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Important questions

� What is the origin of dark matter?
� What is the origin of CP violation in the universe?
� What is the origin of neutrino masses
� Why is there a hierarchy of fermion masses?
� Why do elements of the CKM matrix have a large spread?

The Standard Model (SM) for all its success has no answers to these

Not clear what the scale of New Physics is and what is the coupling
strength of NP to the SM
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How do we search for new physics?

Known physics 

unknown physics 

Energy frontier 
LHC, FCC 

Intensity frontier 
Flavour physics 
Lepton flavour violation 
Hidden Sector 
…. 
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The picture of new physics

� Large number of direct searches resulting in no new physics at scales up to
∼ 5TeV

IOP Conference - Brighton - 21-23 March 2016

Run 1 legacy… 

• Depending on interaction involved, run 1 sensitivity already knocked on the 
multi-TeV scale door

5

http://cms.web.cern.ch/org/cms-papers-and-results https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/
ATLAS_Exotics_Summary/ATLAS_Exotics_Summary.png

� Notable anomalies in γγ excess (maybe) but no smoking gun...
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The picture of new physics
� Even more stringent constraints through indirect flavour measurements

[Silvestrini 2016]

Manchester, 7/4/2016 L. Silvestrini 4

CURRENT STATUS

● Best bound from e
K
, 

dominated by CKM error

● CPV in charm mixing 
follows, exp error dominant

● Best CP conserving from 
Dm

K
, dominated by long 

distance

● B
d
 and B

s
 behind, error 

from both CKM and B-
paramsDF=2 processes scale as 1/L2

Bounds from DF=2 processes,
generic flavour structure
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CURRENT STATUS

● If new chiral structures 

present, e
K
 still leading

● B
(s)

 mixing provides very 

stringent constraints, 

specially if no new chiral 

structures are present

● Constraining power of the 

various sectors depends on 

unknown NP flavour 

structure: must improve all 

sectors!
DF=2 processes scale as 1/L2

Bounds from DF=2 processes,

CKM-like flavour structure

� Notable anomalies in b → c`ν and b → s`` but no smoking gun...
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A Hidden Sector

� New particles are light (rather than heavy) and interact very weakly with SM
particles (through portals)

LWorld = LSM + Lportal + LHS

� Such particles found in very wide range of theories
� SUSY → light neutralino with RPV/light goldstinos associated with

symmetry breaking

� Extra-dimensions → Axion Like Particles at Fermi Scale

� Hidden sector models → New particles at Fermi scale which are
singlets of the SM gauge group

In all these models, interactions can be sufficiently weak, evading precision
flavour and electroweak constraints
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Examples of portals

New light and weakly interacting
particle:

� Scalar (via Higgs coupling):
Lportal = (λiS

2
i + giS i )H

†H

� Vector (via mixing with photon):
Lportal = εF ′µνFµν

� Axion-like (via mixing/coupling
with photon/gluon/fermions):
Lportal = ∂µAψ̄γ

µγ5ψ,
1
2ε
µνρσFρσFµνA

� Neutrino (νMSM via yukawa
coupling):
Lportal = FαILαΦN I

Physics proposal including > 80 theorists
Exploring Hidden Sectors with SHiP 

4/

•  Several possibilities for so-called 
portal operators :  
–  Vector portal – new U(1) Bµν –

mixing with photon → εBµνFµν $

–  Higgs portal – new scalar field χ         
→ (µχ+λχ2)H’H 

–  Axial portal – new axial-vector a    
→  (a/F)GµνGµν,    (δµa/F)ψ�γµγ5ψ$

–  Neutrino portal – new heavy 
neutral leptons (HNL) → YHTN’L 

•  Diverse physics programme…  

•  Weak mixing →  (v.) long lifetime 

[arXiv:1504.04855] 

SHiP will make world-beating and 
model independent searches in of 
all of these areas 

•  Require very large number of intn. → fixed-target experiment 
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Concrete example: the νMSM
Asaka, Shaposhnikov [PLB620(2005)17]

� Minimally extend the SM by introducing 3 right-handed SM singlet
Majorana neutrinos (Heavy Neutral Leptons)

Ptolomy (∼90-168 AD):
It is a good principle to explain phenomena by the simplest hypothesis possible!

νMSM: T.Asaka, M.Shaposhnikov
PL B620 (2005) 17

Adding three right-handed Majorana Heavy Neutral Leptons (HNL): N1, N2 and N3:

• N1 can provide dark matter candidate

• N1,2,3 can provide neutrino masses via Seesaw mechanism

• N2,3 can induce leptogenesis→baryogenesis.

→

ICNFP 2015, 26 Aug - 8 -

H.Dijkstra� N1 can provide a dark matter candidate
� N1,2,3 can provide neutrino masses via the seesaw mechanism
� N2,3 can induce leptogenesis → baryogenesis
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Closer look at N1,2,3 of the νMSM

Introduction.— The canonical Minimal Standard Model (MSM) [1], despite being ex-

tremely successful in particle physics, cannot accommodate experimental data on neutrino

oscillations [2] simply because neutrinos are exactly massless in the MSM and thus do not

oscillate. In addition, the MSM does not contain any particle physics candidate for cold

dark matter and cannot explain the baryon asymmetry of the universe.

The simplest renormalisable extension of the standard model, consistent with neutrino

experiments, contains N right-handed SU(2)×U(1) singlet neutrinos NI (I = 1, . . . , N ) with

the most general gauge-invariant interactions described by the Lagrangian:

δL = N̄Ii∂µγµNI − FαI L̄αNIΦ − MI

2
N̄ c

I NI + h.c. , (1)

where Φ and Lα (α = e, µ, τ) are respectively the Higgs and lepton doublets, and both Dirac

(MD = F ⟨Φ⟩) and Majorana (MI) masses for neutrinos are introduced. We have taken a

basis in which the mass matrices of charged leptons and right-handed neutrinos are real and

diagonal, and F is a matrix with elements FαI .

In addition to quite a large number of dimensionless Yukawa couplings, this model con-

tains N dimensionful parameters - the Majorana masses of right-handed fermions. The

neutrino oscillation experiments cannot fix these new scales, as the masses and mixing an-

gles of active neutrinos contain only specific combinations of MD and MI , coming from the

diagonalization of the complete mass matrix.

In this paper we propose to choose these unknown mass parameters to be of the order

of the electroweak scale or below. In other words, we will assume that the model defined in

(1) is a true low energy theory up to the Planck (or, say, grand-unified) scale. Moreover,

we fix N to be 3, keeping the number of right-handed neutrinos to be equal to the number

of fermionic generations. The specific model in this parameter range will be called below

the “νMSM”, underlying its minimal character and the fact that no new energy scale is

introduced.

The aim of the present work is to demonstrate that the νMSM with a particular choice

of parameters, consistent with the data on neutrino masses and mixing, can explain simul-

taneously the dark matter and baryon asymmetry of the universe.

2

� Both Dirac (MD = F 〈Φ〉) and Majorana (MI ) mass terms included and are
≤ MEWK No additional energy scale required

� See-saw mechanism for ν masses constrains yukawa coupling (U) and MN2,3

since mν =
M2

D

MN
∼ U2〈H〉2

MN

→ Since MN ≤ MEWK have small U in order to satisfy mν
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Closer look at N1,2,3 of the νMSM cont’d
� N1 provides DM candidate if sufficiently stable
→ 1 < MN1 < 5keV to satisfy cosmological constraints
→ very weak mixing parameters with other leptons
→ one active neutrino with mν ∼ 10−5eV

� Baryogenesis: MN2 ∼ MN3 = MN , CP phases from FaI tuned to explain
Baryon Asymmetry of Universe

� Big Bang Nucleosynthesis: MN > 1GeV and τN < 0.1s to maintain
H1/He4 ∼ 75/25%

N2,3

U
2

← τµ

Use N2,3 to explain:

• ν masses:
Seesaw constrains Yukawa coupling
and MN2,3 , i.e. Mν ∝ U2/MN2,3

• Baryo(Lepto)genesis: make
N2 nearly degenerate with N3, and
tune CPV-phases to explain baryon
asymmetry of universe (BAU).

• 1/τN2,3 ∝M3
N2,3

• τN2,3 < 0.1 s,
otherwise Big Bang Nucleosynthesis
(BBN, ∼ 75/25 % H-1/He-4)
would be affected by N2,3 decays.

These are the particles SHiP is after!

ICNFP 2015, 26 Aug - 10 -

H.Dijkstra
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Closer look at N1,2,3 of the νMSM cont’d
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→ 1 < MN1 < 5keV to satisfy cosmological constraints
→ very weak mixing parameters with other leptons
→ one active neutrino with mν ∼ 10−5eV

� Baryogenesis: MN2 ∼ MN3 = MN , CP phases from FaI tuned to explain
Baryon Asymmetry of Universe
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Constraints on U2 coming from the baryon asymmetry of the Universe,

from the see-saw formula, from the big bang nucleosynthesis and

experimental searches. Left panel - normal hierarchy, right panel -

inverted hierarchy (Canetti, Drewes, Frossard, MS).

CERN, April 9, 2014 – p. 35

� Very small fraction of relevant parameter space has been explored
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Searching for N2,3

� Produce through semileptonic hadron decays
→ K → µν, D → µνX , B → µνX

� For MN > 1GeV need decays of charm and beauty
� Very weak N2,3 → ν mixing (U2) → N2,3 very long lived
→ For MN ∼ 1GeV, cτ ∼ O(10)km

N2,3 production and decay

• N2,3 mix with active ν

• Produced in (semi-)leptonic decays, f.i.
K→ µν, D→ µνX, B→ µνX, Z→ νν̄

• ∝ 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)

ICNFP 2015, 26 Aug - 11 -

H.Dijkstra

Branching fractions depend on flavour couplings
� B(D → π`N) : (10−12 − 10−8)

� B(N → µ/eπ) : (0.1− 50)%

� B(N → µ/eρ) : (0.5− 20)%

� B(N → νµe) : (1− 10)%

N2,3 production and decay

• N2,3 mix with active ν

• Produced in (semi-)leptonic decays, f.i.
K→ µν, D→ µνX, B→ µνX, Z→ νν̄

• ∝ 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)

ICNFP 2015, 26 Aug - 11 -

H.Dijkstra
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Experimental requirements

Charm production
� LHC (

√
s = 14TeV 1ab−1): ∼ 2× 1016 in 4π

� SPS (400GeV fixed target
√
s = 27GeV 2× 1020pot): ∼ 8× 1017

SHiP Requirements
Where to produce charm?

• LHC (
√

s = 14 TeV): with 1 ab−1: ∼ 2.1016 in 4π.

• SPS (400 GeV p-on-target (pot)
√

s = 27 GeV): with 2.1020 pot: ∼ 8.1017

Hence: go for the SPS! HNL search is different from νµ, νe physics (but ντ similar):

• νµ, νe cause background: heavy (Mo+W) target to avoid π/K-decay.
Example: Cu iso W-target doubles ν-background!

• Place detector as close as possible to target as background (huge µ-flux!) allows, i.e. ∼ 60 m?

• Decay vessel: “vacuum” to avoid ν-interactions

• Magnetic spectrometer to reconstruct HNL mass.

p-beam Target µ-shield HNL decay vessel spectrometer

N2,3

π

µ

ICNFP 2015, 26 Aug - 12 -

H.Dijkstra

� Heavy Target (Mo+W)
→ Minimise π,K → µνµ / Maximise heavy flavour production

� Detector placed as close to target as background allows
→ Maximise signal acceptance / Minimise µ flux

� Decay vessel in vacuum → Avoid ν-interactions
� Magnetic spectrometer → Reconstruct HNL mass

K.A. Petridis (UoB) SHiP Birmingham seminar 12 / 40



SHiP layout
As implemented in Geant4The SHiP experiment 

9/

•  Large decay volume : elliptical (5×10×50 m) vacuum vessel 
•  Magnetic spectrometer, EM calorimeter and muon detector – 

can all be made with existing technologies 
•  Design to suppress hidden sector backgrounds to ~zero 

150 m 
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The SHiP Technical Proposal
� Technical Proposal and Physics Proposal submitted April 2015 → 9 months

review with SPS committee [arXiv:1504.04956]

� Collaboration: ∼ 250 members from 45 institutes in 14 countries, admission
of additional institutes pending

Very positive response from SPSC

 Seminar at TUM, Munich, Germany, February 5, 2016 
 

R. Jacobsson (CERN) 

� Technical Proposal and Physics Proposal submitted April 2015 
Î 9 months review with SPSC 

 

Official conclusion from SPSC 
 
The SPSC has reviewed the proposal for “A Facility to Search for Hidden Particles (SHiP) at the CERN SPS” (Technical Proposal P-350 and Physics case P-
350-ADD-1), submitted in April 2015 following an earlier submission of the Expression of Interest EoI-010 in October 2013. The review included several lists of 
questions sent to the proponents, which were all answered including submission of a proposal addendum P-350-ADD-2 in October 2015. 
  
In the review process the Committee was impressed by the dedication of the SHiP proponents and their responsiveness to the Committee’s requests. In 
particular significant progress has been made since the EoI, along the lines of the SPSC112 recommendations, including optimisation of the proton beam dump 
design, broadening of the physics case and adaptation of the SHiP scheduling to external constraints. The CERN SPS offers a unique opportunity 
for the proposed programme and the SHiP proponents have the potential strength to build the proposed detector setup.  
 
The main physics motivation of SHiP is to explore the domain of hidden particles, searching in particular for new scalar, fermionic and vector particles. These 
would be produced in a proton beam dump at 400 GeV, either directly or from decays of charm or beauty particles. The experiment would be sensitive to a 
hitherto unexplored region of parameter space, spanning masses from a few hundred MeV to a few GeV and over two orders of magnitude in squared couplings. 
The main experimental signature involves two charged decay tracks, and will be complemented by decays to neutral particles. The experiment is also proposed to 
be equipped with an emulsion target, which would allow for unprecedented tau neutrino and antineutrino measurements and valuable QCD studies. Furthermore it 
would extend the hidden sector search to scattering of dark matter particles. The facility could accommodate additional detectors extending the range of dark 
matter searches. The SPSC supports the motivation for the search for hidden particles, which will explore a domain of interest 
for many open questions in particle physics and cosmology, and acknowledges the interest of the measurements foreseen 
in the neutrino sector. SHiP could therefore constitute a key part of the CERN Fixed Target programme in the HL-LHC 
era. 
  
The SPSC supports the updated SHiP schedule, which takes into account the HL-LHC preparation constraints during LS2, and defers any significant civil 
engineering investments for SHiP to the period following full approval of SHiP. The SPSC notes that, in this updated schedule, the time scale for the SHiP 
comprehensive design study, required for a final decision, coincides with the expected revision of the EU HEP strategy. The Committee also notes the plans of 
the incoming CERN Management to set up a working group to prepare the future of the CERN Fixed Target programme after LS2, as input to the next EU strategy 
update. In this context the SPSC recommends that the SHiP proponents proceed with the preparation of a Comprehensive 
Design Report (CDR) , and that this preparation be made in close contact with the planned Fixed Target working group.  
  
Preparation of the CDR should include further optimisation of the beam dump facility in the direction of a multipurpose area, test beams of detector prototypes 
where needed, detailed simulations of the detector response to all signal and background signatures, further theoretical studies of expected signals and 
comparisons with alternative search programmes. The Committee encourages the proponents to define a programme of measurements concerning production of 
charm in a SHiP-like target, important for normalisation purposes. The SPSC also encourages the proponents to further explore the potential benefit of inputs 
from the ongoing NA62 experiment to strengthen the experimental evaluation of SHiP backgrounds and systematics. The resources needed for the preparation of 
the SHiP CDR in the coming years should be secured within a MoU between CERN and the SHiP proponents’ institutes. 

 2 
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The fixed target facility

� Requirements: 400GeV protons 4× 1013p/spill (1s spill every 7s)

� Expect 2× 1020pot in 5 years of running
→ 60% of SPS super-cycle (a-la CNGS) compatible with operation of both
the LHC and North Area facilities (as currently implemented)

� High intensity demands new dedicated beam line connected to existing
TT20 transfer line

� Constraint in the planning: 1.5 years shutdown of North Area operation
(best done in LS2 and has been endorsed as fully compatible)
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The fixed target facility cont’d
[Courtesy T. Ruf]
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The target

� Detailed engineering design study performed by dedicated CERN task force
� 2.6MJ on target during 1s every 7s (kinetic energy of 100kg at 800km/h)
� Challenges due to radiation and mechanical stresses
→ Remote handling, helium atmosphere and cooling required

� Results of simulations: Molybdenum alloy and tungsten water cooled
� Designed for multi-purpose exchange of target and shielding configurations

for alternative uses

3.3. TARGET AND TARGET COMPLEX 25

Figure 3.7: Schematic view of the SHiP target assembly.

target, and to significantly reduce the exposure of the downstream experiment muon shield to
radiation. In total, roughly 450 m3 of cast iron will be required.

Figure 3.8: View of the SHiP target complex. A 30⇥40 m2 surface building houses the entire
complex.

In order to minimize the radiation issues in the primary beam line, the upstream shielding
has only a limited passage for the beam vacuum chamber of about a 20 cm diameter. An
absorber for neutral particles protects the upstream beam line from neutrons and other neutral
particle radiation.

The target bunker consist of a compact multi-compartment complex with a floor size of

 REFERENCE EDMS NO. REV. VALIDITY 

 SHiP-TP-2015-A4 1465053 1.0 RELEASED 

Page 6 of 94 

 

 

Figure 1: The table shows a comparison of the beam parameters for old 
experiments such as DONUT (* http://www-donut.fnal.gov/) and CHARM (** 

http://cds.cern.ch/record/205527/files/CM-P00068733.pdf?version=1) as 
compared to SHiP. 

 

1.2.3 Beam dilution on target 
For the evaluation of the response of the target, as proposed by B. Goddard in Ref. [4] 
the beam extracted from the SPS is assumed to have a momentum of 400 GeV/c, with 
a 1V of 6 mm Gaussian shape. The beam is then diluted through an Archimedean spiral, 
with a starting radius of 5 mm and a 6 mm increment in the radius per each turn. The 
maximum radius is 35 mm, for a total of 5 turns in 1000 ms and constant sweep speed 
in mm/ms [5]. The dilution shape is represented in Figure 2. 

 

Figure 2: The figure shows the assumed beam sweep footprint at the longitudinal 
position corresponding to the SHiP target [5]. 
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radiation. In total, roughly 450 m3 of cast iron will be required.
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complex.

In order to minimize the radiation issues in the primary beam line, the upstream shielding
has only a limited passage for the beam vacuum chamber of about a 20 cm diameter. An
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The target bunker consist of a compact multi-compartment complex with a floor size of
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Muon shield

The problem: Muons can interact with surroundings and produce V 0’s decaying
to pair of displaced charged tracks mimicking signal.
� Monumental rate of muons even

after target/hadron absorber
� Hidden particles from D and B

decays have significant pT

→ Detector as close as possible to
target
→ Need compact, efficient and
cost effective way to shield against
these muons

� Aim: reduce muon induced V 0

production at level less than the
neutrino induced background

Solution: Magnetic sweeping of muons
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Active muon shield
� Sweep away muons with momenta

up to 350GeV
→ Require 30Tm to deflect
350GeV muons

� Cost effective: Dipole magnets with
saturated iron Bmax = 1.8T in a
special arrangement

� Detailed engineering design performed at RAL
→ Using grain oriented steel
→ Field strength and configuration not an issue

3.4. MUON SHIELD 29

Figure 3.11: The x, z configuration of a possible active muon shield showing the trajectory of
two 30 GeV muons with a range of initial angles. The blue and dark green show the regions
of field and return field respectively. The muons are bent out su�ciently by the first part of
the shield such that they encounter the return field. This return field directs the muons back
towards the detector. The field (return-field) is shown in light blue (green).

The large winged shape section with 19 < z < 48 m is needed to sweep out particles that still
traverse the return field of the first section of the shield (see Figure 3.11). Multiple scattering
e↵ects muons traversing the shield and a full three-dimensional GEANT simulation is used to
assess the performance. The simulation indicates that with the proposed configuration it is
possible to reduce the number of muons to the required level. A three-dimensional view of the
shield as simulated is shown in Figure 3.12. The di↵erent colours again indicate the di↵erent
field directions in the iron.

The shield is divided into a number of di↵erent magnets, each of which is approximately
6 m in length. The implementation of two of these magnets, magnet 1, which is located at the
start of the shield 0 < z < 6 m and magnet 4, which is located in the region 19 < z < 25 m,
is discussed in the next section. After the first 19 m in z, it is necessary to move walls of the
experimental hall out to x = ±10 m in order to stop muons from being scattered back towards
the detectors.

3.4.2.2 Engineering design

In order to demonstrate the feasibility of constructing an active muon shield system as proposed
above, finite element simulations of two of the key magnets, 1 and 4, have been made in
the software OPERA-3d (http://operafea.com/). These simulations demonstrate that such

28 CHAPTER 3. THE SHIP FACILITY AT THE SPS

3.4.2 Active shield

3.4.2.1 Conceptual design

A total field of By = 40 Tm is required to bend out 350 GeV muons beyond the 5 m aperture
of the vacuum vessel. CERN beam lines already include 1.8 T conventional magnets of 5.66 m
length and 23 m of such magnets would be required to generate the required field. However,
the return fields of such a long sequence of magnets present a problem. These return field tends
to bend back towards the detector muons which have been bent out by the first part of the
shield. The method proposed to prevent this is shown in Figure 3.10. A first section of field
0 < z < 19 m long is used to separate µ+ to one side and µ� to the other side (regardless
of their initial direction). The field orientations are shown by the two colours and the return
field is placed at x ⇠ 1.5 m (shown in green). This separation creates enough room to place
the return field for subsequent magnets 19 < z < 48 m in the central region, where there are
then no charged particles. The field orientation is therefore reversed in the second region,
19 < z < 48 m, with the return field (green) closer to the z axis and the regular field (blue) at
larger x.

Figure 3.10: The x, z configuration of a possible active muon shield showing the trajectory of
three 350 GeV muons with a range of initial angles. The blue and dark green show the regions
of field and return field respectively. While the muons with initial directions 0 and 10 mrad are
swept out, the muon with -10 mrad will traverse the detector. The field (return-field) is shown
in light blue (green).

Muons bent out by the first part of the shield are then bent further outward, rather than
back towards detector, solving the problem of a single long sequence of magnets discussed above.

� Left with ∼ 5× 104 muons per spill with large pT e.g from J/ψ and Y
decaysK.A. Petridis (UoB) SHiP Birmingham seminar 21 / 40
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Hidden sector decay volume

� Minimise neutrino interactions in decay volume
→ Decay volume at 10−6bar pressure
→ < 1 neutrino interaction in 5 years
→ Pressure requirements could be relaxed in the future as can use topology
of interaction products to reject background

� Decay volume: Elliptical
10m×5m×60m

� Following optimisation procedure
maximising acceptance while
allocating necessary space for
sweeping magnet

� Veto detectors in front and
surrounding the volume

� Tracking stations inside the vacuum
� Dipole magnet 0.65Tm

12 CHAPTER 2. OVERVIEW OF THE EXPERIMENT

adapted to the region cleared by the muon shield to avoid intercepting the muon flux and induce
background in the HS detector, and to avoid large occupancy in the neutrino detector. In order
to minimize the background induced by the residual flux of neutrinos and muons inside the HS
detector and in its proximity, the decay volume must be under vacuum and must be located
at a distance away from cavern walls and heavy structures. The width of the decay volume is
defined by the region that can be shielded from the muon flux. The vertical dimension of the
decay volume is mainly driven by the cost of the vacuum vessel. The current optimization of
muon shield and cost, results in a decay volume with an elliptical shape of 5 m width and 10 m
height. The length of the decay volume is obtained by maximizing the acceptance to the hidden
particle decay products given the transversal size. The acceptance includes the probability of
decay on that length. Figure 2.4 shows the acceptance as a function of the length of the decay
volume for the 5 m ⇥ 10 m vessel. As a result a length of 50 m has been defined for the decay
volume.

Decay volume length [m]
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Figure 2.4: Acceptance for the hidden particle decays as a function of the length of the decay
volume for a vessel with a transversal size of 5 m ⇥ 10 m.

Despite the advantages of a shorter muon shield that a lower proton beam energy would
allow, the larger detector geometric acceptance does not compensate the rapid drop of the
heavy hadron production cross sections below Ecms ⇠ 25 GeV (see Figure 2.5). A beam energy
of around 400 GeV, equivalent to Ecms ⇠27.4 GeV, results in a compromise between the signal
production rates and the geometric acceptance of the detector at an a↵ordable price.

In order to maximize the sensitivity over a large range of phase-space, great attention has
to be paid to achieve near zero level of background after the analysis of the full data set from
2·1020 protons on target.

Counters surrounding the vacuum vessel are necessary to tag muons which are sent back to
the detector by scattering, and to tag hadronic showers from inelastic interactions in the vessel
walls by neutrinos and by muons.

CC and NC ⌫-interactions in the material upstream of the HS fiducial volume may produce
V 0 particles. In order to provide e�cient protection against these, a combination of light
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Hidden sector spectrometer

� Dipole magnet of length 5m with
0.65Tm, similar to LHCb design

� Aperture 50m2, power dissipation
∼ 1MW (3× less than LHCb)

� Field computations performed with
Opera-3d

106 CHAPTER 4. EXPERIMENT CONCEPTUAL DESIGN

Figure 4.55: (Left) 3D schematic view of the magnet with vacuum vessel. (Right) The field
amplitude map inside the iron yoke.

field has been performed. The hadron calorimeter (Section 4.10) consists of about a metre of
ferromagnetic steel interleaved with scintillators over a length of three metres. In order to ease
the modelling of the calorimeter, it has been simulated as three ferromagnetic blocks 40 cm thick
each. Figure 4.56 (right) shows that the horizontal field amplitude between -2.5 m<z<+2.5 m
from the magnet center is only marginally a↵ected by the presence of the iron. Furthermore,
it is also shown that the calorimeter completely shields the magnetic field.

The main magnet parameters are summarized in Table 4.8.1.
For flexibility, the coil and the cooling circuit have been designed to cope with a possible

magnet upgrade up to a 1.0 Tm bending strength with no modification of the coil or of the
water flow. Keeping the same water flow, the operation at 1.0 Tm would increase the coil
temperature from the reference 14�C at 0.65 Tm to 35�C at 1.0 Tm. In case the 1.0 Tm
upgrade option is pursued, the coil and the relevant support structure have to be designed to
take into account the increased thermal deformations already at the initial stage. An upgrade
to achieve a bending strength of up to 1.0 Tm would also require increasing the yoke size
by fitting additional ferromagnetic plates on the outer sides of the yoke to accommodate the
increased magnetic flux.

The cooling parameters are set to cope with a possible 1.0 Tm upgrade. When operating
at 0.65 Tm it may be considered to decrease the cooling flow from the nominal 65 m3/h to just
30 m3/h accepting to run the coils with a temperature increase of 30�C instead of the nominal
14�C. In order to keep the pressure drop in the range of 10 bar the pancakes have to be cooled

� Two tracking stations in front and
two behind
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Figure 4.46: Spectrometer layout. (Left) Position of the tracking stations (each with four views)
and dipole magnet, overlaid with magnetic field component Bx as a function of z. (Right) 3D
view of the spectrometer as implemented in the FairShip simulation.

is about 0.14 T at its maximum and about 0.08 T at the location of the closest tracker stations,
just outside the magnet. On the longitudinal axis the field integral between the second and
third station is approximately 0.65 Tm.

Following the direction of the magnetic field, the measuring elements are oriented horizon-
tally to measure precisely the vertical (Y) coordinate. Two stereo views (U and V) are rotated
by an angle ±✓stereo for measuring the transverse coordinate X with an accuracy degraded by
⇠ 1/ sin ✓stereo. The precision in X (i.e. the value of the stereo angle) is driven by the need
of a good enough measurement of the decay vertex, opening angle of the daughter particles
(which enters the invariant mass) and impact parameter at the production target. Each station
contains 4 views (Y-U-V-Y). The two stations on the same side of the magnet are separated
by � = 2 m and a gap of 5 m is left between the second and third stations (i.e. each is 2.5 m
away from the centre of the magnet).

A fifth ‘veto’ station with only two views (Y-U) is located a few meters downstream of
the vacuum vessel entrance lid, see Figure 4.1. It will use the same drift tube technology as
the tracking stations. However, its chief purpose is to tag tracks that are reconstructed in the
spectrometer tracker, but which originate from upstream of the veto station.

The tracking stations of the magnetic spectrometer must provide good spatial resolution and
minimise the contribution from multiple scattering. In addition, the tracker must operate in
vacuum (see Section 2.2). A straw tracker made of thin polyethylene terephthalate (PET) tubes
is ideal to meet these goals. Gas tightness of these tubes has been demonstrated in long term
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Hidden sector spectrometer cont’d

� Straw tracker: Similar technology
to NA62 but instead 5m straws at
1µb (cf 2m at 0.01µb)

� 0.5% X/X0 with 120µm spatial
resolution

� Demonstrated to work in vacuum

Thomas Ruf   CERN                                                                                                  Seminar Bonn June 2015 34

2m Ø @ 0.01µbar
Straw tubes with 120 µm spatial resolution 
0.5% 𝑋𝑋/𝑋𝑋0 for 4 stations
Demonstrated to work in vacuum

Straw Tracker in Vacuum

NA62 (𝐊𝐊+ → 𝛑𝛑+𝛎𝛎�𝛎𝛎)

MC

For SHiP, needs to be extrapolated to 5m Ø using horizontal straws 
R&D ongoing

Momentum resolution in simulation

� Implemented in simulation and
R&D is ongoing
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2m Ø @ 0.01µbar
Straw tubes with 120 µm spatial resolution 
0.5% 𝑋𝑋/𝑋𝑋0 for 4 stations
Demonstrated to work in vacuum

Straw Tracker in Vacuum

NA62 (𝐊𝐊+ → 𝛑𝛑+𝛎𝛎�𝛎𝛎)

MC

For SHiP, needs to be extrapolated to 5m Ø using horizontal straws 
R&D ongoing

Momentum resolution in simulation
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Electromagnetic calorimeter
Courtesy T. Ruf
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LHCb Shashlik 
6.3 × 7.8m2

𝜎𝜎(𝐸𝐸)
𝐸𝐸 < 10%/ 𝐸𝐸 ⨁ 1.5%

For 𝐍𝐍 → 𝝁𝝁+𝝆𝝆−(𝝅𝝅−𝝅𝝅𝟎𝟎 𝜸𝜸𝜸𝜸 ), 

Electromagnetic Calorimeter

𝜎𝜎(𝐸𝐸)
𝐸𝐸 = 5.7%/ 𝐸𝐸⨁0.4% MC
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Veto systems

� Residual backgrounds arising from muons surviving shield, cosmic muons,
neutrino interactions reduced by a set of veto counters

1 Upstream Veto Tagger in front of the vacuum vessel
� Plastic scintillator bars ε 99.9%

2 Straw Veto Tagger 5m from the entrance window
� Same technology as tracking systems

3 Surround Background Tagger around the decay volume
� Liquid scintillator 120m3+1800 Wavelength-shifting Optical Modules

(IceCube)
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Veto Systems

1 Upstream Veto Tagger in front of the vacuum vessel
~4 × 12𝑚𝑚2, plastic scintillator bars, 𝜀𝜀 > 99.9%

2 Straw Veto Tagger located ~5m downstream of the entrance window
Same technique as for the tracking detectors

3 Surround background tagger made of liquid scintillator
~120𝑚𝑚3, 1726 Wavelength-shifting Optical Modules (IceCube), 
Humboldt University Berlin (Heiko Lacker)

1

2

3

Background from 𝜈𝜈 exciting
the vessel, not entering.  
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Estimating backgrounds

Or lack thereof... SHiP Physics Program Being Studied

Signature Physics Backgrounds

π−µ+,K−µ+ HNL,NEU RDM, K0
L → π−µ+νµ

π−π0µ+ HNL(→ ρ−µ+) K0
L → π−µ+νµ(+π0) , K0

L → π−π+π0

π−e+,K−e+ HNL, NEU K0
L → π−e+νe

π−π0e+ HNL(→ ρ−e+) K0
L → π−e+νe, K0

L → π−π+π0

µ−e++pmiss HNL,Higgs Portal (HP)(→ ττ) K0
L → π−µ+νµ , K0

L → π−e+νe

µ−µ++pmiss HNL,HP(→ ττ) RDM, K0
L → π−µ+νµ

µ−µ+ DP,PNGB,HP RDM, K0
L → π−µ+νµ

µ−µ+γ Chern-Simons K0
L → π−π+π0, K0

L → π−µ+νµ(+π0)
e−e++pmiss HNL,HP K0

L → π−e+νe

e−e+ DP,PNGB,HP K0
L → π−e+νe

π−π+ DP,PNGB,HP
K0

L → π−µ+νµ , K0
L → π−e+νe,

K0
L → π−π+π0,K0

L → π−π+

π−π++pmiss DP,PNGB, HP(→ ττ),
HSU,HNL(→ ρ0ν)

K0
L → π−µ+νµ , K0

L → π−e+νe, K0
L → π−π+π0,

K0
L → π−π+,K0

S → π−π+,Λ → pπ

K+K− DP,PNGB, HP
K0

L → π−µ+νµ , K0
L → π−e+νeK

0
L → π−π+π0,

K0
L → π−π+,K0

S → π−π+,Λ → pπ
π+π−π0 DP,PNGB,HP, HNL(ην) K0

L → π−π+π0

π+π−π0π0 DP,PNGB,HP K0
L → π−π+π0(+π0)

π+π−π0π0π0 PNGB(→ ππη) −
π+π−γγ PNGB(→ ππη) K0

L → π−π+π0

π+π−π+π− DP,PNGB,HP −
π+π−µ+µ− Hidden Susy (HSU) −
π+π−e+e− Hidden Susy −
µ+µ−µ+µ− Hidden Susy −
µ+µ−e+e− Hidden Susy −
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Background suppression

Goal: Zero background experiment over 5 year lifetime
Background sources:

1 µ interactions in decay volume or surrounding material
2 ν interactions in decay volume or surrounding material
3 Combination of µ from different p-Target interactions (pile-up)

Tools:
� Muon shield
→ 106 rejection

� Veto detectors including timing information with 3σ = 340ps
→ 102 rejection per muon, 104 rejection for pile-up muons

� Decay volume in vacuum
→ 106 rejection

� Decay topology e.g vertexing and pointing to p-target
→ ≥ 104 rejection for ν and pile-up muons
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Background suppression cont’d

Left: Impact parameter extrapolated 100m to target
(example plot of decay topology info)
Right: Background yields after all selections

168 CHAPTER 5. PHYSICS PERFORMANCE
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Figure 5.17: �2/ndf , ndf , distance of closest approach of the daughter tracks, z position of the
decay vertex, reconstructed candidate mass, and impact parameter to the target distributions
for 2-track signal candidates in the HNL ! µ⇡ channel (shaded area). The solid red line
represents neutrino induced reconstructed background events.

• “Fiducial” : position of the HNL decay vertex is within the fiducial volume as defined in
Section 5.2

• “Tracks”: both HNL daughters leave a signal in one of the straw stations before the
magnet (1 or 2) and one of the straw stations after the magnet (3 or 4).

• “150 MeV in Ecal”: at least 150 MeV are deposited in the ECAL (only for the HNL ! ⇡µ

15

Table 1.8: Background yields for di↵erent background sources. The weight is the ratio between the
generated sample and the expected yield for Npot = 2 · 1020. In all cases, zero events remain after
applying all the selection criteria. Hence, an upper limits at 90 % CL is calculated as UL(90%) =
� ln(0.1)/weight. For the muon inelastic background, the upper limit is conservatively calculated by
ignoring the factorizability of the veto e�ciencies for the incoming muon and for the particles produced
in the muon interaction. Assuming the factorizability suppresses this background by another factor
103.

Background source Stat. weight Expected background (UL 90% CL)

⌫-induced
2.0 < p < 4.0 GeV/c 1.2 1.9
4.0 < p < 10.0 GeV/c 1.8 1.3
p > 10 GeV/c 3.8 0.6

⌫-induced
2.0 < p < 4.0 GeV/c 0.24 9.5
4.0 < p < 10.0 GeV/c 0.5 4.9
p > 10 GeV/c 0.65 3.5

Muon inelastic 0.5 4.6

Muon combinatorial – 0.1

Cosmics
p < 100 GeV/c 2.0 1.2
p > 100 GeV/c 1600 0.002

� As rate calculations and choice of cuts using Pythia8+Geant4, use CHARM
geometry and compare to CHARM measured rates as cross-check

� More sophisticated optimisation underway
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Physics reach: νMSM

� Sensitivity to 5 benchmarks depending on couplings to SM lepton flavours.
U2
e : U2

µ : U2
τ = Left: IH 52:1:1, Middle: NH 1:16:3.8, Right: NH 0.06:1:4.3
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Figure 5.19: Sensitivity regions in the parameter space of the ⌫MSM, for three scenarios where
U2

e , U2
µ and U2

⌧ dominate respectively (models I, II and III of Ref. [187]).
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Figure 5.20: Sensitivity regions in the parameter space of the ⌫MSM, for scenarios IV and V
of Ref. [188], for which baryogenesis was numerically proven.
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Figure 5.20: Sensitivity regions in the parameter space of the ⌫MSM, for scenarios IV and V
of Ref. [188], for which baryogenesis was numerically proven.
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U2
e : U2

µ : U2
τ = Left: IH 48:1:1, Right: NH 1:11:11
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Figure 5.20: Sensitivity regions in the parameter space of the ⌫MSM, for scenarios IV and V
of Ref. [188], for which baryogenesis was numerically proven.

� Pushing towards cosmologically allowed limit
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Physics reach: νMSM

Considering other facilities

� LBNF performance
assumes five year program
fully devoted to Hidden
sector searches with
optimised detector

� JPARC 5× 10−3 less
charm produced

� FCC offers complementary
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Figure 4.10: Limits on the mixing between the electron 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 contours labeled ‘⇡ ! e⌫’ (yellow, solid) [542, 544] and ‘K ! e⌫’ (black, solid) [536]
are excluded at 90% C.L. by peak searches (see Section 4.4.1). Those labeled ‘PS191’ (magenta,
dot-dashed) [578], ‘CHARM’ (dark blue, dot-dashed) [579], ‘NA3’ (light yellow, solid) [580] and
‘JINR’ [581] are excluded at 90% C.L. from beam-dump experiments (see Section 4.4.2). The
(cyan, solid) contour labeled ‘K ! ee⇡’ 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 contours labeled
‘L3’ (pink, dashed) [550] and ‘DELPHI’ (dark green, dashed) [551] are excluded at 95% C.L. by
analyzing the LEP data for Z-boson decay to HNLs. The (red, solid) contour labeled ‘LEP2’ is
excluded at 95% C.L. by direct searches for HNL at LEP [553]. The (blue, solid) contour labeled
‘ATLAS’ is excluded at 95% C.L. from direct searches by ATLAS at

p
s = 8 TeV LHC [563]. 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 (purple, solid) contour labeled ‘ILC’ is a projected sensitivity atp

s = 500 GeV ILC with 500 fb�1 data [549, 556]. 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 occurring
between 10-100 cm from the interaction vertex [383]. The (violet, solid) contour labeled ‘SHiP’ is
the projected reach of SHiP at 90% C.L. [35, 583].

– 93 –
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Physics reach: Dark Photons
� Hidden vector particle mixing with photon (vector portal)
� Produce > 1020 brem γ at 1 GeV for dark photon to mix with
� Dark photon decays to `+`−, π+π− etc

� SHiP probes unique parameter
space

� Assuming LBNF dedicated to HS
searches, similar dark photon yield
for 0 background

� JPARC similar sensitivity to dark
photons
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FIG. 7: Prospects and constraints in the ✏2 versus mA0 plane for dark photons that decay directly to SM particles (see e.g. [1]
and references given in Sec. I of this paper). The projected sensitivity of a resonance search for promptly decaying dark photons
with the Mu3e experiment is shown in blue (red) assuming 1015 (5.5 ⇥ 1016) muon decays for Mue3 phase I (II).

part of this theoretically interesting parameter space.

B. Displaced Vertices From Dark Photons

For su�ciently small values of ✏, the dark photon life-
time can be sizable (see Eq. (5)), leading to displaced
decay vertices observable in the laboratory frame. While
smaller values of ✏ lead to smaller muon branching frac-
tions to dark photons, the backgrounds associated with
displaced vertices are substantially reduced, providing an
opportunity to observe a signal. The discovery potential
depends on the geometrical acceptance of the detector,
the vertex resolution, and the backgrounds. The assump-
tions introduced in the prompt decay scenario to treat the
accidental backgrounds, i.e., pile-up events arising from
muons decaying within the same time window and at the
same position in the target, might not be valid anymore
for displaced vertices. A full analysis should include con-

tributions from pile-up of several (radiative) muon decays
generated everywhere in the target, which is beyond the
scope of our paper, given the large number of muon de-
cays involved. Furthermore, a small residual background
from misreconstructed µ+ ! e+⌫e⌫̄µe+e� events is ex-
pected to remain, and the accuracy of FastSim might be
too limited to reliably predict its level. We encourage the
Mu3e Collaboration to perform a detailed reach estimate,
both because the tools at our disposal are not su�cient
for a reliable estimate and because the sensitivity that
could potentially be achieved is well worth the e↵ort.

IV. CONCLUSIONS

We have studied the possibility to search for dark pho-
ton in µ+ ! e+⌫e⌫̄µA0, A0 ! e+e� decays with an appa-
ratus similar to the Mu3e experiment. We derive sensi-
tivity estimates for both prompt and displaced dark pho-
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Physics reach: SUSY

Example RPV Neutralinos (many more in Physics proposal)
� Benchmark models to study sensitivity of SHiP from de Vries, Dreiner, Scheier

[arXiv:1511.07436]

� Model used previously to explain the NuTeV dimuon event excess through
neutralino production from B-meson decays Dedes, Dreiner, Richardson
[arXiv:hep-ph/0106199]

� Complementary to LHC SUSY searches as such models allow to probe
sfermion masses up to O(10)TeV 4

c

d

e�0
1

`+

ecL

c

d e�0
1

`+

edR

c

d e�0
1

`+

è
L

FIG. 1. Relevant Feynman Diagrams for D+ ! e�0
1 + `+

At SHiP energies, with a 400 GeV proton beam we ex-
pect (next to the production of light mesons contain-
ing up, down, or strange quarks) high production rates
for charmed mesons, and somewhat lower rates for B-
mesons. As we discuss below, for example over the life-
time of SHiP about 4.8 ⇥ 1016 D±-mesons are expected.
Thus even very rare decays can be probed. Individual
LiQaD̄b R-parity violating operators allow for leptonic
decays of mesons. As an example the tree-level Feynman
diagrams for the decay

D+ ! e�0
1 + `+i , i = 1, 2 . (19)

are given in Fig. 1, for a = 2, b = 1. In this specific
example the light neutralino can decay via the same R-
parity violating operator:

�̃0
1 ! (⌫K0

S/L; ⌫̄ K̄0
S/L) . (20)

Both sets of decays are possible, as the neutralino is a
Majorana fermion. For small values of the coupling �0i21
and given that the neutralino must be lighter than the
D+ meson, the neutralino lifetime can be long enough to
decay downstream in the SHiP detector.

V. EFFECTIVE INTERACTIONS:
LEPTON-NEUTRALINO-MESON

In this section, we discuss the R-parity violating ef-
fective interactions between a meson, a lepton, and a
neutralino. These interactions are relevant for both the
production and the decay of the neutralino and are nec-
essary to determine the possible signatures at SHiP, as
in Eqs. (19),(20). We focus on the operators �0iabLiQaD̄b

where i denotes the leptonic generation index and a and
b the quark generation indices. The index b is always as-
sociated with a down-like SU(2) singlet quark, whereas
the index a can refer to either an up-like or down-like
SU(2) doublet quark. If a is up-like then i corresponds
to a charged lepton, i.e. electron, muon, or tau, whereas
if a is down, i corresponds to a neutrino.

A. The Formalism

The interaction Lagrangian due to �0iabLiQaD̄b is given
in terms of four-component fermions by

L ��0iab

h
(⌫C

i PLda)ed⇤bR + (dbPL⌫
i)edaL + (dbPLda)e⌫iL

i

� �0iab

h
(uC

aPL`
i)ed⇤bR

+ (dbPLua)èiL + (dbPL`
i)euaL

i

+ h.c. (21)

Here, da,b, ua, ⌫i, `i denote the down-like quark, up-
like quark, neutrino, and charged lepton fields, respec-
tively. The tilde denote the corresponding supersymmet-
ric scalar partners. The dominant contribution to the
R-parity violating decay of a meson typically proceeds
at tree-level via operators associated with the Feynman
diagrams as shown in Fig. 1. Thus we also need the stan-
dard supersymmetric fermion-sfermion-neutralino ver-
tices. We assume that the sfermion mixing is identi-
cal to the fermion mixing such that their contributions
to the gauge couplings cancel. As we consider a domi-
nantly bino LSP neutralino, �̃0

1, we only take chirality-
conserving terms into account

L � gũaL
(e�0

1PLua)eu⇤
aL

+ gd̃aL
(e�0

1PLda)ed⇤aL

+ gl̃iL
(e�0

1PL`i)è⇤iL + g⌫̃iL
(e�0

1PL⌫i)e⌫⇤iL

+ g⇤edR
(dPLe�0

1)
edR + h.c. (22)

We assume that the sfermion masses are significantly
larger than the momentum exchange of the process. Thus
the sfermions can be integrated out, resulting at tree-
level in the low-energy e↵ective four-fermion Lagrangian
for both the production and decay of the neutralino:

L � �0iab

 g⇤edbR

m2
edbR

(d̄bPL�̃
0
1)(⌫

C
i PLda)

�
g⇤edbR

m2
edbR

(d̄bPL�̃
0
1)(u

C
aPL`i) +

gedaL

m2
edaL

(�̃0
1PLda)(dbPL⌫i)

� geuaL

m2
euaL

(�̃0
1PLua)(dbPL`i) +

ge⌫iL

m2
e⌫iL

(�̃0
1PL⌫i)(dbPLda)

�
gè

iL

m2
è
iL

(�̃0
1PL`i)(dbPLua)

�
+ h.c. (23)

We have omitted the terms involving pairs of neutralinos,
which are most likely not relevant at SHiP, see [28]. Sim-

� Production and decay similar to νMSM
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Physics reach: SUSY

Example RPV Neutralinos (many more in Physics proposal)
� Benchmark models to study sensitivity of SHiP from de Vries, Dreiner, Scheier

[arXiv:1511.07436]

� Model used previously to explain the NuTeV dimuon event excess through
neutralino production from B-meson decays Dedes, Dreiner, Richardson
[arXiv:hep-ph/0106199]

� Complementary to LHC SUSY searches as such models allow to probe
sfermion masses up to O(10)TeV600 800 1000 1200 1400 1600 1800

mÑ0
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Figure 6.2: Expected event yields after a runtime of 5 years for RPV-produced neutralinos decaying
into kaons and leptons with the decay vertex being inside the detector. Shown contour lines are
determined by interpolating results of 28⇥29 points. The horizontal lines correspond to the existing
bounds in Eq. (4.19) for fixed sfermion mass, as labelled. Previously excluded is always above the
horizontal line, below is the potentially new region tested by SHiP.

6.3 Light particles from the SUSY breaking sector

6.3.1 Origin of light sgoldstinos

Supersymmetry, if it exists, must be spontaneously broken. This happens when an auxiliary com-

ponent of some chiral superfield gains nonzero vacuum expectation value (vev). In a particular

model the situation may be more complicated, involving several chiral and/or vector superfields,

but for the purposes here it is su�cient to consider the simplest setup. The chiral superfield � is

– 143 –
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Tau neutrino physics
� Large flux of ντ produced from p-target (decays of τs and Dss)
� Expect ∼6700 (∼3400) ντ (ντ ) interactions cf DONUT 9, OPERA 5 candidates

� Observe ντ for the first time and measure production cross-sections of ντ ,
ντ (access to additional structure functions)

ντ Physics with 2× 1020 pot
• World ντN → τX statistics: Donut ∼ 7, Opera: 5.

• Produce 5.7× 1015 ντ + ν̄τ via pN → XDs(→ τντ )

• SHiP placed “mini-Opera” between µ-shield and HNL decay vessel.

Magnet

Emulsion

µ-spectrometer
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ct
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e

µ
-s
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ie

ld

D
ec
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el

• Pb/Emulsion: ∼ 10k, 340k, 2.4M CC ντ , νe, νµ interactions → rich ν-physics program.

• B-field in emulsion and muon-filters in µ-spectrometer: distinguish ντ from ν̄τ .

• HNL-background: tag ν + p→ KL + l + X

• νe: produced predominantly in charm-decay → HNL normalization.

ICNFP 2015, 26 Aug - 20 -

H.Dijkstra

� Emulsion+muon spectrometer enable τ decay vertex reconstruction and
separation of ντ over νe and νµ interactions
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Schedule

Takes into accound latest understanding of shutdowns, allows request for
significant funds from CERN to be delayed by 2020

 Seminar at TUM, Munich, Germany, February 5, 2016 
 

R. Jacobsson (CERN) 

� 10 years from TP to data taking 
• Schedule optimized for minimal interference with operation of North Area 
 Î Preparation of facility in four clear and separate work packages (junction cavern,    
              beam line, target complex, and detector hall) 
 Î Use of Long Shutdown 3 for junction cavern and first short section of SHiP beam line 

 

• Comprehensive Design Study 2016 – 2018: Starting now! 
 

• Construction / production 2021 –  
 

• Data taking 2026 (start of LHC Run 4) 
 

36 

Reversed TP schedule 

CwB: Commissioning with Beam 
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SHiP UK

� UK physicists initiated the SHiP project
→ Significant influence and leadership

� Spokesperson
� Convener of muon-shield group

� UK activities focused on muon-shield:
� Simulation of particles in target (Warwick)
� Design of shield, magnetic modelling (Bristol/ICL/RAL)
� Residual muon studies (Bristol/ICL)
� Consequences for DAQ/trigger (UCL)

� PPAP roadmap 2015: “There is considerable UK leadership and emerging
interest in SHiP, which potentially has high physics reward. This should be
evaluated further and be reviewed should the project go ahead
internationally”
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Conclusions

� The SHiP experiment will explore the unknown territory of very weakly
interacting long-lived particles

� Well motivated particularly given ATLAS/CMS and flavour
measurements

� Offer answers to DM, BAU, mν

� Also offers unique opportunity to perform ντ -physics

� Major technological and engineering challenges of the SHiP facility have
been addressed (help from CERN departments)

� Including beam-line, target, infrastructure, muon-shield etc
� SHiP Detector design relies on existing technologies

� Technical Proposal reviewed by SPSC and received positive response. Work
has started towards a Comprehensive Design Report

� First civil engineering planned in LS2 (2019-2020)
� First data taking 2026
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Backup
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Costs Cost and Resources 

17/

Detector Facility 

•  CERN manpower for preparation of entire facility and installation: 103 FTEs - Fellows 
(6.3 MCHF) included in cost 

•  CERN resource requirements for TDR phase (3years) excluding integration and CE : 
~3.2 MCHF and 12.5 FTEs 

•  CE preparatory cost (integration, design, EIA, permit, tendering, 2.5 years) → 2.5 
MCHF and 12.5 FTEs 
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 Seminar at TUM, Munich, Germany, February 5, 2016 
 

R. Jacobsson (CERN) 

� NA62-like straw detector 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

� Straws in test beam 2016 
• Study sagging effects and compensation 
• Read out of signal, attenuation / two-sided readout 

� Upstream straw veto may be based on same technology 
51 

Horizontal orientation of 5m straws 

First production of 5m straws at JINR 

JINR Dubna (NA62, SHiP): Straws 
St Petersburg (CMS, SHiP): Infra 
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 Seminar at TUM, Munich, Germany, February 5, 2016 
 

R. Jacobsson (CERN) 

� Critical task: Coincidence of decay products 
 

� Two options: scintillating bars (NA61/SHINE, COMPASS) and MRPC (ALICE) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

� Main challenges (< 100 ps resolution) requiring R&D 
• Long scintillating bars with large attenuation length 
• Read out by SiPM arrays 
• Embed SiPM arrays throughout scintillator along bar length to improve timing and position resolution 
• Time alignment 

53 

120 bars x 11cm (1cm overlap) = 12m 

120 cm long strips, 3 cm wide pitch 
Actual intrinsic time resolution ~20ps 
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 Seminar at TUM, Munich, Germany, February 5, 2016 
 

R. Jacobsson (CERN) 

ECAL 

HCAL 

MUON 

� Critical tasks 
• Identify e, γ, π0  
• Discriminate e/π  
• Improve µ/π discrimination 

 

� Shashlik type designs 
 
 
 
 
 
 

 
 

 
 
 
 
 
 

 

 

54 

𝐸𝐸𝐸𝐸.𝐻𝐻𝑁𝑁𝐿𝐿 → 𝑡𝑡𝜋𝜋 : Energy of electrons γ-γ cluster distance in ECAL (cm), Eγ>0.3 GeV 

𝐸𝐸𝐸𝐸.𝐻𝐻𝑁𝑁𝐿𝐿 → 𝜇𝜇∓𝑙𝑙± 
      𝑙𝑙± → 𝜋𝜋±𝜋𝜋0, 𝜋𝜋0 → 𝛾𝛾𝛾𝛾 
 

• ECAL design 
• Dimensions  6x6 cm2 

• Radiation thickness  22.5 X0  
• Energy resolution              5.7%/√E ⊕ 0.3% 

 

• Overall dimension (TP) W:5m x H:10m x D:50cm 
Î 2876 modules and 11504 cells (readout channels) 

 

• Main challenge is ECAL calibration 
• 2 x 109 μ /day (MIP) and 1.3 x 106 e /day (from μÆe) 
Î Equalization on MIP, energy scale with E/p for electrons per cell 
Î 𝒪𝒪(100) electrons/cell/day  Î   ~1% calibration accuracy in a week 

 

• HCAL design 
• Dimensions  24x24 cm2 

• Interaction thickness  1.7λ / 4.5λ  
 

• Overall dimension (TP) W:5m x H:10m 
Î 1512 modules/cells (readout channels) 

 
 Protvino (COMPASS, SHiP): ECAL, HCAL 
ITEP (LHCb, SHIP): ECAL, HCAL 
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 Seminar at TUM, Munich, Germany, February 5, 2016 
 

R. Jacobsson (CERN) 

� Critical tasks: µ and π identification with high efficiency 
 

� Challenge 
ÎTough as pions decay in flight before PID system 
• 20% of the pions at 2GeV,  10% at 5GeV,  4% at 30GeV 

 
� 4 stations based on x-y plans of scintillating bars with WLS fibres and SiPM readout 

 
 
 
 
 

 
 

55 

𝑁𝑁2,3(0.8 𝐺𝐺𝑡𝑡𝑉𝑉) → 𝜇𝜇∓𝜋𝜋± 

• MUON design  
• Bar dimensions  5 x 300 x 2 cm3 

• Number of bars   3840  
• WLS length               23 km 

 

• Overall dimension (TP)  W:6m x H:12m 
• Iron filter weight  ~1000 tonnes 
Î 2876 modules and 11504 cells (readout channels) 

INR (ν-physics, SHiP): MUON 
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Trigger and Online System

Trigger-less readout system: sub-detectors are continuously readout
No radiation issues, can use commercial solutions for the network
Event building of zero-suppressed data
executed on small computer farm

Control system: ECS
Fast Control (TFC): generates clock
Data transmitted via Ethernet
Event Filter Farm (EFF): selects interesting
events and sends to storage
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0νββ comparison

� Under the assumption that seesaw generated through mechanism
other than HNL as ν and N contributions cancel

[1504.04855]
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Figure 4.13: Bounds on the mixing between the electron neutrino and a single heavy neutrino
from the combination of bounds obtained with Ge 0⌫�� experiments [498] using the representation
introduced in [599]. This limit is not valid for seesaw HNLs because of the di↵erent cancellations
discussed in Sec. 4.5.2. The bands correspond to the uncertainties discussed in the text. The dashed
contours indicate the mass regions excluded by some of the accelerator experiments considered in
[313]: CHARM (90% C. L., [587]), DELPHI (95%C. L., [551]), PS 191 (90% C. L., [578]), TRIUMF
(90% C. L., [542, 544]).

momentum (about 100 MeV) the neutrino contribution is given by

F (r)m⌫
�� = m⌫

��

1

r
. (4.5.5)

This corresponds to the usual Majorana type neutrino contribution.

In the pure see-saw case, the contribution to the neutrinoless double beta decay goes by exchange

of the heavy states MI . Thus instead of simple Majorana propogator m/k2 for light neutrino this

gives two massless electron neutrino propagators, two Yukawas, one massive propagator

3X

I=1

FeIvMIFeIv

k2(k2 � M2
I )

=
3X

I=1

 
�F 2

eIv
2/MI

k2
+

✓
FeIv

MI

◆2
MI

k2 � M2
I

!
. (4.5.6)

Alternatively, in the mass diagonal basis, this can be understood as the sum of contributions of

light ’active’ neutrinos (first term) and heavy ’sterile’ neutrinos (second term). Note, that these

terms have opposite signs (because of opposite CP parity), leading to cancellation of the terms in

the formula if the typical nuclear momentum can be neglected compared to MI .

These means that instead of the Majorana mass m⌫
�� in the (4.5.3) we should write e↵ective
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