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Outline of the talk 

•  The physics case for a beam dump facility 
•  Physics beyond the Standard Model and 

Neutrino Physics 
•  The SHiP experiment 

– The detector for hidden particles 
– The tau neutrino detector 
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History lesson - 1930s:

• Back then, the “Standard Model” was photon, electron, nucleons

• Beta decay: n ! p+ e�

Continuous spectrum!

• Pauli proposes a radical solution - the neutrino!

n ! p+ e� + �̄

• Great example of a hidden sector!
• neutrino is electrically neutral (QED gauge singlet)

• very weakly interacting and light

• interacts with “Standard Model” through “portal” - (p̄�µn)(ē�µ⇥)
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Today, 2014 - Where are we?

• Higgs! 

• Triumph of the 
Standard Model!

• Still, many reasons to believe there is new physics 

Theoretical: naturalness (Higgs, CC), flavor, Strong CP, Unification, Gravity ... 

Empirical: Dark Matter, Neutrino Oscillations, Baryon Asymmetry

• Unfortunately, there are no guarantees of discovery

• All searches for new physics are now fishing expeditions!
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Search for new physics with accelerators: 
Physics case for a beam dump facility 
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Light Hidden particles à singlets with respect to the SM gauge group  
à couple to different singlet composite operators (Portals) of the SM 

 Discovery Physics at the LHC Era, Kruger, South Africa, December 1-6 2014 R. Jacobsson 

� New light hidden particles are singlet under the SM gauge group 
 

� Composite operators (hoping there is not just gravity ) 
 

� Lowest dimension SM operator makes up “portals” to the Hidden Sector 
 

Î Dynamics of Hidden Sector may drive dynamics of Visible Sector! 
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Hidden Sector 
SM singlets - Non-
minimal with GHS 

 

Visible Sector 
GSM = 

SU(3)cxSU(2)LxU(1)Y 

Messenger interaction 

 

ℒ𝑚𝑚𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛 =  � 𝒪𝒪𝐻𝐻𝐻𝐻
(𝑘𝑘)𝒪𝒪𝐻𝐻𝑆𝑆

(𝑙𝑙)

𝛬𝛬𝑛𝑛
𝑘𝑘+𝑙𝑙=𝑛𝑛+4

𝑘𝑘,𝑙𝑙,𝑛𝑛
 

ℒ𝑊𝑊𝑚𝑚𝑊𝑊𝑙𝑙𝑚𝑚   =               ℒ𝐻𝐻𝑆𝑆         +          ℒ𝑚𝑚𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛      +         ℒ𝐻𝐻𝐻𝐻 

SM SM 
HS 

1. “Indirect detection” through portals in (missing mass) 
2. “Direct detection” through both portals in and out 

Production Detection 

SM 
Direct detection: 
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Portals 

Initial reduction of beam induced backgrounds 
 
-   Heavy target (~1 m Mo-W)  
-  Hadron absorber (5m Fe) 
-  Muon shield: ~ 50m 

Beam dump facility 
(different from a conventional neutrino facility) 

One spill: 4×1013 p.o.t. 
spill duration 1s      ~ 4×109 muons 



Search for hidden photons (vector portal) 
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• γ′

γ′ → e+e−, µ+µ−, qq̄, ...

• cτ ∼ ε−2m−1
γ′

•
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Axion portal, e.g. PNGB 
•  PRD 82, 113008 (2010), Discovering new light states at neutrino 

experiments  
•  Approximate symmetry, broken at a high mass scale F, gives rise to 

light pseudoscalars, pseudo-Nambu-Goldstone bosons (or ‘‘axions’’) 
with couplings to SM X-particle of the order of mX/F  

•  Production from mixing with π0 

•  Lifetime 
•  for ma < 400MeV, total width ~ Γee + Γ𝜇𝜇  
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Higgs portal 
•  Winkler et al., Constraints on light mediators: confronting dark matter 

searches with B physics, PLB 727 (2013) 506. 
•  Clarke et al., Phenomenology of a very light scalar (100MeV ÷10GeV) 

mixing with the SM Higgs, JHEP 1402 (2014) 123   
•  Scale invariance broken at the electroweak scale, by the VEV, à GeV-

scale scalar state predicted  
•  Mass eigenstates are orthogonal rotation of weak eigenstates 
•  Foreseen in many BSM models including SUSY, Coleman-Weinberg 
•  Possible interpretation as inflaton, Bezrukov et al, JHEP05(2010) 010  
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�0
0 is a pure doublet component and ⇢ a mixing angle

Weak eigenstates Mass eigenstates 



Production and decay modes 
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FIG. 3. Rare decays of⌥ (left) andB mesons (right) mediated
by the light scalar �.

A. ⌥ decays

If m� . 10GeV, the light scalar can mediate the radia-
tive decay ⌥ ! � � with � decaying further into mesons
or leptons [28] (see left panel of Fig. 3). In order to
factor out uncertainties, it is reasonable to express the
corresponding branching ratio in the form

Br(⌥(nS) ! � �)

Br(⌥(nS) ! ee)
=

y

2

GFm
2

bp
2⇡↵

F
⇣
1�

m

2

�

m

2

⌥

(nS)

⌘
, (6)

where ↵ is the Sommerfeld constant, mb is the bottom
mass and F a correction function which includes higher
order QCD processes [29, 30] as well as bound state
e↵ects appearing when m� approaches the kinematical
endpoint [31, 32]. A parameterization of F which in-
cludes both e↵ects without double counting can be ex-
tracted from Fig. 1 in [33].5 The branching fractions
Br(⌥(nS) ! ee) can be taken from [34].

Experimental constraints

Turning to experiments, the BaBar collaboration has
recently published several searches for light scalars in ⌥
decays. The results were presented in the form of upper
limits on the product Br(⌥ ! � �) ⇥ Br(� ! xx) with
xx being muons [35], taus [36], gluons [37] and general
hadronic final states [38]. These can be translated into
constraints on the coupling y of the scalar � to SM fields
by using (6) and the branching fractions from (5). The
strongest bounds arise from ⌧⌧ and hadronic final states;
they are presented in Fig. 5.

B. B meson decays

The scalar � also gives rise to an e↵ective flavor vio-
lating coupling b�s�� which is obtained by integrating

5 Here we use the estimate (B) from Fig. 1 in [33] which treats
theoretical uncertainties in a slightly more conservative way.

out the W -top-loop. One finds [11]

L�sb =
ymb

v

3
p
2GF m

2

t V
⇤
tsVtb

16⇡2

⇥ � s̄LbR + h.c. , (7)

with Vts and Vtb denoting the CKM elements. We fol-
low [39] and use the one-loop MS top mass mt = 165GeV
in the above expression.
For m� . 5GeV, the scalar can mediate rare decays of

B mesons. The most constraining mode is B ! K + �

for which the decay rate can be written as

�B!K� =

 
ymb

v

3
p
2GF m

2

t |V ⇤
tsVtb|

16⇡2

!
2

|hK|s̄LbR|Bi|2

⇥
p

(m2

B � (mK +m�)2)(m2

B � (mK �m�)2)

16⇡m

3

B

, (8)

which agrees well with the numerical formula presented
in [11]. For the corresponding matrix element we use the
parametrization [40]

hK|s̄LbR|Bi = 1

2

(m2

B �m

2

K)

mb �ms
f

0

(q2)

with f

0

(q2) =
0.33

1� q

2

/38 GeV2

, (9)

with the transferred momentum q

2 = m

2

�. This
parametrization is in good agreement with a more recent
determination of f

0

(q2) [41]. The uncertainty of f
0

(q2)
is at the level of ⇠ 10% [40].

Experimental constraints

The above decay mode would contribute to the rare
process B ! K+µµ via � decaying into a pair of muons
(see right panel of Fig. 3). As interference e↵ects can
be neglected – the intermediate � is on-shell – this con-
tribution simply adds to the SM one. The comparison
with observation is still not straightforward as the exper-
iments probe a regime of the coupling y < 0.01, where
the lifetime of � becomes non-negligible (see Fig. 2). If
the scalar travels a macroscopic distance in the detector,
this would a↵ect the event reconstruction performed in
the experimental analyses. Events with a too large dis-
placement �d of the �-decay vertex from the primary
interaction point would fail criteria on the vertex quality
and be rejected as background. At LHCb B mesons are
produced with a higher boost than at B factories. This
typically leads to a larger displacement �d and to more
events being rejected. Therefore the lower sensitivity of
B factories compared to LHCb is partially compensated
as they miss less of the signal events. We hence consider
the measurements of B ! K+`` at both, LHCb [42] and
Belle [43].6 Note that ` = µ at LHCb, while ` = µ, e at
Belle.

6 BaBar has also performed a search for B ! K + `` with sensi-
tivity very similar to Belle [44].

Rare B meson decays mediated by a light scalar �

Light scalar - BR and lifetime

Predictions of the BR(� ! µ+µ�) and c⌧ for y2 = 1 ( from arXiv:1310.8042);

- Voloshin ’86: chiral langrangian approach;
- Raby and West ’88: Final state interactions
tend to enhance the two pion mode and thus
suppress the BR into to muons.
- Truong and Willey ’89: Raby and West
overestimate the dominant f0(980);

- Donogue et al., ’90: latest predictions.

Gaia Lanfranchi Sensitivity to light scalar particles 6 / 22

Light scalar particles - Production

Production mostly via mesons decays, mostly B and K decays (D decays
are highly suppressed by CKM):

�(K ! ⇡�) ⇠ (m2
t |V ⇤

tsVtd |)2 / m4
t�

5

�(D ! ⇡�) ⇠ (m2
b|V ⇤

cbVub|)2 / m4
b�

5

�(B ! K�) ⇠ (m2
t |V ⇤

tsVtb|)2 / m4
t�

2

Gaia Lanfranchi Sensitivity to light scalar particles 8 / 22

B decays favoured compared to D 
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m2

lm�

8⇡v2
�3
l

where �l =
q
1� 4m2

l /h
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FIG. 4. Limits on (mh, sin
2 ρ) parameter space from me-

son decays for mh < 400 MeV: K → πµ+µ− (blue solid),
K → π + invisible (blue dot-dashed), B → Kµ+µ− (red
solid), B → K + invisible (red dot-dashed), B → K∗0µ+µ−

dedicated search (magenta), and the CHARM beam dump
experiment (green enclosed is excluded). Also shown are
the predictions from the models of Foot & Kobakhidze and
Bezrukov & Gorbunov descending (dashed).

therefore present results as bounds on sin2 ρ assuming the
model of Ref. [19] below 400 MeV, and unambiguously
on sin2 ρ×Br(h → l+l−) above, where l corresponds to
either µ or τ , depending on the channel.

1. Kaon decays

The NA48/2 collaboration has measured Br(K± →
π±µ+µ−) = (9.62± 0.25)× 10−8 [33], in good agreement
with the theoretical predictions (8.7 ± 2.8) × 10−8 and
(12±3)×10−8 [34]. To derive limits on sin2 ρ we assume
that a πµµ vertex is reconstructed if the h → µ+µ− decay
occurs within the longitudinal vertex resolution, σz ≈
100 cm [35], of the kaon decay, and not reconstructed
otherwise. A conservative limit on additive new physics is
obtained by taking the difference between the low end of
SM theoretical predictions, Br(K± → π±µ+µ−)theory !
6× 10−8, and the experimental measurement:

Br(K → πh)×Br(h → µ+µ−)

×
(

1− exp

[

−σz
γβcτ

])

" 4× 10−8, (10)

where the bracketed term is the probability that a parti-
cle with lifetime τ , speed βc and boost γ decays within
a distance σz , and γβ ≈ 120 is inherited from the kaon
with momentum 60 GeV. Note that both Br(K → πh)
and cτ depend on sin2 ρ, so that this inequality may be
used to constrain sin2 ρ. The obtained constraint is given
by the solid blue curve in Fig. 4.
The E949 collaboration has published a 90% C.L. up-

per limit on the two-body decay Br(K± → π±X) ×
Br(X → invisible) that is better than 10−9 between

10−7
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10−4

10−3

10−2
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si
n
2
ρ
×
B
r(
h
→

l+
l−
)
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FIG. 5. Upper limits on sin2 ρ×Br(h → l+l−) as a function
of mh for mh > 400 MeV, where l corresponds to either µ
or τ depending on the channel: B → Kµ+µ− (red), Υ →

γh → γµ+µ− (blue), Υ → γh → γτ+τ− (orange), and pp →

h → µ+µ− via gluon fusion at CMS (magenta). Also shown is
the level that dimuon (blue dashed) or ditau (orange dashed)
bounds must reach to compete with L3 assuming branching
ratios given by the perturbative approach in Sec. II.

170 MeV and 240 MeV [36]. The limit was derived as-
suming the decay of X was detected and vetoed with
100% efficiency if X decayed within the outer radius of
the barrel veto, lBV ≈ 145 cm [37]. We therefore impose
the following:

Br(K → πh)

×
∫ π

0

sin θdθ

2
exp

[

−lBV

sin θ

1

γβcτ

]

< E949 limit, (11)

where γβ ∼ 1 is determined using two-body kinematics
assuming a stationary kaon. This bound applies where h
escapes the detector; it also applies to invisibly decaying
scalars if BSM < 1. It is shown as the blue dot-dashed
line in Fig. 4. Notice that, for mh > 2mµ, this constraint
results in a non-trivial excluded region in (mh, sin

2 ρ) pa-
rameter space. This is because the invisible yield can fall
either by decreasing sin2 ρ, thereby making the total cross
section smaller, or by increasing sin2 ρ, thereby making
the decay more prompt.

2. B meson decays

The LHCb collaboration has measured Br(B+ →
K+µ+µ−) = (4.36 ± 0.15 ± 0.18) × 10−7 [38], the most
accurate measurement to date and in good agreement
with the theoretical prediction of (3.5± 1.2)× 10−7 [39].
However, we will use the results from B-factories [40, 41],
since the nature of an e+e− collider makes it easier to pre-
dict the boost factor, and it is convenient to use the same
experiment to constrain both the prompt and long-lived

Blue solid: K à π µ+ µ-  
Blue dashed: K à π invisible 
solid: B à K µ+ µ-  
dashed: B à K invisible 
B à K*0 µ+ µ-  
CHARM beam dump 
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See-saw generation of neutrino masses 
Most general renormalisable Lagrangian of SM particles (+3 singlets wrt SM gauge group): 

Majorana term which 
carries no gauge charge  

Yukawa term: mixing of 
NI with active neutrinos to 

explain oscillations   

The scale of the active neutrino mass is given by the see-saw formula: 
where                         - typical value of the Dirac mass term 

Lsinglet = iN̄I@µ�
µNI � YI↵N̄

c
I H̃L↵ �MIN̄

c
INI + h.c.

v ⇠ 246 GeV

mD ⇠ YI↵v
m⌫ ⇠ m2

D
M

Motivation for Heavy Neutral Leptons 

 Discovery Physics at the LHC Era, Kruger, South Africa, December 1-6 2014 R. Jacobsson 

� 𝑌𝑌𝐼𝐼ℓ𝐻𝐻†𝑁𝑁�𝐼𝐼𝐿𝐿ℓ  lepton flavour violating term results in mixing between 𝑁𝑁𝐼𝐼 and SM active neutrinos 
when the Higgs SSB develops the < 𝑀𝑀𝑉𝑉𝑀𝑀 > = 𝑣𝑣 ~ 246 𝐺𝐺𝑀𝑀𝑀𝑀 
Î Oscillations in the mass-basis and CP violation 
Î Type I See-Saw with 𝑚𝑚𝑅𝑅 >> 𝑚𝑚𝐷𝐷(= 𝑌𝑌𝐼𝐼ℓ𝑣𝑣)  

 

� Four “popular” N mass ranges: 
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The νMSM model: leptogenesis and dark matter       

νMSM: T.Asaka, M.Shaposhnikov PL B620 (2005) 17 
M.Shaposhnikov Nucl. Phys. B763 (2007) 49 

global lepton-number symmetry broken at the level of O(10-4) leads to the required pattern of 
sterile neutrino masses consistent with neutrino oscillations data 
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Dark Matter candidate HNL N1       

ν 

Interaction strength  

•  N1 can be sufficiently stable to be a DM candidate, M(N1)~10keV 

New line in photon galaxy spectrum at 3.5 keV? 
To be checked with higher accuracy 
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N2,3 production in charm 
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H

and subsequent 
decays  

•  Typical lifetimes > 10 µs for M(N2,3) ~ 1 GeV 
     Decay distance O(km) 

•  Typical BRs (depending on the flavour mixing): 
 
        Br(N à µ/e π )   ~ 0.1 – 50% 
        Br(N à µ-/e- ρ+) ~ 0.5 – 20% 
        Br(N à νµe)       ~ 1 – 10% 

N2,3 production and decay

• N2,3 mix with ν

• Produced in semi-leptonic decays, f.i.
K→ µν, D→ µπν, B→ Dµν

• ∝ σD × U2

• U2
2 = U2

2,νe + U2
2,νµ + U2

2,ντ

• B(N→ µ/e π): ∼ 0.1− 50 %

• B(N→ µ/e ρ): ∼ 0.5− 20 %

• B(N→ νµe): ∼ 1− 10 %

• τN2,3 ∝ U−2, i.e. cτ O(km)

Nikhef 24/1/14 - 13 -

H.Dijkstra

N2,3 production and decay

• N2,3 mix with ν

• Produced in semi-leptonic decays, f.i.
K→ µν, D→ µπν, B→ Dµν

• ∝ σD × U2

• U2
2 = U2

2,νe + U2
2,νµ + U2

2,ντ

• B(N→ µ/e π): ∼ 0.1− 50 %

• B(N→ µ/e ρ): ∼ 0.5− 20 %

• B(N→ νµe): ∼ 1− 10 %

• τN2,3 ∝ U−2, i.e. cτ O(km)

Nikhef 24/1/14 - 13 -

H.Dijkstra

 
•  M(N2) ≈ M(N3) ~ a few GeVà CPV can be increased dramatically to explain 
                                                     Baryon Asymmetry of the Universe (BAU) 
 Very weak N2,3-to-ν mixing (~ U2)  à N2,3 are much longer-lived than SM particles 



 Discovery Physics at the LHC Era, Kruger, South Africa, December 1-6 2014 R. Jacobsson 

Role of 𝑁𝑁1 with a mass of 𝒪𝒪(keV) 
Î Dark Matter 

 
Role of 𝑁𝑁2 and 𝑁𝑁3 with a mass of 𝒪𝒪(𝑚𝑚𝑞𝑞/𝑚𝑚𝑙𝑙±) (100 MeV – GeV):  

Î Neutrino oscillations and mass, and BAU 
 

 
 

Î Assumption that 𝑁𝑁𝐼𝐼 are 𝒪𝒪(𝑚𝑚𝑞𝑞/𝑚𝑚𝑙𝑙): No new energy scale! 

• 𝑌𝑌𝐼𝐼ℓ = 𝒪𝒪
𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝐼𝐼𝑅𝑅

𝑣𝑣 ~ 10−8   (𝑚𝑚𝑅𝑅 = 1 𝐺𝐺𝑀𝑀𝑀𝑀,𝑚𝑚𝜇𝜇 = 0.05 𝑀𝑀𝑀𝑀) 

• 𝒰𝒰2 ~ 10−11   Î Intensity Frontier! 
 

 
 

9 

𝐻𝐻  
 

𝑊𝑊+
 

𝑁𝑁1 
 

𝜈𝜈  
 

𝑙𝑙− 
𝜈𝜈  
 

𝛾𝛾 

𝑉𝑉𝛾𝛾 = 𝑀𝑀𝑁𝑁1𝑐𝑐2
2  

𝑁𝑁1 Subdominant radiative decay 

Current limits on 𝑁𝑁2 and 𝑁𝑁3 
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Experimental and cosmological constraints 

Strong motivation to explore cosmologically allowed parameter space 
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-  Recent progress in cosmology  

           -   The sensitivity of previous experiments did not probe the interesting 
                region for HNL masses above the kaon mass  

This domain has been only marginally explored, experimentally!  

Experimental status on searches

Cooling and (activated)

air treatment

p→
tar
ge
t
ho
rn

π/
K
-de

cay

Already searches in K/D-decay performed:

• PS191(’88)@PS 19.2 GeV,
1.4× 1019 pot, 128 m from target.

• CHARM(’86)@SPS 400 GeV,
2.4× 1018 pot, 480 m from target.

• NuTev(’99)@Fermilab 800 GeV,
2.5× 1018 pot, 1.4 km from target.

• BBN, BAU and Seesaw constrain more than experimental
searches for MN > 400 MeV.

What has been achieved, is being prepared:

• CNGS: 1.8× 1020 pot, 2011: 4.8× 1019

• CERN neutrino R&D platform.
Design of target area in progress.

Nikhef 24/1/14 - 15 -

H.Dijkstra



•  PS-191: Used K decays à limited to 500 MeV (PLB 203 (1988) 332) 
•  Goal: Extend mass range to ~ 2 GeV by using charmed hadron decays 
•  B-decays: 20÷100 smaller σ, and B à Dµν, i.e. limited to ~ 3 GeV still 
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Sensitivity for N2 3 / U4

LHC (
p
s = 14 TeV): with 1 ab�1 (⇠ 3-4 years): ⇠ 2⇥ 1016 in 4⇡

SPS (400 GeV p-on-target (pot)

p
s = 27 GeV): with 2 ⇥ 10

20
pot (⇠ 3-4

years): ⇠ 2⇥ 10

17

The acceptance of a beam dump facility is much larger for long lived particles 

Where to produce charmed hadrons? 

,	
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Experimental requirements 
•   Search for HNL in Heavy Flavour decays 

                 Beam dump experiment at the SPS with a total of 2×1020 protons 
                 on target (pot) to produce a large number of charmed hadrons 

   CNGS: 1.8 x 1020 pot, 2011 run: 4.8 x 1019 pot 
•   HNLs produced in charm 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 (mainly from short-lived resonances 
accompanying charm production) 19	
  

Polar angle of µ
from Nàµπ  



Target configuration 
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 3rd ShiP Workshop/Collaboration Meeting, CERN, December 15, 2014 

Design considerations 
• High temperature 
• Compressive stresses 
• Atomic displacement 
• Erosion/corrosion 
• Material properties as a function of irradiation 
• Remote handling (Initial dose rate of 50 Sv/h…) 
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M. Calviani et al. 

Mo (58cm/4l) W(58cm/6l) 

Next step: Need to bring this design into our simulation 
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• High temperature 
• Compressive stresses 
• Atomic displacement 
• Erosion/corrosion 
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• Remote handling (Initial dose rate of 50 Sv/h…) 
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M. Calviani et al. 

Mo (58cm/4l) W(58cm/6l) 

Next step: Need to bring this design into our simulation 

Affects neutrino components and rates 



Proposal 2.0
• Sweep µ out at start of vessel.

• µ-shield 48 m long, 1700 tons.

• Result (2D): ∼ 30 k µ at z=56 m

• Needs to be implemented in Geant IV.

• Return (green) yoke ≡ brem-shield

• Natural space for ντ -spectrometer

14/10/2014 - 3 -

H.Dijkstra

Magnetic shield for muons 

1 

Hans lite magnet design with horizontal 
plates and concrete 

Thomas Ruf  Geant4 Simulation 

21	
  

10 30 50 m 

Schematic top view  

50 m 

+2 m 

-2 m 

m 

 3rd ShiP Workshop/Collaboration Meeting, CERN, December 15, 2014 R. Jacobsson 

Conclusion from studies of purely passive and combination of magnet 
sweeper/passive absorber: 
Î Muon shield based entirely on magnetic sweeping 
• Option 1 (5m x 6m): 2137 t 
• Option 2 (5m x 10m): 2777 t 

16 

Main sources of the muon flux (Pythia)  

Ebeam=400 GeV 

2777 t 

<105 µ/spill 
<1 µ/mm2 over 2 x 1019 pot 



Experimental setup 

 Discovery Physics at the LHC Era, Kruger, South Africa, December 1-6 2014 R. Jacobsson 
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Target/ 
hadron absorber 

Muon sweeper 

Tau neutrino 
detector 

Hidden particle 
decay volume 

Spectrometer 
Particle ID 
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Detector concept 
(based on existing technologies) 

HNL 

π+

µ-

•  Long vacuum vessel, O(5) m diameter, O(50) m length 
     Background from active neutrino interactions 
     becomes negligible at 0.01 mbar 

•  10 m long magnetic spectrometer with 0.5 Tm 
      dipole magnet and 4 low material tracking chambers 
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•  Reconstruction of the HNL decays in the final states: µ-π+, µ-ρ+ &  e- π+ 
    
                Requires long decay volume, magnetic spectrometer, muon detector 
                 and electromagnetic calorimeter, preferably in surface building 

2 x 104 ν-int/2 x 1020 pot @ 1 atm 



Background free experiment:  
background suppression 
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 3rd ShiP Workshop/Collaboration Meeting, CERN, December 15, 2014 R. Jacobsson 

� Residual backgrounds sources: 
1. Neutrino inelastic scattering (e.g. nμ + p → X + KL → μpn) Î Detector under vacuum, 

accompanying charged particles (tagging, timing), topological 
2. Muon inelastic scattering Î Accompanying charged particles (tagging, timing), topological 
3. Muon combinatorial (e.g. mm with m mis-ID) Î Tagging, timing and topological 
4. Neutrons Î Tagging, topological 
5. Cosmics Î Tagging, timing and topological 

 
 

 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 

 
 

 

4 

p+ 

m- 

Under study: 
1. Double wall vessel with liquid scintillator: Cylinder Background Tagger 
2. Front window with liquid scintillator/plastic scintillator: Front Background Tagger 
3. Downstream high-resolution timing detector  
4. (Upstream VETO chamber) 
 Î Note: Concept of VETO Æ deadtime = rate * time resolution/1s 
(5.   Muon system of neutrino detector) 

Front  
Background Tagger 

Cylinder 
Background Tagger 

Timing detector 

(Veto chamber) 



Tracking chambers 
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Same as NA62  
2m diameter vessel at 0.01 µbar 
10 mm diameter straws made of PET à working well in vacuum 
X/X0 = 0.5% for 4 view stations 
120 µm resolution/straw 

(K+ ! ⇡+⌫⌫̄)



26	
  

Magnet

LHCb magnet

• With X/X0=0.5 % chambers: modest 0.5 Tm

• Need ∼ 20 m2 aperture.

LHCb magnet: 4 Tm, 16 m2 aperture
Preliminary calculations (W.Flegel):

• Needs 30 % less iron/yoke than LHCb.

• Consumes 3 times less power.

Nikhef 24/1/14 - 26 -

H.Dijkstra

Magnet and e.m. calo Magnet

LHCb magnet

• With X/X0=0.5 % chambers: modest 0.5 Tm

• Need ∼ 20 m2 aperture.

LHCb magnet: 4 Tm, 16 m2 aperture
Preliminary calculations (W.Flegel):

• Needs 30 % less iron/yoke than LHCb.

• Consumes 3 times less power.

Nikhef 24/1/14 - 26 -

H.Dijkstra

LHC-b dipole magnet 

Electromagnetic Calo
LHCb Shashlik ECAL:

• 6.3×7.8 m2

• σ(E)
E

< 10%/
√
E ⊕ 1.5%

Larger/better than required.
But for N→ µρ(ππ0(γγ))
need small (10× 10 cm2) cells everywhere.

Nikhef 24/1/14 - 28 -

H.Dijkstra



Sensitivity to dark photons 	
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  only e+e-  and 𝜇+𝜇- decays used 
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Sensitivity to PNGB	
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Limits from Supernova SN 1987a   
CHARM 
meson decays 
muon anomalous magnetic moment 

B+ ! K+l+l�

for ma<400MeV the total 
width is approximated by Γee

+Γ!!  (we use the same 
approximation up to 1GeV) 

PNGBs 

Coupling to quarks and mixing with neutral pions

W. Bonivento

PRD 82, 113008 (2010)

Need to implement  
in FairSHiP and study 
selection



Sensitivity to light scalar	
  

29	
  

Sensitivity to light scalars G. Lanfranchi

SHiP sensitivity to light scalar 
Production via B-meson decays 
Request to decay in the decay volume with the products going 
through the spectrometer  

Gaia volunteered 
to implement this 
in FairSHiP

B ! K h
h ! µ+µ�



Exclusion limits in the Heavy neutral lepton search 
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SHIP sensitive to a significant part of 
the parameter space	
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ντ: the less known particle in the Standard Model   
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One of the four OPERA ντ candidates    

DONUT: 9 observed ντ candidate events (leptonic number not measured) 
OPERA: First observation of νµ à ντ  oscillation in appearance mode (4.2σ result) 

⌫̄⌧ not detected yet!



Electron, µ and τ neutrinos 
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Lower energy 
from soft π decay νµ νe 

Mostly from  
charm 

ντ 

Standard Model: ντ physics with 2×1020 pot 

Ds ! ⌧⌫⌧ , present configuration:
⌫e ' 7.1%, ⌫µ ' 92.5%, ⌫⌧ ' 0.4%
⌫̄µ/⌫µ ' 62%, ⌫̄e/⌫e ' 1, ⌫̄⌧/⌫⌧ = 1
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Standard Model: ντ physics with 2×1020 pot 
• ' 3500 ⌫⌧ interactions with 6 tons detector (' 5% of OPERA films)

• Discovery of ⌫̄⌧

• ⌫⌧ and ⌫̄⌧ cross-section

• ⌫⌧ magnetic moment

• Structure functions (F4 and F5 never measured)

• F1, F2 and F3 measured with 2⇥ 106⌫µ interactions

⌫e interactions (105) to measure charm production yield
! constraint normalization also for HNL



•･  Nuclear emulsions as trackers with micrometric resolution 
•･  Detect τ-lepton production and decay vertices 
•･  Compact emulsion spectrometer to measure the charge of τ decays 
•･  Electronic detectors to provide the“time stamp ” and reconstruct µ charge/momentum 

 Hybrid detector principle 
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This configuration (ECC + an emulsion spectrometer) never used so far! 
TESTS are needed to finalize the geometry and performances   



The neutrino detector 
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Magnet available 

8m 

4.5 m Neutrino target 

Sweeping magnet 

Muon spectrometer à la OPERA 



Magnetic Field 

3
7
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Magnetized target region 
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TARGET TRACKER:  
•  250 µm Scintillating fibres, 

read out by SiPMs  
•  GEM  
•  Micromegas 

Target region: 13 mini-walls 
One wall contains 48 bricks 
target mass ~ 6 ton  

ντ 

ντ 



Compact emulsion spectrometer 
second and third sheets. A total of 10 757 tracks were
reconstructed along the whole stack and associated to a
well defined exposure.3

The last step was to calculate the sagitta s of each
reconstructed track in the second sheet. It is defined as the
distance between the track position in the middle sheet and
the intercept in this sheet of the straight line joining the
track positions in the two external sheets. The momentum
for each track in GeV/c can then be determined4 from the
sagitta s (using the small angle approximation) according
to p ¼ 0:3zBL2=8s, where z is the electric charge of each
particle in units of the electron charge magnitude e, B is
the magnetic field in Tesla, L is the spectrometer length
in meter and s is the sagitta in meter. We also use the
two-dimensional sagitta, sx and sy, defined as sx ¼ x2 "
ðx1 þ x3Þ=2 and sy ¼ y2 " ðy1 þ y3Þ=2 where (xi, yi) are the
track coordinates on the ith emulsion sheet. The sagitta sx

is very nearly equal to s while the sy distribution should be
centered at 0 and its width reflects the deviations due to
multiple scattering (MS), measurement errors and align-
ment errors.

The measured sagitta distributions are shown as solid
histograms in Fig. 4. In our axis convention, particles of
positive charge are expected to have a positive sagitta.
A very clear separation of the charges is observed in the
momentum range of 0.5–2.0GeV/c. Arithmetic mean
(average) and RMS values are summarized in Table 2,
where RMS is the root mean square deviation of sagitta
values from their average.

A simple Monte Carlo simulation including MS in
all materials of the emulsion stack was performed assuming
that all beam particles were pions and that the
position measurement accuracy on each emulsion sheet
was 0:8mm (sðxÞ ¼ sðyÞ ¼ 0:8 mm).5 For each material
layer of the emulsion stack, a joint distribution of
displacements (Dxj) and deflections (Dyj) was generated
as [15]

Dxj ¼ r1tjy0j=
ffiffiffiffiffi
12
p
þ r2tjy0j=2

Dyj ¼ r2y0j.

Here r1 and r2 are independent Gaussian random variables
with mean zero and variance one, and tj is the thickness
of jth material layer (293mm for an emulsion sheet,
200mm for a Plexiglas plate and 15 000mm for an air

gap). The value of y0j is given by

y0j ¼
0:0136GeV

bcp

ffiffiffiffiffiffiffiffiffiffiffiffiffi
tj=X 0j

q

where p and bc are the momentum and velocity of the
beam particle, and X 0j is the radiation length of jth
traversed material. Last of all, a correction factor for the
total material thickness in radiation lengths

P
jðtj=X 0jÞ,

½1þ 0:038 lnf
P

jðtj=X 0jÞg' ¼ 0:822, was applied once as
described in Ref. [15]. Results of the simulation, expected
average and RMS values, are shown in Table 2. The
simulation reproduced well the observed average values,
and also RMS values for the negative particles. However,
the RMS values of the positive particles are slightly larger
than expected values.
The VPH distributions of the positive and negative

particles of 0.5GeV/c are shown in Fig. 5. While the
distribution shows a single peak for negative particles, two
distinct peaks are observed in the distribution for positive
particles. Since the mean ionization energy loss (dE=dx) of
a proton in nuclear emulsion is about 2.9 times larger
than that of a pion, these peaks are attributed to pþs
(VPH ¼ 50–220) and protons (VPH ¼ 320–440), respec-
tively. A Gaussian fit yields the central value of 138.6
(396.6) and the width of 33.2 (24.2) for the pþ (proton)
peak. If pion candidates are picked out by VPHp270, the
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Fig. 4. Sagitta distributions of charged particles of 0.5GeV/c (a), 1.0GeV/c (b)
and 2.0GeV/c (c) (solid histograms). The shaded histograms are for the
selected pþ candidates. The solid lines represent the fit results with Gaussian
functions.

3The probability of confusion and mis-reconstruction is almost
negligible in this experiment because the beam track densities are low. A
track was rejected if it had multiple candidates for the connection.

4The momentum can also be determined from the bending angle by
using the measurement of base track slopes. However, the bending angle is
about 0.010 rad for a charged particle of 1.0GeV/c, while the slope
measurement error of a base track is about 0.003. Therefore, the bending
angle measurement does not bring much for the momentum determina-
tion.

5This value was obtained from measurement with another emulsion
stack in which sheets were placed in contact with each other and track
positions in two consecutive sheets were compared. Therefore, it also
includes errors of relative alignment between two sheets.

C. Fukushima et al. / Nuclear Instruments and Methods in Physics Research A 592 (2008) 56–62 59

3 emulsion films interleaved with 1.5 cm air  
gap in a magnetic field (~ 1T), 3cm thick 

device, H. Shibuya et al NIM A592 (2008) 56 

Sagitta measurement 

0.5 GeV/c 

1.0 GeV/c 

2.0 GeV/c 
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•  Emulsion films alternated by low density 
material (Rohacell, 30÷100 kg/m3) 

•  the charge of 8 GeV muons detectable 
(±4.5 µm) à require precise alignment 

Data 



p<1 GeV/c

p<2 GeV/c

Muon detector requirements	
  
•  Detector performances driven by background rejection à 

minimise muon misidentification 
•  Soft and large angle muons à difficult to be identified 
•  Large acceptance and fine graining to identify P < 2 GeV 
•  4.5 x 4.5 m2 to detect angles up to tan(ϑ)≤1 
•  High sampling to use momentum/range correlation 
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10% p<1 GeV/c
19% p<2 GeV/c



Charm bkg rejection in νµ CC events 
Muon identification (with TT) > 95%  
Δp/p < 20% for p<30 GeV 
Charge misidentification < 0.3% 

details of the first  
spectrometer 
 

Precision	
  	
  
Trackers	
  
(driD	
  tubes)	
  
	
  

One spectrometer is composed by: 
1 dipolar magnet (1.52 T) 
22 RPC layers as inner tracker inside magnetized iron  
6 drift tubes stations (PT stations) 
2 external XPC stations (RPCs with strips at ±43o)    

XPCs	
  

Fe 
(5 cm) 

RPC 
 

HPT 

XPC 

Iron 
slabs 

B
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The magnetic spectrometer as a muon detector  
(OPERA one is an option) 

coils 
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ν-induced charm production 
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Figure 4. Energy dependence of the relative inclusive charm production cross-
section ratio. The squares show the measurements reported here, and the points
marked with triangles the E531 result. The circles represent the dimuon cross-
section measured in [11] scaled for the muonic branching ratio quoted in this
paper.
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Figure 5. Energy dependence for charged (squares) and neutral (triangles) charm
cross-section ratio relative to CC cross-section.

measurement is shown. Very good agreement is found with respect to the dimuon cross-section
measured with the CHORUS electronic detector by scaling the dimuon results for the muonic
charm decay fraction quoted in this paper.

New Journal of Physics 13 (2011) 093002 (http://www.njp.org/)

CHORUS , New Journal of Physics 13 (2011) 093002 

In νµ interactions: σcharm ~ 2%, ~ 11000 charm 

f(charm) =

R
�⌫µ�

CC
⌫µ

⇣
�charm
�CC
⌫µ

⌘
dE

R
�⌫µ�

CC
⌫µ

dE
⇡ 2% (1)

f(charm) =

R
�⌫e�

CC
⌫e

⇣
�charm
�CC
⌫e

⌘
dE

R
�⌫e�

CC
⌫e

dE
⇡ 4.6% (2)

1

In anti-νµ interactions:  
anti-νµ /νµ ~ 63%, σν-bar/σν = 0.5 ~ 3500 events 
only 32 observed by CHORUS 

•  Strange quark content obtained by the comparison of charm production in 
neutrino and anti-neutrino interactions 

•  Charm production with electronic detector tagged by dimuon events (high 
energy cut to reduce background): insensitive to the low energy region, 
slow-rescaling threshold à charm quark mass  



Search for multi-quark states in ν interactions:  
charmed pentaquarks 
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Unlike other processes like e+ e- scattering, the θ0
c production in anti-neutrino  

interactions is favoured by the presence of three valence quarks  

Weakly decaying charmed hadron (below 2.8 GeV) 

272 G. De Lellis et al. / Nuclear Physics B 763 (2007) 268–282

Fig. 2. Decay topology of Θ0
c events produced in ν̄µ interactions with two and four prongs.

sion tracks do not converge to a common vertex potentially contain a short-lived particle decay
topology and are selected for further inspection [29]. Recently, CHORUS has published a sample
of about 2000 ν̄µ interactions analyzed with this method, where charmed hadrons were looked
for [21].

In this paper a new search for Θ0
c production, performed from a sample of CHORUS data, is

presented. We have analyzed an enlarged data sample obtained with additional event location. In
the following section, the analysis strategy is explained.

5. Analysis strategy

If the mass lies below the threshold, the Θ0
c decays weakly. Weak decay modes of the Θ0

c are
the ones listed in Eq. (2) since we focus on the decay channels with a proton in the final state.
Therefore the signature of a Θ0

c event consists of a primary neutrino interaction with a short-lived
particle which in turn decays emitting two or four charged particles in the final state, as shown
in Fig. 2.

Given the fact that Θ0
c may decay via either the annihilation or the decay of the c̄ quark, the

lifetime of the Θ0
c is expected to be similar to that of the D0 state. Nevertheless, some exper-

iments [30,31] have claimed the observation of neutral charmed hadrons with longer lifetime
than D0. Therefore, in order to cover all possible ranges of lifetimes with high efficiency for the
pentaquark search, the NetScan method is applied with an enlarged fiducial volume. The scan-
ning volume is like a pyramid as shown in Fig. 3. This volume contains the vertex plate itself,
the plate immediately upstream, and ten plates downstream of the vertex plate, corresponding
to 9.48 mm along the beam direction. The transverse area of the first plate is 1.5 × 1.5 mm2,
enlarged to 3.0 × 3.0 mm2 in the most downstream plate.

The number of located events with a muon of positive charge as determined by muon spec-
trometer is 2262. In order to obtain the sample of ν̄µ CC interactions, one has to subtract from
this sample the contaminations due to:

– νµCC events with the µ− reconstructed as a µ+;
– hadrons reconstructed as a µ+ by the muon spectrometer, either in CC events where the µ

is not identified or in neutral-current (NC) interactions.

278 G. De Lellis et al. / Nuclear Physics B 763 (2007) 268–282

Table 6
Sensitivity to σ

Θ0
c
/σν̄ production for different lifetimes of Θ0

c . A cτ cut is applied to minimize the production sensitiv-

ity. The uncertainty in background estimation is
δ(N

D̄0 )

N
D̄0

= 0.3. We have used the decay branching ratios estimated in

Section 3

τ
Θ0

c
/τD0 cτ cut (µm) D̄0 (N2 + N4) Sensitivity

0.5 < 100 9.48 + 3.42 0.051
1 No cut 16.11 + 5.70 0.056
2 > 100 6.63 + 2.28 0.053
4 > 150 4.35 + 1.39 0.059
8 > 200 2.95 + 0.80 0.047

16 > 250 2.00 + 0.54 0.052

Table 7
σ
Θ0

c
/σν̄ production limit for different lifetimes of Θ0

c . A cτ cut is applied in order to minimize the production sensitiv-

ity. The uncertainty in background estimation is
δ(N

D̄0 )

N
D̄0

= 0.3. We have used the decay branching ratios estimated in

Section 3

τ
Θ0

c
/τD0 cτ cut (µm) Data (N2 + N4) Limit

0.5 < 100 6 + 5 0.039
1 No cut 15 + 9 0.065
2 > 100 9 + 4 0.084
4 > 150 7 + 1 0.083
8 > 200 4 + 1 0.062

16 > 250 3 + 0 0.052

model dependent, the sensitivity as a function of br2p is estimated and shown in Fig. 6 where we
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c proper lifetimes (0.5 to 16 τD0 ), the upper limit of the production
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/σν̄ < 0.039 at 90% C.L. for Θ0

c

lifetime equal to 0.5τD0 . This limit is above the D0 production cross-section, thus not providing
a tight bound on the production. The low sensitivity is essentially due to the limited anti-neutrino
statistics for the CHORUS experiment.

9. Possible Θ0
c search in the future neutrino experiments

In this section, we discuss a possible search for the charmed pentaquark using an emulsion
cloud chamber (ECC), as in the OPERA experiment [43], at a neutrino factory.

We assume the same analysis strategy discussed in cf. Section 5. In particular, we study the
Θ0

c search at a neutrino factory, by assuming the following parameters: a µ+ beam energy Eµ =
50 GeV; length of the straight section, L = 100 m; muon beam angular divergence, 0.1 mµ/Eµ,
mµ being the muon mass; muon beam transverse size σx = σy = 1.2 mm [44].

We assume that the target section of the detector is made of lead plates and nuclear emulsions
used as tracking devices, alternated in a ECC sandwich structure (60 emulsion films and lead
plates) as used in the OPERA detector [43]. The cross-section of the target is assumed to be 1 m2

(a wall with a matrix of 8 × 10 OPERA-like bricks). The target is made of one wall correspond-
ing to a total mass of about 0.68 t. The target wall is followed downstream by two couples of
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•  Following the SPSC encouragement in 
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•  The Task Force report (80 pages) 
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extended CERN directorate meeting 
on July 18th   

•  Detailed cost, manpower and schedule 
•  Encouraged to go ahead and report a 
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CERN Accelerator complex 
proposed location by CERN beams and support department 



Prevessin North Area from task force report 
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� From task force report: 
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Planning schedule of the SHIP facility     

A few milestones: 
ü   Form SHIP collaboration                       à   December 2014 done  
ü  Technical proposal                                à   2015 
ü  Technical Design Report                          à   2018   
ü  Construction and installation                    à   2018 – 2022 
ü  Commissioning                                         à   2022 
ü  Data taking and analysis of  2×1020 pot   à    2023 - 2027      
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• Searches for new physics beyond SM: explore the high intensity frontier

• SM guaranteed physics program: ⌫̄⌧ discovery, ⌫⌧ cross-section studies

and more

• Technical proposal in preparation (Spring 2015)


