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Experimental facts of BSM physics

- Neutrino masses & oscillations
- The nature of non-baryonic Dark Matter
- Excess of matter over antimatter in the Universe

Theoretical shortcomings
Gap between Fermi and Planck scales, Dark Energy, connection
to gravity, resolution of the strong CP problem, divergence
of the Higgs mass, the pattern of masses and mixings in the
quark and lepton sectors, …

No clear guidance at the scale of New Physics 

Standard Model is great
but it is not a complete theory
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Most elegant way to incorporate non-zero neutrino mass to the SM Lagrangian
is given by the see-saw formula:

where                                       - typical value of the Dirac mass term and 
M is Majorana mass term

Example:

For M ~ 1 GeV and mn ~ 0.05 eV
it results in mD ~ 10 keV and Yukawa
coupling ~ 10-7

Smallness of the neutrino mass hints
either on very large M or very small YIa

4 CHAPTER 1. INTRODUCTION AND PHYSICS MOTIVATION

Figure 1.1: Possible values of the Yukawa couplings and Majorana masses of HNLs in seesaw
models [17].

energy and the intensity frontiers.
From the point of view of this proposal, there are two kinds of BSM theories of interest:

1. BSM theories with no new physics between the Fermi and the Planck scales,

2. BSM theories with a new energy scale which may also incorporate light particles.

Models with no new physics between the Fermi and the Planck scales try to extend the
SM using the smallest possible set of fields and renormalizable interactions. For example this
”Minimality principle” motivates the ⌫MSM [25,26] which attempts to explain the pattern of
neutrino masses, DM and the observed BAU by introducing three HNLs. The lightest of these,
N1, provides the DM candidate, while N2,3 are responsible for the baryon asymmetry. Through
the seesaw mechanism these HNLs also allow the pattern of neutrino masses and oscillations
to be explained.

Supersymmetry (SUSY) is an example of a theory which has some new energy scale but
could still have light new particles. SUSY is a broken symmetry but the energy scale at which
the symmetry is broken is unknown. If the masses of SUSY particles are determined by the
conventional naturalness argument (for reviews see [27, 28]), then SUSY partners with masses
comparable to the Higgs mass are needed to protect against quadratic radiative corrections
without significant fine-tuning. In certain models (see, e.g. [29] and for a review [30]) the
breaking of the symmetry is accompanied by the appearance of light sgoldstinos [31], which
are the superpartners of the Nambu-Goldstone fermion, goldstino, emerging in the spontaneous
breaking of SUSY. The couplings of these sgoldstinos are inversely proportional to the square
of the scale of the SUSY breaking and hence the couplings could be significantly suppressed.
The resulting very weak couplings mean that light sgoldstinos may have evaded detection at
previous experiments. The new SUSY scale may therefore have light particles with masses at

Scale of NP: See-saw generation of neutrino masses
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Scale of NP: Dark Matter

The prediction for the mass scale of Dark Matter spans from
10-22 eV (ALPs) to 1020 GeV (Wimpzillas, Q-balls) 
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BSM theories with a new energy scale 
(which may also contain “light” particles)

GUT   à (SM particles)                                                                           ~ 1016 GeV

Composite Higgs à (Higgs)                                                                  ?

Large extra dimensions à (Branons)                                                ?

Peccei-Quinn symmetry à (Axions)                                     109-1012 GeV

Models with Hidden Sector  à (Various mediators:                      ?
dark photons, scalars, ALPs)

So, there is always a good reason to increase the energy (even √s > 14 TeV) 
and intensity, even if the scale of NP happens to be inaccessible directly. 

LHC is also one of the best machines at the Intensity Frontier !
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BSM theories with no NP between
Fermi and Planck scales 

6

nMSM ( T.Asaka, M.Shaposhnikov PL B620 (2005) 17 ) explains all experimental 
evidences of the BSM physics at once by adding 3 Heavy Neutral Leptons (HNL):  

N1, N2 and N3

6

N1 à Dark Matter
N2,3 à Neutrino masses

and  BAU 
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Known physics

Unknown
physics

Energy Frontier:
LHC, FCC

Intensity Frontier
- Flavour physics 
- Lepton Flavour Violation
- Electric Dipole Moments
- Hidden Sector

Energy scale

In
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~104 – 105 TeV

Quest for New Physics 

ü Higgs discovery made the SM complete
ü SM s a great theory but does not represent the full picture
ü NP should exist but we have no definitive predictions on the

masses and coupling constants of NP particles
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Reach at the Energy Frontier

No sign of New Physics yet

2 New Particles Working Group Report

• The ILC new physics program has been studied in great detail, and has excellent capabilities to
discover and measure the properties of new physics, including dark matter, with almost no loopholes.
A necessary requirement is that the new physics must be accessible. Essentially this means particles at
su�ciently low mass missed by LHC due to blind spots, or heavy physics indirectly accessible through
precision measurement. Discovery of physics beyond the standard model at LHC that is accessible at
ILC would make the case even more compelling.

• A 100 TeV pp collider has unprecedented and robust reach for new physics that is evident even with
the preliminary level of studies performed so far. It can probe an additional two orders of magnitude
in fine-tuning in supersymmetry compared to LHC14, and can discover WIMP dark matter up to the
TeV mass scale. Any discovery at the LHC would be accessible at this machine and could be better
studied there, making the case for these options even more compelling.

• High energy e+e� colliders such as CLIC and muon colliders o↵er a long-term program that can extend
precision and reach of a wide range of physics.

A summary of the energy reach for a range of physics beyond the SM at various proposed facilities is shown
in Fig. 1-1. This is a highly simplified plot. In particular, although the mass reach of hadron colliders is
generally very impressive, hadron colliders searches often have blind spots, for example due to compressed
spectra or suppressed couplings. Searches at e+e� colliders are much more model independent, but generally
have more limited mass reach. Many examples of this complementarity are discussed in the body of this
report.

0 1000 2000 3000

WIMPs

squarks

any NLSP

stop

RPV stop

ewkino

gluinos

T quarks

mass (GeV) 

o4,000 

0 10000 20000 30000 40000 50000 60000 70000

Z'

Z'B

colorons

quark
compositeness

mass (GeV) 

pp, 100 TeV, 3000/fb
pp, 33 TeV, 3000/fb
pp, 14 TeV, 3000/fb
pp, 14 TeV, 300/fb
pp, 8 TeV, 20/fb
ee, 3 TeV, 1000/fb
ee, 1 TeV, 1000/fb
ee, 0.5 TeV, 500/fb

o140,000 

Figure 1-1. 95% confidence level upper limits for masses of new particles beyond the standard model
expected from pp and e

+
e
� colliders at di↵erent energies. Although upper mass reach is generally higher at

pp colliders, these searches often have low-mass loopholes, while e
+
e
� collider searches are remarkably free

of such loopholes.

Community Planning Study: Snowmass 2013
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Exploration power of the Intensity Frontier

decay
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Hidden Sector   

Many theoretical models (portal  models) predict new massive light particles
which can be tested experimentally

SHiP Physics Paper – Rep.Progr.Phys.79(2016) 124201 (137pp),
SLAC Dark Sector Workshop 2016:  Community Report – arXiv: 1608.08632,
Maryland Dark Sector Workshop 2017: Cosmic Visions – arXiv:1707.04591
Report by Physics Beyond Collider (PBC) study group – to be published

Hidden Particles:
ü Light Dark Matter (LDM)
ü Portals (mediators) to Hidden Sector (HS): 

- Heavy Neutral Leptons (spin ½, coupling coefficient U2)
- Dark photons (spin 1, coupling coefficient  e)
- Dark scalars (spin 0, coupling coefficient sinq2)
- Special case (non-renormalizable) Axion Like Particles (ALP)
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Full reconstruction and PID are essential to minimize model dependence
Experimental challenge is background suppression 

Portal	models Final	states

HNL
Vector,	scalar,	axion portals
HNL
Axion portal

l+p-, l+K-, l+r-
l+l-
l+l-n
gg

ü HS production and decay rates are strongly suppressed relative to SM
- Production branching ratios O(10-10)
- Long-lived objects
- Interact very weakly with matter
- May decay to various final states 

Hidden Sector
Naturally accommodates Dark Matter 
(may have rich structure)

Visible Sector    
Mediators	or	portals	to	the	HS:
vector,	scalar,	axial,	neutrino

L = LSM + Lmediator +LHS

Properties of Hidden Particles 
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General experimental requirements
to search for decaying Hidden Particles  

SHiP = Search for Hidden Particles

� Goal: comprehensive investigation of ”dark sector” particles in the few GeV energy range: 
scalar (e.g. Higgs singlets), fermions (e.g. heavy neutral leptons), vectors (e.g. dark photons). 

Present in several BSM scenarios addressing DM, neutrino masses, baryogenesis problems
� Beam dump facility: 400 GeV protons from SPS on target Æ ~2x1020 POT in 5 years
� Produced e.g. in D decays; detected via decays into lepton, photon, hadron, hadron-lepton pairs

� Long (50 m) evacuated decay vessel
� Most crucial experimental issue is to reject huge backgrounds Æ heavy target, hadron absorber, 

active muon shield, veto and time detectors, particle ID, etc. 

ℒ= ℒSM + ℒPORTAL + ℒDS
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Long decay volume and large
geometrical acceptance of the
spectrometer are essential to
maximize detection efficiency  

σ(pp→ssbar X)/s(pp→ X)   ~ 0.15
σ(pp→ccbar X )/s(pp→ X)  ~ 2 10-3

σ(pp→bbbar X)/s(pp→ X)  ~ 1.6 10-7

ü Particle beam with maximal intensity
ü Search for HS particles in Heavy Flavour decays

Charm (and beauty) cross-sections strongly depend
on the beam energy. 
At CERN SPS:

ü HS produced in charm and beauty decays have 
significant PT
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C. Vallée, CERN, 03.03.2017 Physics Beyond Colliders at CERN 17

High energy experiments
and test beams

Former CNGS
extraction line

Antimatter
Factory

Low energy experiments
and test beams

THE PRESENT CERN ACCELERATOR COMPLEX

Nominal year of the SPS operation à 200 days with typical machine availability ~80%;
20% of the SPS physics time to run LHC and 80% - to run fix target programme

SHiP

The highest intensity can actually be achieved 
at the LHC’s injector: SPS 
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Beam Dump Facility (BDF) at CERN 

ü Location at CERN
New 400 GeV proton beam line branched off 
the splitter section of the SPS transfer line to 
the North Area

ü Proton yield and beam delivery
- Nominal beam intensity  4×1013 pot per spill
- Baseline scenario: annual yield of 4×1019 pot

to the BDF, and 1019 pot to the other experiments
in the North Area, while respecting HL-LHC
requirements

- SHiP sensitivities assume 5×1020 pot in 
five years of nominal operation

2 Beam line and experimental area202

The Comprehensive Design Study for the experimental facility has been carried out by the Beam Dump203

Facility working group and in its dedicated subgroups in the context of the Physics Beyond Collider204

study group, in close collaboration with the SHiP experiment. Based on the request put forward in the205

addendum to the SHiP Technical Proposal [?], this study phase has consisted in a detailed elaboration206

of the SHIP operational scenario and in a preliminary design of the main components of the proton207

delivery, the target and the target complex, and the experimental area, together with a detailed evaluation208

of the radiological aspects and mitigation. Several critical items have been prototyped to demonstrate209

the concepts, notably the new type of three-way combined beam splitter/kicker magnet which allows210

alternatively feeding protons to the ENH2 experimental hall and the SHiP experiment, and the target211

system. In addition, it has been considered of high importance to perform a preliminary study of the212

integration of the whole complex and the civil engineering design and execution process in order to213

produce a more precise cost estimate and time line for the project. A full writeup of the Comprehensive214

Design Study for the facility is available ( [?] and references therein).215

Following the global re-optimisation of the experimental configuration, significant progress has216

also been made on the development of the muon shield magnet system, the decay vacuum vessel and217

its interfaces with the spectrometer magnet, and on the detector layout. Based on this, it has also been218

possible to specify the experimental area and the requirements on the infrastructure and the services, and219

to draw up a preliminary plan for the installation of the detector.220

The sections below summarize the status and the conclusions most relevant to the SHiP experiment221

concerning the beam line and the experimental facility, and the status of the development of the muon222

shield and the vacuum vessel.223

Figure 3: Overview of the CERN injector complex indicating the location of the new Beam Dump Facility de-
signed to house the SHiP experiment.

2.1 Proton yield and beam delivery224

The most favourable experimental conditions for SHiP are obtained with a proton beam energy of around225

400GeV. The SHiP operational scenario implies returning to full exploitation of the capacity of the SPS.226

The request for the proton yield is based on the fact that a similar fraction of beam time as the past CERN227

8
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Beam Dump Facility (BDF) at CERN 

ü Target
- Made of blocks of TZM alloy, in the proton
shower core, followed by pure Tungsten

- Total depth 12 lint
- Absorbs majority of hadrons before their

semileptonic decays 

Figure 8: Layout of the preliminary target assembly, showing the TZM and the tungsten blocks and the inner
vessel embodying the water cooling of the target.

Figure 9: Cross-section of the target bunker showing the location of the target compartment, the surrounding iron
shielding, and the magnetic coil and yoke incorporated into the downstream hadron stopper. The whole assembly
is housed in a helium vessel.

The layout of the experimental area has also been updated in order to reduce background. The TP325

design had an 8m wide tunnel around the muon shield. Since the cavern walls introduce back-scattering326

of muons, the width of the underground complex was changed to 20m along the whole length of the327

muon shield and the detector, now in total 120m.328

2.3.1 Muon shield329

The muon shield is designed to reduce the flux of muons by six orders of magnitude in the detector330

acceptance. The shield consists of a first set of magnets that deflect the positively and negatively charged331

muons on either side of the beam axis, irrespective of their initial direction. This allows creating a region332

around the beam line beyond this first set of magnets in which there are no charged particles. A second333

set of magnets which have their return field in this unoccupied region then provides further deflection.334

This configuration prevents muons deflected in the first section from being deflected back towards the335

detector by the return field in the second section.336
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ü Target complex
- Hadron stopper (5 m long) absorbs

hadron and em-radiation emerging
from the target

- Equipped with a coil which
magnetises the iron shielding blocks
to serve as the first section of the
muon shield 
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SHiP detector at BDF/CERN SHiP Technical	Proposal:
1504.04956

>1018 D,  >1016 t,  >1020 g
for 2×1020 pot (in 5 years)

goals of many presently running experiments [?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?,?], and several88

intensity frontier experiments have recently been proposed [REF].89

2 Overview of the SHiP detector and simulation90

SHiP is a unique dedicated experiment capable of reconstructing the decay vertex of a Hidden Sector91

(HS) particle, measuring its invariant mass and providing particle identification of the decay products92

in an environment of extremely low background. Moreover SHiP is also optimized to search for LDM93

scattering and for tau neutrino physics.94

The SHiP detector will be served by a new short, dedicated beam line branched off the splitter95

section of the SPS transfer line to the CERN North Area. The Comprehensive Design Study for the96

experimental Beam Dump Facility (BDF), consisting in a preliminary design of the main components of97

the proton delivery, the target system and the target complex, and the experimental area, has been carried98

out in the context of the Physics Beyond Colliders (PBC) study group at CERN [REF].99

The most favourable experimental conditions for SHiP are obtained with a proton beam energy of100

around 400GeV. A nominal beam intensity of 4 ⇥ 1013 protons on target per spill is assumed for the101

design of the BDF and the SHiP detector. In the baseline scenario for SHiP, the beam sharing delivers an102

annual yield of 4⇥1019 protons to the BDF and a total of 1019 to the other physics programs at the CERN103

North Area, while respecting the beam delivery required by the HL-LHC . The physics sensitivities are104

based on acquiring a total of 2 ⇥ 1020 protons on target, which may thus be achieved in five years of105

nominal operation.106

SHiP detector107

The current layout of the SHiP detector is shown in Fig. 2. The SHiP setup consists of a high-density

Figure 2: Overview of the SHiP experiment as implemented in FairShip.

108

proton target, followed by a hadron stopper and an active muon shield, which sweeps out the muons109

produced in the beam dump in order to reduce the initial flux by six orders of magnitude in the detector110

acceptance. The target is made of blocks of a titanium-zirconium doped molybdenum alloy (TZM) in111

the core of the proton shower, followed by blocks of pure tungsten. The total target depth is twelve112

interaction lengths. The five metres long hadron stopper of iron absorbs hadrons and electromagnetic113

radiation emerging from the target. The hadron absorber is equipped with a coil which magnetizes the114

iron shielding blocks, and hence it also serves as the first section of the active muon shield. The rest of the115

muon shield consists of 35 m of free-standing warm magnets located in the underground experimental116

hall, totalling 1400 tonnes of magnetic mass.117

The SHiP detector itself incorporates two complementary apparatuses, the Scattering and Neutrino118

Detector (SND) and the Hidden Sector (HS) spectrometer. The SND will search for LDM scattering and119

4

“Zero background” experiment
- Heavy target
- Muon shield
- Surrounding Background Taggers
- Timing and PID detectors, …

Search for decaying Hidden
Particles à decay vertex 
in the decay volume 

Search for LDM (scattering on atoms) and n physics
Specific event topology in emulsion. Background from 
neutrino interaction for LDM searches can be reduced
to a manageable level
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Active Muon Shield 

ü Shield is entirely based on magnetic
sweeping

ü Initial muon flux ~1011 muons / sec 
ü Residual flux ~50 kHz à negligible

occupancy!

Huge object: 5m high, 40m long,
Weight ~2000 tons, made of 300 mkm
thick sheets of GO steel to achieve
1.8 T field 

SHiP Muon shield design optimization
● Goals

○ find optimal (wrt efficiency/cost) 
design of the active muon shield

● Methods
○ Bayesian optimization, evolution strategies
○ Advanced Neural Networks, Reinforcement Learning
○ Simulation speed-up and approximation

● Steps
○ Beat baseline with approximate configuration
○ Optimize configuration for realistic constraints

● Resources
○ computing cluster (CPU, GPU)
○ 1 PhD student

Shape optimised using Machine
Learning technique  

Golutvin LightDarkMatter Part B2

24 GeV
33 GeV

130 GeV

Figure 7: Trajectories of muons surviving the current muon shield.

crease the detection threshold for additional charged particles produced in neutrino-scattering events,
enabling better control of the non-elastic neutrino backgrounds to LDM scattering. The detector
concept is akin to that of the silicon calorimeter proposed for future linear collider experiments [47],
although with very di↵erent motivation2. However, to the PI’s knowledge, no such device has
been previously proposed making use of an emulsion/SciFi combination as the detection
medium. The LDMcal will continue to serve as the SHiP neutrino-detector but the larger detector
mass proposed will increase the number of neutrino interactions that can be observed. The resulting
detector will therefore be of interest to both the fields of neutrino physics and to LDM
searches. Section b.1 below describes the work plan to design the LDMcal.

To enable the ToF measurements without compromising the control of backgrounds for SHiP’s
hidden sector searches, a muon shield must be designed that reduces the muon flux. Fig. 7 shows the
simulated muons that survive the present shield design. Close examination of the trajectory of these
muons shows that they each encounter insu�cient field integral in various corners of the shield where
there is still space for some modification of the field shape. Given the large number of parameters that
describe the geometry of the six magnets in the shield, the multivariate algorithm used to optimise
these fields was able to explore only a limited parameter space for the field shapes for each magnet. A
multivariate algorithm able to explore a much higher dimensionality parameter space would be able to
place fields in the problematic regions, making it feasible to reduce the residual muon flux. Section b.2
below describes an innovative method to design the shield in such a way, while taking into
account the critical engineering constraints.

Finally, in order to demonstrate the detector concept, the project will develop test modules of the
LDMcal, measure their performance in an electron beam and then use them to demon-
strate the potential of making a parasitic and world-leading LDM search in a service
tunnel at the LHC. The TI18 cavern at the de-commissioned LEP injection line is located 480m
away from the ATLAS interaction point, is presently empty, and has the best compromise between
the background levels and the space available. This cavern intercepts the prolongation of the beam
axis at the beginning of the collider’s arc, downstream of the first bending dipoles. Simulation studies
show that particles reaching this location are primarily muons and neutrinos. Muons arrive from
the interaction point but also from secondary particles interacting along the beam line. The charged
particle flux has been measured to be 104/cm2/fb�1, which is lower than the flux expected at SHiP.
The radiation level is low; and an acceptable (primarily thermal) neutron flux of a few ⇥106cm2/fb�1

is been measured. The cavern is 80.6m underground and the muon flux from cosmic rays is also very
low. The existing space is limited to a few metres in length and will enable a small o↵-axis detector to
cover a region in pseudorapidity with ⌘ > 6.7. This is su�cient to enable the proposed demonstration

2The use of silicon sensors as the detection medium would be prohibitively expensive. In addition, in order to get
multiple hits to make up a track, thicker detection layers would be required, giving a less compact detector. The
emulsions will give 16 hits per layer in two, 44µm thick, layers either side of a 200µm plastic support. The planes of
SciFi, consisting of a few layers of the scintillating fibres, will have a thickness of 2-3 mm, depending on the timing
required. The bulk of the LDMcal will therefore be formed of heavy material which can scatter LDM. This means the
detector can be compact and hence can be positioned close to the target, giving a large geometric acceptance. Similar
considerations make the proposed LDMcal superior to a noble liquid based detector.

10
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Hidden Sector   

Many theoretical models (portal  models) predict new massive light particles
which can be tested experimentally

SHiP Physics Paper – Rep.Progr.Phys.79(2016) 124201 (137pp),
SLAC Dark Sector Workshop 2016:  Community Report – arXiv: 1608.08632,
Maryland Dark Sector Workshop 2017: Cosmic Visions – arXiv:1707.04591
Report by Physics Beyond Collider (PBC) study group – arXiv.org/abs/1901.09966

Hidden Particles:
ü Light Dark Matter (LDM)
ü Portals (mediators) to Hidden Sector (HS): 

- Heavy Neutral Leptons (spin ½, coupling coefficient U2)
- Dark photons (spin 1, coupling coefficient  e)
- Dark scalars (spin 0, coupling coefficient sinq2)
- Special case (non-renormalizable) Axion Like Particles (ALP)
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Decaying Hidden Particles
- Neutrino portal

LFV final states à HNL signal can easily be discriminated against
other portals

- Vector portal
- Scalar portal
- ALP

Note:
Identical final states with charged particles
(but different BRs of decay channels
and different kinematics of decay products)
à Need significant statistics to discriminate between portals

ALPs can decay to the 2-photon final state with sizeable BR
à Electromagnetic calorimeter is essential to distinguish  

between ALP signal and dark photon, or dark scalar 
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Event selection for decaying Hidden Particles

Cut Value

Track momentum > 1.0 GeV/c
dimuon distace of closes approach < 1 cm
dimuon vertex fiducial (> 5 cm from inner wall)
IP w.r.t target (fully reco) < 10 cm
IP w.r.t target (partially reco) < 250 cm

Table 1: Selection criteria used for the sensitivity estimate and background rejection.

years of SHiP operation, have been generated using FairShip, forcing all produced neutrinos and muons200

to interact with material. Neutrino scattering was simulated using the GENIE generator. The deep201

inelastic scattering (DIS) of muons were generated by PYTHIA 6 [?]. The interaction points were202

distributed along the neutrino and muon trajectories, and weighted according to the material density203

along those trajectories.204

The dominant source of neutrino induced background comes from neutrino interactions in the205

walls of the decay volume and in the upstream muon detector of the SND. The expected number of206

events with at least two reconstructed tracks of opposite charge amounts to 5⇥ 105 events per 2⇥ 1020207

protons on target, to be compared with only 10�2 neutrino interactions inside the decay volume at 1 mbar208

pressure. In total, two events originating from photon conversions in the entrance of the decay volume209

remain. These events survive the selection criteria for partially reconstructed final states and the veto210

criteria in the SBT. These two events can be rejected since they have an invariant mass < 100MeV/c2,211

and do not affect our sensitivity region.212

The muon inelastic background is completely dominated by the muon DIS in the walls of the213

decay volume and in the SBT. These background events have a high multiplicity leaving a signal in the214

SBT. The requirement that the SBT is not fired brings the muon inelastic background to zero. Assuming215

no correlation between the veto criterion based on detecting the incoming muon or the products resulting216

from the interaction, and the pointing requirement for the decay vertex, allows setting an upper limit on217

the residual background as low as 6 ⇥ 10�4 and 2 ⇥ 10�5 events (at 90% CL) for partially and fully218

reconstructed final states respectively.219

The combinatorial muon background has been estimated using fully reconstructed muons, which220

pass the muon shield and enter the HS spectrometer with a rate of 26.3± 3.6 kHz during a spill. Unique221

pairs of tracks, formed out of those muons, have been subjected to the pointing criteria of Table 1, and222

vetoing criteria from the SBT and the upstream muon system of the SND. The final requirement, spe-223

cifically designed to suppress combinatorial background, is the use of the timing veto detector. Within224

a timing window, corresponding to three times the resolution of the timing detector, an additional sup-225

pression factor of ⇠ 10�11 can be achieved by using timing information alone. Consequently, the muon226

combinatorial background is reduced to (1.2± 1.2)⇥ 10�2 events.227

In summary, Table 2 shows the upper limits for the main classes of backgrounds which can be228

set with currently available simulation data samples. Simulation of neutrino background is currently229

ongoing to increase the data sample by an order of magnitude, and to improve the upper limit.230

Background source Expected events
Neutrino background < 1

Muon DIS (factorization) < 0.0006
Muon Combinatorial 4.2⇥10�2

Table 2: Upper limits for the different background sources.

All signal sensitivity curves are obtained using the FairSHiP simulation framework ??. The 90%231

7

ü Event selection is based on very high signal efficiency and redundant 
background suppression

ü Common selection to ensure model independent search
ü All HS models require an isolated vertex in the decay volume

ü Redundancy cuts:
- Veto criteria from the taggers
- PID cuts
- Time coincidence cut (to reject combinatorial background)  

Dimuon distance	of	closest	approach
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Backgrounds  
….Background, background, background…… 

1!

"!

Two types of background expected: 
  1) neutrino and muon inelastic interactions with the detector material, namely with the decay vessel; 
   ⟶ mostly  in-time tracks, not pointing backwards to the target; 
   ⟶ main detectors to reduce this background: VETO detectors (surrounding background tagger, Upstream Veto)  
 2) muon combinatorial background: 
   ⟶ mostly out-of-time tracks, not pointing backwards to the target 
   ⟶ main detectors to reduce this background: Timing Detector (and muon system with timing capabilities) 

"+!

"O!

35 

Three main classes of background:
- Neutrino induced interactions in the SND and the walls of decay volume
- Muon inelastic and surrounding infrastructure
- Combinatorial muon from muons survived the muon shield and entered the decay volume

]

1. Neutrino induced (10 years of SHiP by the FairShip)
- dominated by interactions in the SND and 
walls of the decay volume

- Only 2 events (from g-conversions) survived selection; 
rejected by the cut on the opening angle 

- Simulation is ongoing to increase the background
data sample by an order of magnitude

Neutrino interaction distribution

10
/eos/experiment/ship/user/Iaroslava/NeutrinoSample2018/job_*_*/ship.conical.Genie-TGeant4_rec.root
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Backgrounds 

2. Muon inelastic (5 years of SHiP by the FairShip)
- Dominated by interactions in the walls of the decay volume
- Zero background after selection + veto in the taggers
- Assuming no correlation between the veto and 
selection cuts à < 6×10-4 @ 90%CL

3. Muon combinatorial (1 spill of SHiP by the FairShip)
- Estimated using fully reconstructed  muons which pass 
the muon shield and enter the detector acceptance

- Assume no correlation between selection, veto and timing cuts. Requirement to be
in a time window of 3s time resolution (100 ps) gives large extra suppression factor

- Machine Learning technique is currently being used to generate very large sample
of “dangerous” muons

Figure 79: Momentum versus transverse momentum of muons hitting the decay vessel. A 3 GeV/c momentum
cut is applied.

Figure 80: The interaction points of all generated DIS events before any cuts are applied.

70

@ 90% CL

Background summary

Cut Value

Track momentum > 1.0 GeV/c
dimuon distace of closes approach < 1 cm
dimuon vertex fiducial (> 5 cm from inner wall)
IP w.r.t target (fully reco) < 10 cm
IP w.r.t target (partially reco) < 250 cm

Table 1: Selection criteria used for the sensitivity estimate and background rejection.

years of SHiP operation, have been generated using FairShip, forcing all produced neutrinos and muons200

to interact with material. Neutrino scattering was simulated using the GENIE generator. The deep201

inelastic scattering (DIS) of muons were generated by PYTHIA 6 [?]. The interaction points were202

distributed along the neutrino and muon trajectories, and weighted according to the material density203

along those trajectories.204

The dominant source of neutrino induced background comes from neutrino interactions in the205

walls of the decay volume and in the upstream muon detector of the SND. The expected number of206

events with at least two reconstructed tracks of opposite charge amounts to 5⇥ 105 events per 2⇥ 1020207
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pressure. In total, two events originating from photon conversions in the entrance of the decay volume209

remain. These events survive the selection criteria for partially reconstructed final states and the veto210

criteria in the SBT. These two events can be rejected since they have an invariant mass < 100MeV/c2,211
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The muon inelastic background is completely dominated by the muon DIS in the walls of the213

decay volume and in the SBT. These background events have a high multiplicity leaving a signal in the214

SBT. The requirement that the SBT is not fired brings the muon inelastic background to zero. Assuming215

no correlation between the veto criterion based on detecting the incoming muon or the products resulting216

from the interaction, and the pointing requirement for the decay vertex, allows setting an upper limit on217

the residual background as low as 6 ⇥ 10�4 and 2 ⇥ 10�5 events (at 90% CL) for partially and fully218

reconstructed final states respectively.219

The combinatorial muon background has been estimated using fully reconstructed muons, which220

pass the muon shield and enter the HS spectrometer with a rate of 26.3± 3.6 kHz during a spill. Unique221

pairs of tracks, formed out of those muons, have been subjected to the pointing criteria of Table 1, and222

vetoing criteria from the SBT and the upstream muon system of the SND. The final requirement, spe-223

cifically designed to suppress combinatorial background, is the use of the timing veto detector. Within224

a timing window, corresponding to three times the resolution of the timing detector, an additional sup-225

pression factor of ⇠ 10�11 can be achieved by using timing information alone. Consequently, the muon226

combinatorial background is reduced to (1.2± 1.2)⇥ 10�2 events.227

In summary, Table 2 shows the upper limits for the main classes of backgrounds which can be228

set with currently available simulation data samples. Simulation of neutrino background is currently229

ongoing to increase the data sample by an order of magnitude, and to improve the upper limit.230

Background source Expected events
Neutrino background < 1

Muon DIS (factorization) < 0.0006
Muon Combinatorial 4.2⇥10�2

Table 2: Upper limits for the different background sources.

All signal sensitivity curves are obtained using the FairSHiP simulation framework ??. The 90%231

7
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Neutrino portal  
HNLs can be produced in decays of heavy flavours to ordinary neutrinos 
through kinetic mixing, ~U2:

Then HNLs decay again to SM particles through mixing (~U2) with a
SM neutrino. This (now massive) neutrino can decay to a large amount
of final states:

Production channels

Decay channels

Ds
lepton

ν l✖

HNL

U2(lepton)

π

l'U2(lepton’)

✖

⎯ Bc à lN (b-c	transition)

HNL
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HNL sensitivities (nMSM)  

SHiP sensitivity covers large area of parameter space below B mass
moving down towards ultimate see-saw limit 

PBC	group

ü MHNL< Mb LHCb, Belle2 SHiP will have much better sensitivity
ü Mb<MHNL<MZ FCC in e+e- mode (improvements are also expected from ATLAS / CMS) 
ü MHNL>MZ  Prerogative of ATLAS/CMS @ HL LHC 



NUST	MISIS,	Russia,	Moscow

2525

Vector portal  Production:
- Meson decays, e.g. p0 àgV(~e2)
- p bremsstrahlung on target nuclei, ppàppV
- largest MV  in direct QCD production qg à V 
Decay: into a pair of SM particles:  e+e-, µ+µ-, p+p+, KK, hh, tt, DD, … 

Decay before 
reaching detector
N ~ exp(-𝛜2 m2/p)

Kinematic limit

Lifetime too large: N≈ (𝛜)4

A lot of experimental results expected in coming years
EM showers are not taken into account as a source of dark photons

à Expect significant improvement of sensitivity at low mA’

SHiP is unique up to O(10GeV) and e ~10-8 

PBC	group
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Scalar portal  

Dark Scalar particles can couple to the Higgs in FCNC transition in K and B decays:

x
x

~sinQ

~sinQ

b,d s,u

h
hS

e+e-, μ+μ-, π+π-, K+K- …

PBC	group
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ALPs   

ALPs can couple to fermions                      , and to photons                            

Two photon final state necessitates electromagnetic calorimeter with a capability to 
determine directions of the photons in order to reconstruct the decay vertex of ALP à gg
à Additional experimental challenge ! (compared to vector and scalar portals)

Observation of vWIMP in gg-final state is a strong discrimination of the ALP signal
against dark vector and dark scalar  

Physics performance: visible decays

[1504.04956, 1504.04855, 1811.00930, 1901.09966]

I from top left: HNL (heavy meson decays), dark photon (decays +
bremsstrahlung + QCD), scalar (K and B decays), ALPs coupled to
fermions, ALPs coupled to photons

I event selection: high signal efficiency + redundant BG suppression
11 / 12
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Light dark matter search

• Essential to explore sub-GeV mass range for Dark Matter
• High luminosity fixed target experiments can play an important role

• The prediction for the mass scale of Dark Matter spans from 10-22 to 1020 GeV
• Extensive experimental search for WIMP with masses 10 GeV/c2 -1 TeV/c2
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Basic idea: use the neutrino detector as a dark matter detector, looking for recoil, 
but now from a relativistic beam
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Search for Light Dark Matter
LDM can scatter on atoms of the dense material of the SHiP
Scattering and Neutrino Detector (SND)
à detection signature: EM shower (or nuclei recoil)

- Reconstruction of the EM showers in emulsion
demonstrated with OPERA data 

- Complement emulsion detector with fast 
electronic Target Tracker to improve electron
reconstruction

Under study: Elimination of the neutrino background by ToF
operating with the SPS bunched beam: 4s /spacing = 1.5ns / 
(5 or 25ns) & ~40 m distance from the target
à Requires 0.5 ns time resolution of the Target Tracker 
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LDM production @SHiP

Seminar	at	JINR,	13/09/2019

3) proton bremsstrahlung  

1) meson decay 2) prompt QCD 

Negligible in the mass range 
under investigation 
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LDM detection in the emulsion target

The Emulsion Target properties allow the 
search for Light Dark Matter particles 
(mass < 1 GeV/c2) scattering off electrons

• Electron identification: electromagnetic 
shower reconstruction with calorimetric 
technique 

• Angular resolution: mrad
• Micrometric precision in primary and 

secondary vertices separation 
1 0

EM shower
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LDM signal events in the emulsion target
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SHiP sensitivity to LDM

[1] arXiv:1702.03327

[2] arXiv:1807.06137

[1] 

[2] 

Benchmark 
model 
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Long-standing, and well motivated (particularly since the discovery of neutrino
oscillations) programme of searches for charged Lepton Flavour Violation 

Less stringent limits in 3rd generation, 
but here BSM effects may be higher

Let’s take τ→µµµ as benchmark 
mode. Current best 90 % CL limits:

Belle 2.1	x	10-8 [PLB 687	(2010)	139]

BaBar 3.3	x	10-8 [PRD	81	(2010)	111101]

LHCb 4.6	x	10-8 [JHEP	02	(2015)	121]

Most improvement in coming decade is 
expected from Belle II, who can reach
1x10-9 [arXiv:1011.0352] and will do even better 
if they achieve ~zero bckgd [arXiv:1808.10567]

Search for Lepton Flavour violation with TauFV
in t decaus
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Enormous t production rate in SPS beam from Ds→τν !  Consider possibility of using
Beam Dump Facility (BDF) being planned at CERN.  However SHiP target  unsuited 
for searches for ultra-rare τ decays, because of excessive multiple scattering

Instead, design dedicated experiment upstream of SHiP, with thin, distributed targets, 
to bleed off ~2% of the beam intended for SHiP → 2 mm of tungsten

τ
µ
µ

µ

>1 m

impossible to 
distinguish 
from…

µ
µ

µ
>1 m

combinatoric
background 
(or similar 

topology decay)

…due to lack
of useful 
vertexing and 
poor mass 
resolution

signal

ντ

Ds

τ

µ

µµ

10 - 20 cm

Synergetic with
SHiP operation !

Physics opportunity: LFV t decays at the SPS BDF
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With 2 mm of W we expect 4 x 1018 PoT in 5 years of operation.  
0.17 % of interactions will produce charm, from this expect:

Comparing to past and existing flavour experiments:

Moreover, production is strongly forward peaked, allowing a reasonable detector 
geometry to collect ~50% of all τ→µµµ decays.  Assuming a total efficiency 
of 10% for geometrical selection and basic reconstruction cuts, and taking as 
a benchmark BR(τ→µµµ) = 1 x 10-9, then the following yields are expected

Clear opportunity to benefit from higher signal yield than at any other facility !

• ~102 times number produced at LHCb IP in runs 1 & 2;
• ~105 times number of τ+τ- pairs produced during operation of Belle

Future	experiment Yield Extrapolated from

TauFV (4	x	1018 PoT)	 8000 Numbers on	this	slide

Belle	II	(50	ab-1) 9 PLB 687	(2010)	139

LHCb Upgrade	I	(50	fb-1) 140 JHEP	02	(2015)	121

LHCb Upgrade	II	(300	fb-1) 840 ditto

8 x 1013 Ds→τν decays

Signal yields, and comparison with other experiments 
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τ LFV searches at Belle II will be extremely clean, with very little background 
(if any), thanks to pair production and double-tag analysis technique.  In contrast,
TauFV (& hadron collider experiments) must contend with two background sources 

1)  Combinatorics µ

µ

µD

e.g. from wrong association
of EM produced dimuons
and with muon from D decay…

…or mis-association of genuine muon 
with decays in flight or punch through…

…or random association of three decays in flight etc

D
π

π

µ
µ

µ

Signal yields isn’t everything, backgrounds 



NUST	MISIS,	Russia,	Moscow

39

Signal yields isn’t everything, backgrounds 

τ LFV searches at Belle II will be extremely clean, with very little background 
(if any), thanks to pair production and double-tag analysis technique.  In contrast,
TauFV (& hadron collider experiments) must contend with two background sources 

2)  Specific backgrounds

µ
µ

µDs

γ

ν

η

Genuine tri-muon vertices arise
from D and Ds semi-leptonic 
decays, followed by an EM 
transitions, e.g. Ds→η(µµγ)µν

Decay
channel

Relative 
abundance

Ds→η(µµγ)µν 1
Ds→φ(µµ)µν 0.87
Ds→η’(µµγ)µν 0.13
D→η(µµγ)µν 0.13
D→ω(µµ)µν 0.06
D→ρ(µµ)µν 0.05

Background modes normalised 
to Ds→η(µµγ)µν (BR ~ 10-5) 
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Other LFV tau decays which are natural goals for TauFV

In addition, there will be a correspondingly large sample of charm decays
(e.g. ~5 x 1015 D0s produced, which is 105 times more than at Belle II)
→ super precise lepton number violation studies in both tau and charm decays 

τ-→e-e+e-

τ-→µ-e+e-

τ-→e-µ+µ-

τ-→µ+e-e-

τ-→e+µ-µ-
note that these decays have
much lower backgrounds, so here
extremely high sensitivity expected

D→hl-l-τ-→h-h-l+

(and not to forget 
LFV D decays, 
e.g. D→hµ-e+)

And maybe also opportunities in kaon
LFV decays, such as K+, KL→πµe

Other LFV/LNV physics 
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Half-view schematic of a possible TauFV configuration (non bending plane)

Angular acceptance:  20→260 mrad (geometrical efficiency ~40% for τ→μμμ)

TauFV layout 
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Squeeze beam profile to make
compatible with wire (or blade)-like targets

Allows for several wires, with 
much reduced shadowing 
effects compared to circular
profile and disc-like targets

~0.5 mm

~7 mm

• Separates out interactions → invaluable for combinatoric bckgd suppression.
• Mild benefits for damping peak rates and dose in VELO

~3 mm

Key idea:

Exact layout 
under optimisation

Advantages of distributed target system and wide beam in one dimension:

one possibility

Beam profile and target arrangement 
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µ

µ

µD

D
π

π

µ
µ

µ

Suppressing this background relies on usual tools 
of a flavour-physics experiment, in particular:
• high performance vertex detector 
• good mass resolution

Muon candidates must possess good quality vertex, downstream of target,
and tracks must have impact parameter relative to found interaction vertices

Distributed target and wide beamspot very helpful in distributing 
out interactions and reducing fake combinations !

Also essential is role of fast timing provided by VELO,
TORCH (~20ps) and ECAL.  Spill takes place over ~1s
and so precision timing gives extremely powerful 
discrimination between random associations 

Studies ongoing, but current results indicate this background will be sub-dominant
and have very small impact on τ→µµµ search, even down to BRs of 1 x 10-10 !

τ→μμμ: combatting combinatoric background
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µ
µ

µDs

γ

ν

η

Mode Relative abundance
Ds→η(µµγ)µν 1

Ds→φ(µµ)µν 0.87

Ds→η’(µµγ)µν 0.13

D→η(µµγ)µν 0.13

D→ω(µµ)µν 0.06

D→ρ(µµ)µν 0.05

• Invariant mass of candidate

These backgrounds afflict τ→µ+µ-µ- searches in hadronic environment 
(but are absent for modes such as  τ→µ+e-e-).  Various tools are available

Provides suppression factor of 
up to 100, depending on mode

τ→μμμ: combatting charm backgrounds
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τ→μμμ: combatting charm backgrounds

µ
µ

µDs

γ

ν

η

Mode Relative abundance
Ds→η(µµγ)µν 1

Ds→φ(µµ)µν 0.87

Ds→η’(µµγ)µν 0.13

D→η(µµγ)µν 0.13

D→ω(µµ)µν 0.06

D→ρ(µµ)µν 0.05

• Invariant mass of candidate

• Invariant mass of dimuon pairs

These backgrounds afflict τ→µ+µ-µ- searches in hadronic environment 
(but are absent for modes such as  τ→µ+e-e-).  Various tools are available

Points – from phase
space τ→µµµ decay

Can essentially eliminate all 
backgrounds (apart from wide ρ),
whilst retaining 25% of signal,
assuming phase space decay

But this a ‘blunt weapon’ as introduces
model-dependence into result
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τ→μμμ: combatting charm backgrounds

µ
µ

µDs

γ

ν

η

Mode Relative abundance
Ds→η(µµγ)µν 1

Ds→φ(µµ)µν 0.87

Ds→η’(µµγ)µν 0.13

D→η(µµγ)µν 0.13

D→ω(µµ)µν 0.06

D→ρ(µµ)µν 0.05

• Invariant mass of candidate

• Invariant mass of dimuon pairs

• Photon veto for η and η’ modes

• Photon tag to select Ds*→Ds(→τν)γ

These backgrounds afflict τ→µ+µ-µ- searches in hadronic environment 
(but are absent for modes such as  τ→µ+e-e-).  Various tools are available

Suppresses all non-Ds backgrounds;
useful for combatting dangerous
D+→ρ(→µµ)µν contamination
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τ→μμμ: combatting charm backgrounds

47

µ
µ

µDs

γ

ν

η

Mode Relative abundance
Ds→η(µµγ)µν 1

Ds→φ(µµ)µν 0.87

Ds→η’(µµγ)µν 0.13

D→η(µµγ)µν 0.13

D→ω(µµ)µν 0.06

D→ρ(µµ)µν 0.05

• Invariant mass of candidate

• Invariant mass of dimuon pairs

• Photon veto for η and η’ modes

• Photon tag to select Ds*→Ds(→τν)γ

• Kinematics relating interaction 
and decay vertices 

These backgrounds afflict τ→µ+µ-µ- searches in hadronic environment 
(but are absent for modes such as  τ→µ+e-e-).  Various tools are available

Cut-based studies in progress (full power will come from MVA approach),
but we are confident that sensitivities to BRs of a few 10-10 are attainable 
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Conclusions
ü Physics case to search for Hidden Particles is very timely !

No NP discovered at LHC, but many theoretical models offer a solution for the BSM
experimental facts with light very weakly interacting particles. Must be tested !

ü BDF @ CERN is ideal place to search for Hidden Particles at high energy and 
high intensity SPS beams. Two complementary strategies are being explored at
SHiP, direct observation of the HS decay vertex and LDM detection via scattering
on atoms

ü Development of BDF at SPS also offers the opportunity to build a fixed-target 
experiment to search for LFV t decays, which are long-acknowledged as a
very sensitive probe for NP. Aim to exploit enormous t production rate and 
dedicated design and to demonstrate sensitivity to benchmark t→μμμ mode at
the O(10-10) level

ü The rich physics programme to search for Hidden Particles and LFV t decays
at BDF nicely complements searches for NP at the energy frontier and in
flavour physics at CERN


