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As mentioned many times already, HNL could clarify the origin of

» Baryon asymmetry

> neutrino masses

Several models including HNL can also offer dark matter candidates (e.g. the MSM)
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Practical considerations

» Models with M > ((GeV) can generate Baryon asymmetry via leptogenesis while also

offering a dark matter candidate

> HNL can take part in any (kinematically
allowed) process containing active neutrinos
with suppression factor of |U{6%T}|2
> Can be produced in sm processes
> Can decay to sm particles
> Parameter space (see J.Klaric's talk) bounded

on 3 sides: lower bound gives us something
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to aim for 0.1
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Signature & Implications for experiment

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ——— | spectrometer

decay vessel

> Common signature (vertex of visible sm particles)
> sM background needs to be suppressed
> reliable particle identification to identify exclusive decays
> Macroscopic flight distance: ¢y7 of interest in range metre to tens of kilometres
> detector distance from target ~ lower boundary of ¢y
> detector size determines upper boundary of ¢y
» Production via weak decays of heavy flavour
> maximise heavy flavour production
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[SPSC-SR-248, CERN-SPSC-2015-016, CERN-SPSC-2015-040, Rept.Prog.Phys. 79 (2016) no.12, 124201, JINST 14 (2019) no.03, P©3025]

» Designed for discovery and measurement of super-weakly interacting new particles
» Decay and scattering signatures give complementary access to new physics models

» Ultra-low background environment (< 0.1 candidates/5 years) for hidden sector decays
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https://cds.cern.ch/record/2654870
https://inspirehep.net/record/1362181
https://cds.cern.ch/record/2060742
https://doi.org/10.1088/0034-4885/79/12/124201
https://doi.org/10.1088/1748-0221/14/03/P03025

Beam dump facility

> The beam dump facility (BDF) at the CERN SPS
is a unique facility, complementing existing e
and future collider experiments: W :
> 400 GeV
> 5years of BDF @ SPS (2 x 10% protons on 1
target):

> 10" charm mesons

» 10" beauty mesons
North Area

> 10" 7 leptons beam lines

Beam Dump Facility
and SHiP experiment

> No conflict with HL-LHC data taking JINST 14 (2019) no.e3, PO3025]

L. [CERN-PBC-REPORT-2018-001]
> BDF could also host 7Fv parasitically

upstream of SHiP
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https://doi.org/10.1088/1748-0221/14/03/P03025

Target facility and the muon shield

» Heavy target (12.X))
> Fully absorbs the beam
> Reabsorbs pions and kaons before decay
> Enhanced production of heavy flavour through a cascade
of interactions (x2.3 for D, x1.7 for B)
> Magnetised hadron absorber separates muon polarities
» Active muon shield bends muons out of experimental
acceptance 10" = 25 X 107 tsmst 12 (2017) no.os, pose11)
> Optimised using machine learning techniques & full

v [

simulation

» Expected muon flux validated using dedicated experiment
in 2018 g

» Can turn off for calibration, alignment and data driven o

background studies

0. Lantwin (uzH) Rencontres du Vietnam: 3 v and beyond



https://doi.org/10.1088/1748-0221/12/05/P05011

Hidden Sector Detector

upstream veto tagger (uvt) surrounding background tagger (st

vacuum

Az = 5m(Ay = 10m)

spcctromctcr

muon

» < 0.1 background events expected - 3 candidates sufficient for discovery

> Can measure decay vertex, invariant mass, impact parameter of signal candidate
> mass, charge and flavour of new particles measurable

> redundant background rejection (+background tagger, timing,...)
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Simulation and validation

> Mature software framework using PYTHIAG, PYTHIA8, GENIE, GEANT4

» Cascade production of heavy flavour implemented [cern-skir-NoTE-2015-009]
» Validation of simulation with data from NA62 and HYPERON [spsc-sr-2481

> HNL of given My, U{S’H’T} produced using PYTHIA8 from pre-production of heavy flavour
mesons
» Backgrounds all evaluated in full software framework

i i i i i [SPSC-E0I-016]
’ Valldated USlng 2 ded Icated eXper\ ments n Distance hadron absorber-Goliath 121¢cm  Distance Goliath-muon tagger (RPCs) 199.5 cm
Distance T1-T2 (center) 63 cm Distance T3-T4 (center) 160 cm
summer 2018 at SPS Beam counter *“_’;&mgm‘
> Muon flux measurement with target l |ﬂ| Ej
replica at sps accumulated 10" PoT - Tavge(lcm t ]
157.6 cm long
> Charm cross-section measurement with y Hadron absorber ' Muon tagger (RPCs)
IZ.X 240x240x240 cm? LA 200%150x200 cm
. z 3
an instrumented target (prototype for e e "

270y resolution

longer measurement after LS2 [spsc-co1-0171)
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https://cds.cern.ch/record/2115534
https://cds.cern.ch/record/2654870
https://cds.cern.ch/record/2286844
https://cds.cern.ch/record/2267770

Minimal HNL benchmark model

For each HNL 4 parameters:

> M mass

> U{C%T}: mixing with active neutrino flavours
Most physically motivated models include two (or more) HNL.

Sensitivities for arbitrary HNL models can be derived from the sensitivity matrix made available by

the SHiP collaboration (see later)
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Production

> Production via heavy flavour decay dominant (below 8823
Z-pole) g 0.010
» For masses < 500 MeV, production via K dominant, L 0008
['4
but K reabsorbed in SHiP target before decay, so not z s 3‘1%0_1
considered here 1 X104 ;
2 2 2 . . . ' 0.0 0.5 1.0 15 2.0
» [Voul” /|1 Vap|” ~ 10% > B, contribution important, e [GEV]
even for small fractions of b-quarks hadronising to B, R o
# | / u BN, g
W T % o001 N T
D7 Vu B Vi z
o
S b B =
Ny Ny

munc[GeV]
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> SHIP can reconstruct exclusive decays and identify

final state (including charge)

Distinguish between

> Fully reconstructed final states:
> All final state particles reconstructed by spectrometer (e.g. N — £T %)
> Strict pointing to target can be required (impact parameter to target < 10 cm)
> Mass can be accurately and precisely reconstructed
» Partially reconstructed final states:
» Some invisible particles in the final state are not reconstructible (eg. N — (¢ 1)

> Looser selection to maintain high signal efficiency (impact parameter to target < 250 cm)
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Signature and selection .‘.

Selection cut Value
Track momentum > 1.0 GeV/c
DOCA < 1cm
Fiducial cut on vertex position > 5cm from vessel wall
Ip w.rt. target (fully reconstructed) < 10cm
IP w.rt. target (partially reconstructed) < 250 cm

> Selection redundantly suppresses background while maintaining high signal efficiency
> In case of discovery, final state can be fully reconstructed (mass, charge, flavour) to identify
particular models

» Sufficient to reduce partially reconstructed candidates from background to < 0.1
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Backgrounds: muon combinatorial

12

L
—

/fpectrometer
\  —
decay vessel

> Timing detector and selection redundantly reject: 4.2 X 102 partially reconstructed
candidates over 5 years at 90 % CL

> Limited by simulation statistics - planning to produce larger samples using GAN technique
(paper in preparation)
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Backgrounds: muon DIS -‘-

y wall

T —
|/  spectrometer
decay vessel

> DIS in vessel walls can be tagged by background taggers

> DIS in experimental hall negligible compared to vessel walls
» Assuming factorisation of background tagger inefficiency and selection cuts: < 6 X 1074

partially reconstructed candidates over 5 years at 90 % CL
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Backgrounds: Neutrinos

decay vessel

spectrometer

» Evacuated decay vessel - dominated by interactions in the vessel walls

> Usually taggeable and/or reconstructed vertex too close to the walls

» < 1 partially reconstructed candidates over 5 years at 90 % CL (limited by simulation

statistics)
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Sensitivity

» Showing case
Uf:Ui:Usz:l:O

» B_-contribution not
knownat SHiP energy -
showing upper and
lower limits

» Covering large parts of
the cosmologically
interesting parameter

space up to B threshold
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HNL mass [GeV]
Dedicated paper: [ JHEP 1904 (2019) 077]
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https://doi.org/10.1007/JHEP04(2019)077

Sensitivity

» Showing case
Uf:Ui:Usz:l:O

» B_-contribution not
knownat SHiP energy -
showing upper and
lower limits

» Covering large parts of
the cosmologically
interesting parameter
space up to B threshold

> Complementary to
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HNL mass [GeV]
Dedicated paper: [ JHEP 1904 (2019) 077]
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https://doi.org/10.1007/JHEP04(2019)077

Beyond benchmark models

For arbitrary patterns of mixing with the active neutrinos, a model-independent sensitivity matrix'
and tools are available:

DOI 10 1/zenodo. 71
" Model | 105 Model Ii " Model Ill
107 107 10
107} 107 107}
o L mtmeecimee” . RS " ____________ . ~ '..
S 4o S 108 L S g8l
. f(b-B,)=2.6x10 A f(b->Be)=2.6x10"
-9 -9 -9
0N (6-B0)=0 Lt T N [ (6-B)=0 10
10-10 10710 10710
1 2 3 4 5 6 12 3 4 5 6 1 2 3 4 5 6
HNL mass [GeV] HNL mass [GeV] HNL mass [GeV]

'Dependence on flavour mixing and masses factorise, so only a handful of simulations are needed instead of full 4D
scan of the parameter space.
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https://doi.org/10.5281/zenodo.1472071

Beyond HNL

Not only a HNL experiment:
> Hidden sector detector sensitive to many types of long-lived

neutral particles (e.g. dark photons, ALPs, dark scalars)

» Can distinguish between models based on the final state

Lo

sin*0

10
m,p (GeV)

10" 1 10
mg (GeV)

[CERN-PBC-REPORT-2018-007]
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http://arxiv.org/abs/arXiv:1901.09966

Beyond decays: Scattering and Neutrino Detector

» Can distinguish all neutrino flavours, their

charge

> First direct observation of v/

» Precision neutrino physics (e.g. form

factors, v_....)

(E) /Gev #CCDIS
Ve 59 11 % 10°
v, 1) 27 % 10°
v, 52 32 x 10*
U, 46 26 % 10°
v, 36 6.0 % 10°
2 70 21 x 10

» Also ideal for scattering of hidden sector

0. Lantwin (uzH)

particles, e.g. light dark matter

muon identification system &
upstream veto tagger (uvr)

19X target tracker

19x emulsion brick wall 3x downstream tracker
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Project status

» Strong collaboration: 297 authors, 54 Institutes, 18 countries
» Completed comprehensive design study (report in preparation) including detailed sensitivity

studies, good progress towards TDR [spsc-sr-243]

2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
Run2

Accelerator schedule
LHC
SPS

SHiP / BDF Compreh design & 1stpr0totyp\r% Design and prototypin Production / Cong ’ Il
Milestones [TP] [cosfEspA [ToR /I? PRR]

» Part of the Physics Beyond Colliders study group at CERN

> Submitted input to the update of the European Strategy for Particle Physics
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https://cds.cern.ch/record/2654870

Detector and infrastructure R&D

> BDF very mature, developed by a dedicated CERN team rcern-pec-reporT-2018-001]
> CERN Machine Development runs in summer 2018 with an instrumented target [sps-13-ec-0012]
» Detailed engineering plans for target bunker and experimental hall

» During comprehensive design study (2016-2019), all subdetectors underwent rsesc-se-2481
> Extensive R&D, simulation studies, concretisation of engineering designs (CAD, FEA)
> Phase 1 prototyping
> Dedicated tests with and without beam
> Phase 2 prototyping ongoing, several beam tests planned for 2019-2021, including full run of the

charm cross-section measurement at the sps
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https://cds.cern.ch/record/2654870

Prototypes & test beams %
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Conclusion

> SHiP designed to discover HNL and other super-weakly interacting new particles:

> High intensity beam dump facility at the sps

> Redundant background rejection for ultra-low background environment

> Full reconstruction of final state, allowing us to study specifics of HNL model

> Complementary decay and scattering signatures
> SHiP can improve current HNL limits by several orders of magnitude up to (10 GeV)
» Can test cosmologically interesting parameter space, approaching theoretical bounds

> Could discover origin of neutrino masses and of baryon asymmetry of the universe
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