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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

Higgs discovery made the SM complete (with
only a marginal evidence (<2𝜎) for the SM
vacuum metastability) à SM is a self-
consistent FT all the way up to Planck scale 

SM predicting its own destruction ?
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Figure 2. Different regions in the (Mh,Mt) plane concerning the structure of the Higgs potential at high field values:

stable (up to MPl) in the green area; unstable in the yellow (red) areas above, with a lifetime of the EW vacuum longer

(shorter) than the age of the Universe. In the sideband red region labelled “Non-perturbativity” in the left plot, the running

� hits a Landau pole below MPl. Also shown are the 1-3 � experimental ellipses, with Mh = 125.15± 0.4 GeV and

Mt = 173.34± 0.76± 0.3 GeV. The left plot is from [3] and the right zoomed version from [4].

of interfering BSM physics) the EW vacuum would most likely be metastable, but with absolute
stability excluded only at the 2-3 � level,4 a result dubbed near-criticality. Fig. 3 shows the SM
“phase diagram” with different experimental ellipses: for different measurements of Mt, from
ATLAS, CMS and the Tevatron (left plot) and for different combinations with updated data (right
plot). Although the most realistic determination of the error in Mt is still under debate (see e.g. [22]
for a review on the issues of the top mass determination), it will not change near-criticality.

Obviously, BSM physics can interfere with the running of the Higgs quartic coupling,
disrupting the near-criticality shown in Fig. 2. This can happen even if the BSM physics is much
heavier that the instability scale, provided the effect it has on the potential is to make it more
unstable (pushing down the stability line in Fig. 2). A well-motivated example of this effect
is heavy right-handed seesaw neutrinos with sizeable Yukawa couplings [6]; a less motivated
example that has been widely discussed in the literature [23] is that Planckian physics might
introduce additional sources of potential destabilization. (For a more detailed discussion of this,
see [24]). In this respect, the hint of near-criticality might be compared with the hint of gauge
coupling unification: both are easy to disrupt by new physics thresholds (in which case they are
simply coincidences) but might be real hints pointing to some deeper and more fundamental
theory.

This intriguing near-criticality has led to many theoretical speculations about its significance
[4,8,25]. Is somehow �(MPl)' 0 connected to the fact that we also are very close to the phase
boundary between the EW broken and unbroken phases? This second boundary is associated
to the extreme smallness of the mass parameter of the Higgs potential, m

2, in Planck units:
m

2
/M

2
Pl

⇠ 0. From this point of view, it seems that the Higgs potential has a remarkable
behaviour at the Planck scale, with � and m

2 being both very small. Moreover, also �� has a
special value ' 0 not very far from MPl. Is there a deep reason why EW parameters take such
intriguing values at MPl, an scale related to gravitational physics rather than to EW physics? It is
fair to say that no compelling theoretical explanation has been advanced so far.

4In Ref. [8], this number is reduced to ⇠ 1.3�. However, comparison between the NNLO stability line of [3,4] and the refined
result of [8] shows nearly perfect agreement. The discrepancy is simply due to the different choice of mass parameters in [8],
namely Mt = 173.21 ± 0.87 GeV and, especially, Mh = 125.7 ± 0.4 GeV, see Fig. 3, right plot.

SM : Landau poles beyond the Planck scale, stability at the edge!

Degrassi et al ‘12

Intriguing correlation between SM pararameters: mt, mh, as !

Inconsistent theory
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1. Direct searches for NP by  ATLAS and CMS have not been successful so far 
à Parameter space for popular BSM models is decreasing rapidly, 
but only 10% of the complete HL-LHC data set has been delivered so far
à NP discovery still may happen 

2. LHCb reported intriguing hints for the violation of Lepton Flavour Universality
in bàcµn / bàctn, and in bàse+e- / bàsµ+µ- decays 
à Clear evidence of BSM physics if substantiated with further studies

But even then it will not be possible to determine NP scale with 
certainty 

Many models predict enhanced LFV effects (some close to the current
experimental limits) in decays of t lepton (recently proposed TauFV
experiment)

3. Significant efforts in neutrino physics did also not ameliorate our knowledge
about NP scale. Neutrino masses and oscillations can be accounted in SM
extended by two sterile neutrinos of essentially any mass 

4. DM: no evidence for WIMP  in GeV-TeV mass range neither in direct nor in indirect  
searches à Light DM? May also be a super heavy DM 

Physics landscape today 
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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

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 particles spans
from 10-22 eV (ALPs) to 1020 GeV (Wimpzillas, Q-balls) 

Slide	from	H.Murayama from	ESPPU
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BSM theories with a new energy scale 
(which may also contain “light” particles)

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 !

ü We know that there are new 
particles

ü We do not know what they are
ü There is no guaranteed 

discovery anymore/no leading 
theoretical model

ü Diversity of experimental 
program is crucial

MP                
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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
te

ra
ct

io
n 

st
re

ng
th

~104 – 105 TeV

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

Quest for New Physics 
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BSM reach at the Energy Frontier

BSM can be directly explored up to ~50 TeV

Higgs Compositeness? 
■  Using fits from EWK/Higgs group (arXiv:1905.03764) 

◆  Connection between notations:  

◆  Deviations ~1% in Higgs couplings for mass/coupling ~2 TeV 

May 16, 2019 PPG: BSM physics  9 

Maximum 
sensitivities 

from CLIC and 
FCC(ee+eh+hh) 

cϕ

Λ2 = g 2
*

m2
*

cW

Λ2 = 1
m2

*

c2W

Λ2 = 1
g2

*m2
*

Fundamental questions from
EPPSU/Granada:

ü To what extent can we tell 
whether the Higgs is
fundamental or composite?

ü Are there new interactions
of new particles around or
above the EW-scale?
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Exploration power of the Intensity Frontier

The scale of strongly coupled 
NP (L > 103 TeV for 10-2 coupling) 
is well above direct reach 

SM scrutiny: quark flavor

16/5/19 43 

End of HL-LHC: Belle II + LHCb Upgrade II

CKM prospects in b(c)-decays from EPPSU/Granada

SM scrutiny: quark flavor

16/5/19 42 

                     Today already	well	measured
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BSM theories with no NP between
Fermi and Planck scales 

10

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

10

Gravity and EW scale may be connected via tunneling transition ?
M2

H = M2
P ×		e

-S with S=72 (arXiv 1803.08907; 1804.06376)
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Neutrino minimal Standard Model (⌫MSM)

Neutrino oscillations: particles N2, N3

Baryon asymmetry: same particles N2, N3

masses O(100) MeV – O(80) GeV

Dark matter: particle N1

mass 1� 50 keV

Inflation: Higgs field coupled to gravity
Inflationary parameters for

MHiggs ⇠ 126 GeV in perfect agreement

with observations
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Neutrino Minimal Standard Model (⌫MSM)

Masses of right-handed neutrinos as of other

order of masses of other leptons

Yukawas as those of electron or smaller

Review: Boyarsky, Ruchayskiy, Shaposhnikov Ann. Rev. Nucl. Part. Sci.

(2009), [0901.0011]

Kyrylo Bondarenko (Universiteit Leiden) July 9, 2018 ICNFP, 2018 10 / 13

nMSM provides explanation to all experimental
facts of BSM 

≥ 𝑂 100 𝑀𝑒𝑉
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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

Two types of 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)

Models with Hidden Sector
(attract currently more attention) 
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Portal operators   

More generally: light portals to 
the hidden sectors:

• dim 2: Hypercharge U(1) field, Bμν : vector portal. New particle - dark photon; 
renormalisable coupling - kinetic mixing 

              εBμν F ʹμν

• dim 2: Higgs field, H†H: Higgs portal. New particle - “dark”  scalar; renormalisable 
couplings 

           (α1S + αS2)H†H 

• dim 5/2: Higgs-lepton, HT L: neutrino portal. New particles -  Heavy Neutral Leptons, HNL; 
renormalizable couplings 

     y H N L 

• dim 4: New particles - ALPs (axion like particles), pseudo-scalars: axion portal. Non-
renormalizable couplings of the ALPS a to the operators 

    
GμνG ̃μν  ∂μJ

μ, etc

suppressed by the coupling Fa.

!19
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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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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

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

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

General experimental requirements
to search for decaying Hidden Particles  

Detector must be placed close to the target to maximize geometrical acceptance 
Effective (and “short”) muon shield is essential to reduce muon-induced backgrounds
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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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SHiP at CERN @ 400 GeV vs XXX at Fermilab @ 120 GeV

SHiP XXX	
40 m	long	and	at	37	m

from	the	target	

Npot / year delivered at ~1s extraction 4×1019 ~5.3×1020

scc (Ebeam), au 1 1/7

Detector acceptance (E), au 1 0.6

Trajectory	of	m	in	Fe(1.8T)

Assume:
- Hypothetical detector XXX has similar size to the SHiP detector
- Slow beam extraction (*)

- The target with the same material (*)

- Full background suppression
- Dedicated to XXX operation (in conflict with neutrino programme)  

(*) – technical feasibility to be demonstrated for XXX

ü Similar performance for HS produced in charm decays
Sensitivity for HS produced in B decay is severely compromised, sbb (120/400) = 625  

ü Really poor prospects for tau neutrino physics at 120 GeV beam energy
ü SPS @ 400 GeV is ideal to perform the physics programme of SHiP
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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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Initial reduction of beam induced backgrounds
- Heavy target to maximize Heavy Flavour production (large A) 

and minimize production of neutrinos in p/K à µn decays (short lint)
- Hadron absorber
- Effective muon shield (without shield: muon rate ~1011 per spill of 5×1013 pot)
- Slow (and uniform)  beam extraction ~1s to reduce occupancy in the detector

Multidimensional optimization: beam energy,
beam intensity, background conditions and detector acceptance

Not	to	scale!

Mo/W
Target~1m

Fe	~5m

e.
µ,
	h
ad
ro
nsp(400 GeV)

p,K

Decay volume in vacuum

neutrino

Active muon shield (magnetic deflection)

muon

SND

HS	particle

B

SHiP beam-line
(incompatible with conventional neutrino facility)
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SHiP detector at BDF/CERN SHiP Technical	Proposal:
1504.04956

>1018 D,  >1016t , >5×1015 nt
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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SHiP Scattering and Neutrino Detector (SND) 

21

REQUIREMENTS:
High spatial resolution to observe the 
τ decay (~1 mm)
➙ EMULSION FILMS

Electronic detectors to give “time” 
resolution to emulsions
➙ TARGET TRACKER PLANES

Magnetized target to measure the charge
of τ products
➙ MAGNET

ü The Emulsion Target exploits the 
Emulsion Cloud Chamber (ECC)
technology

ü Sensitive Trackers: nuclear emulsions
ü Passive material: lead plates
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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 ~1500 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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- 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 

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

ü All HS models require an isolated vertex in the decay volume
ü Common selection based on IP cut wrt target to ensure model independent

search
ü Redundancy cuts:

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

Event selection for decaying Hidden Particles

….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

]
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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 

How (and where) to search for HNL  (nMSM)  
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How (and where) to search for dark photon/scalar  

SHiP sensitivity is unique at 
small masses (up to O(5 GeV)) 

and very low e,  sin2q

Important part of physics
programme at LHC and
future colliders   

FIPs: Vector Portal (Dark Photon) 

May 16, 2019 PPG: BSM physics  35 

Beam dump expts: very low 
couplings at very low masses

LHCb: D*0 ⟶ D0  e+ e– 
& pp ⟶ Aʹ ⟶ µ+µ–  

FASER & 
MATHUSLA

HL-LHC: pp→Aʹ→µ+µ–  

FCC-hh 
Aʹ→µ+µ–  

CePC FCC-ee 

ILC 

LHeC 
FCCeh 

ee→Aʹγ→µ+µ–γ  

FIPS: Scalar Portal (Dark Higgs) 

May 16, 2019 PPG: BSM physics  36 
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SHiP & beam-dump/fixed target expts 

MATHUSLA, CODEX, FASER: H→SS; 
LHCb: B→KH*→K µ+µ−  

sensitivity overestimated below 10 GeV 
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HL/HE-LHC: indirect Higgs;  
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sensitivity 
overestimated 
below 10 GeV 

SHiP

SHiP
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Light Dark Matter search

ü Limited sensitivity for slow galactical DM search at low masses
ü Essential to explore a sub-GeV range for LDM
ü High intensity beam-dump experiments can play the key role here

Dark sector program focus beyond WIMPs:

38

MeV-GeV thermal dark matter
Well-defined target that complements  WIMP searches; 
compelling reach can be provided by a program 
combining new beam dump and fixed target based 
experiments, collider searches, and new direct detection 
experiments enabled by emerging technologies

Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {

18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

 ~ 1985, natural starting point 

Neff  / BBN

right after  W&Z discoveries 

12

• Leverage on successful current experiments: LHC, NA62, NA64
• Beam dump facility at CERN SPS would be a critical and unique resource
• Opportunity for global coordination, e.g. LDMX at multiple sites
• Requires support for emerging technologies

Assuming thermal equilibrium in early
universe narrows down the search
mass interval  

The phenomenology of
LDM is very different;
requires light mediators
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Complementary techniques of searching for 
relativistic LDM produced at electron and proton beams  

ü Missing energy & missing (transverse) momentum technique at electron beam
à model dependent, applicable only to DM produced in dark photon decays

ü Missing mass technique (Belle II) à requires dedicated low energy
mono-photon trigger

ü LDM scattering at proton beam dump (SHiP)

LDMX at SLAC will
individually measure up to

1016 electrons on target

Rate ~ e2

Rate ~ e4
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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)

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 

Search for Light Dark Matter

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

- Complement emulsion detector with fast 
electronic Target Tracker to improve electron
reconstruction
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LDM detection in the emulsion target
ü Electron identification: electromagnetic shower reconstruction with calorimetric technique 

(emulsion + TT à sE/E ~ 20%/√𝐸)

ü Angular resolution: mrad
ü Micrometric precision in vertices and track reconstruction à precision isolation around 

LDM interaction vertex

EM shower

One of the 10 OPERA nt candidates         
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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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SND@LHC detector setup 

TT-emulsion matching

Energy measurement 

Plastic scintillator bars

Muon tagging

't <100ps

ECC+SciFi = Wall

4 walls in the target, 380 kg

8 stations for the muon id

On average 9 (int

5

#

SciFi: ' ∼60 %m

Detector optimized to see #e, #% and #$

SND@LHC
To operate at LHC in the TI18 cavern (~500 m away from the ATLAS IP)

Expected neutrino interactions 

25 fb-1 150 fb-1

Target mass: 850 kgMost of them from charm decays

Schedule

Incremental detector installation:
- Emulsion bricks, SciFi, Veto Plane ready by end of 2020 
- Four planes of Scintillator bars ready by mid 2021
- Additional four planes of Scintillator bars ready by end of 2021
- After 2022 replace the emulsion target every ~25 fb-1

Installation of services
~5 months

ü SND@LHC EoI submitted to LHCC
in mid. February

ü Currently under discussions  

(will probably be revised)

Detector layout
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ü Letter Of Intent  - October 2013
ü Technical Proposal & Physics Paper - April 2015
ü Reviewed by the SPSC and CERN RB by March 2016, and 

recommended to prepare a Comprehensive Design Study (CDS) by 
2019

ü SHiP Progress report and CDS report submitted to SPSC in 2019
à Input to the European Strategy consultation, which will hopefully

help to take a decision about construction of SHiP in 2020

SHiP is ready to go for TDR (see Richard’s talk)

SHiP Collaboration: brief history and future steps

SHIP is currently a collaboration of 54 institutes (out of which 4 associate
institutes), including >250 physicists from 18 countries, plus CERN and JINR
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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 its scattering
on atoms

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

Conclusions


