends (FE)

P(𝜇—>𝜇)
P(𝜇—>𝜋)



HCAL and ECAL combined
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Table 4.8: Pion suppression factors and pion misidentification probabilities at 95% muon identification
e�ciency, achieved by ECAL � H1�H2 in the current geometry.

Track momentum (GeV/c) 1 1.5 2 2.7 3 5 10
⇡ suppression factor 23 32 50 120 160 210 250
⇡ misidentification probability (%) 4.3 3.1 0.20 0.83 0.63 0.48 0.40

4.10.2.3 Detector geometry

Given the results of the previous studies on the ⇡/µ discrimination and identification, the
baseline option for HCAL is a system consisting of 1512 single-cell modules of 24x24 cm2,
arranged longitudinally in 2 independently read-out stations. In each station the modules are
stacked in 42 rows and 22 columns forming an elliptic shape, see Figure 4.62 (c). There are
two types of HCAL modules, 18-layer modules in the 1st station and 48-layer ones in the 2nd

station. Each layer consists of a 1.5 cm steel absorber and 0.5 cm scintillator tiles wrapped
with Tyvek reflecting paper. The total length of the HCAL detector (66 layers) corresponds
to about 6.2 hadronic interaction lengths �I . As done in the ECAL, the light is collected by
0.6 mm diameter WLS fibers penetrating from the front and from the rear of each module.
Fibers coming from a module are bundled together and coupled to the same photodetectors
used for ECAL.

The longitudinal space taken by the whole Calorimeter system will be about 3.3 m.

4.10.2.4 Electronic readout chain

The HCAL readout chain will need a minimum dynamic range of 13-14 bits to cover the full
scale while maintaining good resolution for minimum-ionising particles. The baseline design
for the front-end electronics will use analog shapers and commercial FADCs to measure PMT
pulses. FPGAs will apply running digital filters to the FADC outputs for both energy extraction
and ns-level pulse timing.

In total the HCAL system has 1512 readout channels. The HCAL readout boards will
process approximately 64 channels each, corresponding to a total of about 24 boards hosted in
two readout crates. As for the ECAL, it is expected that a single gigabit ethernet link will be
su�cient to read out each board to the DAQ system.

4.11 Muon detector

The muon system, in conjunction with the electromagnetic and hadronic calorimeters, is
designed primarily to identify with high e�ciency muons from signal channels as N !

⇡+µ�, µ+µ�⌫µ in the neutrino portal, V ! µ+µ� or S ! µ+µ� in the vector and scalar
portals, respectively, and to separate them from ⌫� and µ� induced backgrounds, mostly
KL ! ⇡±µ⌥⌫µ and KS ! ⇡+⇡� decays originating in the material surrounding the decay
volume where one or two pions are misidentified as muons. The muon system can also help in
separating S/V ! ⇡+⇡� final states from KL ! ⇡±µ⌥⌫µ, where the muon is misidentified as
pion.



Post-TP performance studies with FairSHiP

PID software implemented in FairSHiP 
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ECAL/HCAL cuts (position extrapolated  at shower max)

Δx,Δy and  E/p (for e- should be around 1)

MUON detector cuts: Δx,Δy ,#hits, penetration

All cuts momentum  dependent

for p<5 Gev check HCAL penetration and consistency with mip
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Figure 2: �x and �y in electromagnetic calorimeter

3.1 Electron-Hadron Identification

The important variables to distinguish between electrons and hadrons are given by electro-
magnetic calorimeter and they are as following:

• �x and �y; which they are the di↵erence in positions for both x and y projections
of the extrapolated tracks and the reconstructed clusters in the ECAL detector (see
Figure 2).

• E/P; which is the Energy of clusters that are reconstructed by ECAL detector over
the momentum of each track.

The thresholds of these variables depend on the momentum of particles. A dip study
for di↵erent range of energies has been studied in this work. To calculate the right �x and
�y in ECAL, each particle track is extrapolated to the Z position of the shower maximum.

3.2 Hadron-Muon Identification

Hadrons mostly stop in hadron calorimeter, however muons passing through the HCAL
and reach muon detector. The interested variables to distinguish between hadrons and
muons within the muon detector are:

• �x and �y; same as the ECAL detector, �x and �y are the di↵erence in positions
of the extrapolated tracks and the muon hits within the muon detector (see Figure
3).

3



PID with signal channels: HNL, Dark Photon
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Figure 7: PID e�ciency for 2 body events. Most upper row represent the reconstructed
events in SHiP experiment and the first column from left shows the Monte Carlo events.
The red column stands for the immigration of 2body to 3body evens. The upper number
in each cell shows the number of reconstructed events over the Monte Carlo events for
each channel; the lower number is the e�ciency of particle identification for each channel.

Figure 8: PID e�ciency for 3 body events. Most upper row represent the reconstructed;
and the first column from left shows the Monte Carlo events. The red column stands
for the immigration of 3body to 2body evens. The upper number in each cell shows the
number of reconstructed events over the Monte Carlo events for each channel; the lower
number is the e�ciency of particle identification for each channel.

table shown in Figures 8 shows the immigrated events to 2 body events. The percentage
of events on the diagonal part of the table shows the e�ciency of PID software for each
channel. The outliers are due to systemical or physical a↵ects that will be briefly explained
in the following.

Systemical misidentification: The misidentification of particles caused by system-
atic a↵ects are sorted in 3 items;

• Muon particles that identified as pions: this happens when the energy of the
muons are very low (around 1-2 GeV), therefore the information giving by muon
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Figure 9: PID e�ciency for 2 body events having mass around 400 MeV. Most upper
row represent the reconstructed events in SHiP experiment and the first column from left
shows the Monte Carlo events. The red column stands for the immigration of 2body to
3body evens. The upper number in each cell shows the number of reconstructed events
over the Monte Carlo events for each channel; the lower number is the e�ciency of particle
identification for each channel.

Figure 10: PID e�ciency for 3 body events having mass around 400 MeV. Most upper row
represent the reconstructed; and the first column from left shows the Monte Carlo events.
The red column stands for the immigration of 3body to 2body evens. The upper number
in each cell shows the number of reconstructed events over the Monte Carlo events for
each channel; the lower number is the e�ciency of particle identification for each channel.
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pion decays in flight
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8

charge exchange reaction (can occur at any depth) et al. (in MC they are seen as true e-)

the other mis-id’s depend are due to overlapping tracks in CALO’s
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 𝛎-induced background
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if vacuum =10-3 bar, background=0.016 events even without PID; NB: these are the 
neutrinos only
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Doca<1	&	10	<	IP	<	250	
VETO	on	

Accepted	Invariant	mass:	InvMass<10GeV	

μ-μ	
IP>10	

e-e	
IP>10	

μ-e	
IP>10	

μ-π	
IP>10	

π-π	
IP>10	

Rec	 3	 1	 11	 105	 8	

10	<	IP	<	250	cm		
(as	for	Nàμμυ)	

To	scale	to	2e20	pot	divide	by	8.3	for		
Air	and	66.4	for	He	

Total	events	from	Iaroslava:	249	
We	remain	with	128	events.	

Most	of	the	μπ	events	have		
rejected	due	to	the	IP>10		

Nair	=	1.8	
Nhelium	=	0.22	

24/11/2016	 9th	SHiP	Collabora@on	Mee@ng	-	Behzad	 28	

=SBT+upstream veto+muon 
detector of neutrino detector
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Why evolving compared to TP?
1) reduce possibly cost of Shashlik
2) add the measurement of shower  direction  for  

neutral final states (need few mrad resolution for              
ALP—>γγ) and possibly suppress background

3) improve e/𝛑 separation 
of course it is a 5x10 m2 guy (or lady)…



Search for 

ALP—>γγ
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Figure 9. Projected sensitivity of SHiP, marked by §, for 2 · 1020 protons on target overlaid with
figure 8. As in figure 8, opaque regions correspond to existing limits, transparent regions correspond
to a proposed experimental reach based on assumptions as outlined in the text.

factors. As an additional benefit the scattering is then coherent over the whole nucleus

and production cross sections are enhanced by a factor of the nuclear charge squared.

Importantly, we have provided predictions for the angular distribution of the ALP-

production cross-section: although transversal momenta of the produced ALPs are typically

small, the detector in a beam dump experiment is placed far away from the target and

therefore covers only a tiny angle from the production point. A precise determination of

the expected spatial distribution for ALP-induced events and an accurate estimate of the

geometric acceptance is therefore mandatory in preparing and analysing a real experimental

run. Taking all these effects into account, we have shown that even with a rather modest

beam-time requirement, the currently operating NA62 experiment would have a sizeable

discovery potential for ALPs in the mass range of ∼ (30− 200)MeV. The proposed facility

SHiP could extend this reach over the course of its running period up to masses of 1 GeV.

In the present work we have focussed on pseudoscalar ALPs that couple dominantly

to photons. It is however straight-forward to generalise our results to scalar ALPs as well

as ALPs with additional couplings to fermions as follows:

• Writing the coupling between scalar ALPs and photons as gaγ
2 aFµνFµν , we obtain

identical expressions for the ALP lifetime and the ALP production cross sections as

for the case of the pseudoscalar. Our analysis therefore applies to this case as well.

• Even for ALPs with relatively large (derivative) couplings to fermions, the decay into

photons will typically give the dominant contribution to the ALP decay length for

100MeV ! ma ! 2mµ [22], which is the region of interest for NA62. For larger ALP

masses, as potentially testable at SHiP, decays into muons (and, for scalar ALPs,

mesons) can significantly reduce the ALP decay length and hence suppress event

rates.

– 20 –

SHiP 5years

NA62 1 month

300MeV-1GeV



ANGLES

𝝈(θ)=10mrad/√E  ->black curve
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ALP



invariant mass reconstruction
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𝝈(Δm/m)=46% 𝝈(Δm/m)=20% 𝝈(Δm/m)=12%

the mass region which is only for us (not for NA62)

Why to care about  mass reconstruction? imagine we find 
10 two-photon only events. Wouldn’t you like to see an 
accumulation of a mass peak to claim we have a discovery 
(and not some background)? 



The measurement of the shower direction

This is not a completely new subject:

- e.g. ATLAS, though in one direction only (η)

- γ-ray experiments (e.g. FERMI) in space can measure it with high 
precision but very low efficiency (here we need full  efficiency)

In SHiP we can take advantage of the fixed target configuration 
that leaves some room in the longitudinal direction —> increase 
the lever arm

I show here some new ideas supported by GEANT simulation but 
work is not finished!
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Our current  conceptual design

Implemented in GEANT-based simulation with some 
simplifying assumptions 

in blue a  sampling ECAL with X-Y plastic scintillator bars 
readout via WLS fibres from the sides, coarse granularity 

in red the high precision layers at 3X0, 5X0 and 6.5 X0 (𝝻-
pattern gas detectors with pad readout with digital 
readout) that could also be staged
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1m

The SplitCal

More Standard design: Sandwich calorimeter 

• Large absorber planes with the total ECAL cross section.

• Scintillating planes by strips with WLS fibre readout.

• Some (2 or 3) additional layers for high precision measurements of 

the shower development  ➜  photon direction in X ➞ γγ decays.

3

Sandwich Calorimeter

Rainer Wanke, SHiP Collaboration Meeting, June 8th, 2017

Absorber ScintillatorHigh precision layer

10 m

~ 1-2 m

150𝝻m pads
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Physics with the upstream detector
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Structure functions in the Standard Model 
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Assuming  Bjorken scaling 

Assuming 2xF1 = F2 (Callan-Gross), and  -xF3=F2, verified experimentally, it 
follows  that F4 =0 and 2xF5=F2 (Albrecht-Jarlskog).  LO QCD (parton model) 
confirms these relations. 

F4 and F5 cannot be measured in 𝛎𝜇  and 𝛎e scattering since they are 
suppressed by mass terms
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𝛎𝝉 DIS
decomposition of the 
hadronic tensor with them 
reversal invariant structure 
functions  Wi(q2,𝛎)
(p is 4momentum of nucleon)

Nucl. Phys. B84, 467 (1975) 
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𝛎𝝉 DIS

With SHiP we can test for the first time the full neutrino DIS formula 
providing one of last remaining fundamental tests of the SM. 

NB: 𝝈(𝛎𝝉)<𝝈(𝛎𝜇) in the SM, and half the difference comes from reduced 
phase space and half from  F5 



…and not to forget that the anti-𝛎𝝉 was not 
observed so far…
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s-quark structure function

LHC and SHiP will probe the strangeness distribution in different ranges of x. 
With Q2 ∼ MW2 measurements of W and W+c production at the LHC constraint 
on strangeness at x < 10−2 

SHiP is sensitive above this range
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LHC SHiP

𝛎𝜇 DIS 



Searches for NP
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Lepton universality tests

No wonder that the third generation is the most interesting in this 
respect, less tested, higher mass ecc.(e.g. 2HDM) 

Also some hints of LUV from LHCb, B Factories ecc.

DIS cross section written including possible  BSM couplings between 
light quarks and third generation leptons and compared to SM

We studied so the effect on total cross sections; differential yet to be 
done
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Phys.Rev. D92 (2015) 7, 073016

𝛎𝝉 DIS



Effect of NP on cross 
section: scalar-tensor model

parameters allowed 
by 𝝉 hadronic 
branching ratio values 
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AS = SR+SL  BS = SR-SL



Preliminary results

blue=SM

red=scalar and tensor 
model (e.g a scalar 
Leptoquark);

results depend on the 
level of total error: 
normalization 
important!

82  NorwayUkraine School— CERN 7- Nov 2017



Dark photon decaying to  dark matter

Detect neutral current 
interaction  on atomic e-

—>not a background-free 
search (but calculable) 
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𝜒 scattering 

US Cosmic Visions: New Ideas in Dark Matter 2017 :
Community Report arXiv:1707.04591v1 [hep-ph]



Light 𝛎’s detector

Emulsion based detector with the LNGS OPERA brick technolgy, but with a much 
smaller mass (750 bricks) very compact (2m), upstream of the HNL decay tunnel —> 
with B field and followed by a muon detector (to  suppress charm background
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Neutrino target
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Neutrino target
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Neutrino target

also tested together with GEMs and 𝜇Wells and 
with MicroMegas
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A. Buonaura - SHiP Joint Physics and Detector Meeting 21st September 2017

Detector layouts under study

WITH MAGNET WITHOUT MAGNET

2.
04

 m
1.12 m

2.68 m

• Dimensions: 0.8 x 2 x 1.6 m3 

• Number of ECC bricks: 924 

• Total mass: ~7 tons 

• Horizontal magnetic field

• Dimensions: 1.12 x 2.68 x 2.04 m3 

• Number of ECC bricks: 3600 

• Total mass: ~28 tons (x4) 

• No magnetic field

2
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A. Buonaura - SHiP Joint Physics and Detector Meeting 21st September 2017

Comparison between the two options

WITHOUT MAGNETWITH MAGNET

Pros

Contra

Pros

Contra

1. Increase in the LDM sensitivity
2. Increase neutrino statistics
3. CES not needed anymore: simplification 

of  the  target,  further  increase  in  target 
mass

4. Avoid multiple scattering in magnet iron

1. Hadronic (BR 65%) and muonic (BR 17%) 
tau  decay  channel  used  for  ντ/anti-ντ 
separation 

2. Momentum  measurement  for  hadrons 
performed with MCS algorithms in  the 
brick and with sagitta method in CES.

1. Without  CES  no  possibility  to  measure 
hadron charge.

2. Only muonic channel (BR 17%) used to 
discriminate ντ/anti-ντ.

3. Momentum  measurement  for  hadrons 
rely only on MCS in the brick.

1. Lower sensitivity in LDM searches.
2. Target volume limited by the magnetised 

region.
3. Multiple scattering of particles in magnet 

iron.

3



Coming next!

90  NorwayUkraine School— CERN 7- Nov 2017



Take home message!

We have shown here that an intensity/acceptance 
increase compared to past hadronic beam dump 
experiments gives access to a very rich physics program

Many models (and theories…SUSY…), that provide a 
deep connection with cosmology,  can be tested in an 
unexplored range of parameters 

SHiP will also allow to complete the experimental tests of 
the SM description of  deep inelastic 𝛎 scattering with the 
reconstruction of the 𝛎𝝉 interactions

The protons are there…
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