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Dark Matter Search Experiments

ÅDM evidence from astronomical observations and gravitational effects:

ÅGalactic rotation curves, Gravitational lensing, Cosmic Microwave Background anisotropies, é

ÅLots of DM search experiments with different approaches:

ÅUnderground experiments (direct): PandaX, Xenon, é

ÅSpace experiments (indirect): DAMPE, AMS, é

ÅAccelerator-based experiments (production): Belle-ll, Bes-lll, LHC, NA64, DarkLight, LDMXé
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Dark Matter Candidates

ÅThe ñfreeze-outò mechanism predict the mass of dark matter is mainly distributed from MeV to tens of TeV

ÅWeakly Interacting Massive Particles (WIMP): No evidence yet. A large parameter space ruled out in 

GeV~TeV mass range.

ÅLight DM (Ⱶ): Sub-GeV mass range not fully explored yet.

ÅDifficult to measure its scattering with nuclear.

arXiv:1904.07915

APPEC Committee Report: 2104.07634

https://arxiv.org/abs/1904.07915
https://arxiv.org/abs/2104.07634
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Search for Dark Photon

ÅDark photon is an important portal between the (SM) particles and the dark matter.

ÅDark SHINE is a fixed experiment based on the minimal dark -photon model

ÅDark photon bremsstrahlung and invisible decay  

‌ Ὣ

Missing energy, 

missing momentum

! production ! decay

Å Bremsstrahlung, ▄╩O ▄╩═ & ▬╩O
▬╩═, fixed-target experiment  

Å Annihilation, ὩὩ ᴼὃ‎, ὩὩ collider

Å Meson decay, “ ᴼὃ‎or –O ὃ‎(w/ 

ά ά ȟ), high meson production 

experiment

Å Drell-Yan, ήήO ὃ, hadron collider / 

fixed nuclear target w/ proton-beam

Å Visible decay

Two interaction vertices ᴼproduction rate 

highly suppressed

Å Invisible decay

One interaction vertice Ÿ interaction 

probability enhanced 

Better sensitivity!

SM DM═

arXiv:2104.10280

Dark SHINE

https://arxiv.org/pdf/2104.10280.pdf
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The SHINE Facility

ÅShanghai High Repetition-Rate XFEL and Extreme Light Facility (SHINE) can provide high repetition rate 

single electron beams Ÿ with dedicated kickerto be designed and deployed.

ÅElectron energy: 8 GeV, Frequency: 1MHz

Å Expected to achieve σͯ ρπ electrons-on-target (EOT) per year

ÅUnder construction in ZhangJiang area (2018-2026)

Science Bulletin 61, 117(2016), 720- 727

Dedicated to achieve 10MHz single electron beam 
with high repetition - rate kicker for Dark SHINE

https://www.sciencedirect.com/science/article/abs/pii/S2095927316301347
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Signal & Background Signatures

ÅMajor background processes:

Signal BackgroundÅ Signal signature:
Most of the incident 

momentum is 
transferred to ὃ.

Leading background: 

Rare processes:

Photon-nuclear, ‎O ‘‘, 
electron-nuclearé

Photon bremsstrahlung

Invisible background:

Neutrino productions

Missing momentum 

and missing energy, 

vetoed by HCAL
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Dark SHINE Conceptual Design

ÅSearching for MeV~GeV light DM with dark photon invisible decay

ÅFixed target experiment with 1~10MHz single electron beam @8GeV, σ ρπ EOT per year

ÅAim to achieve internationally competitive sensitivity in the search for dark photon

Å Innovation: high  rate  single e -beam, energy loss + momentum loss, homogenous calorimeter,  ɚ

Å Tracking system

- Incident and recoil electron tracks

Å Electromagnetic calorimeter

- Measure the deposited energy: 
electron & gamma

Å Hadronic calorimeter

- Measure the deposited energy: 
muon & hadron backgrounds

Å Additional system:
- Readout electronics, trigger system, 
TDAQ, magnetic system (1.5T)

Sensitivity

Sci. China- Phys. Mech. Astron., 
66(1): 211062 (2023)

https://www.sciengine.com/SCPMA/doi/10.1007/s11433-022-1983-8
https://www.sciengine.com/SCPMA/doi/10.1007/s11433-022-1983-8
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ECAL of Dark SHINE 

Å Target: measure the energy of recoil electron and gamma

Å Radiation hard: survive in ~ ρπὶὥὨdose and ~ ρπὲ (one year)
Å Large size: contain all of the EM components
Å Fast response: minimum to 1us -100ns time window

Å Design: LYSO crystal calorimeter with homogeneous structure

Å LYSO: >30000pe/MeV, 40ns decay time, density χȢςὫȾὧά
Å Total length ~39 ὢ, ςȢυ ςȢυ τὧάLYSO unit
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Outline 

ÅSoftware development

Å Introduction to DSS framework

Å Detector performance: 

Å Signal region definition, background rejection and signal efficiency

Å Optimization of ECAL size

Å Estimation of radiation dose

Å ECAL reconstruction algorithm

Å Foxvwhu Irupdwlrq ʐ Foxvwhu Vsolwwlqj ʐ Foxvwhu-Track Matching

Å Fast simulation with machine learning

ÅHardware development

Å Unit test in lab

Å LYSO intrinsic radiation, Light yield test and simulation for LYSO crystal units, SiPM dynamic range test and 

simulation

Å High speed and large dynamic range readout electronic system

Å Beamtest for a 4 -ch LYSO crystal module
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Dark SHINE Software Framework 

A lot of efforts from developers 
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Detector Performance

Å Signal region defined by some signature of signal and background

Å Track number, missing momentum, missing energy, HCAL veto

Å Only use the total energy of ECAL in the current analysis.

Å For ςȢυ ρπinclusive EOTs and ~ρπ rare process EOTs, we can achieve zero background.

Å More EOTs: extrapolation and ML fast simulation

Å The Signal efficiency is about 60%.

Signal Í ρὋὩὠ 

Signal 
region

rare background process: ~ ρπ EOT s

Signal efficiency
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ECAL Size Optimization

Å Optimized the ECAL size to have a high signal efficiency while 

keeping the cost not so large.

Å Large Í ʐ large recoil angle and small recoil energy ʐ large transverse size

Å Small Í ʐ small recoil angle and large recoil energy ʐ large longitudinal size

Å Basic unit: ςȢυ ςȢυ τὧάLYSO

ÅυςȢυ υςȢυ ττὧάsize is good

x- y size z size

Large Í need large acceptance angle 

x

y

z
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Radiation Damage Estimation

Å 10MHz e - beam @8GeV with 3cm radius spot, σ ρπ EOTs(one year)

Å Under such a powerful and high -frequency beam, detectors are subjected to a huge radiation dose.

Å For crystal

Å Damage: light yield reduction, uniformity, phosphorescene

Å Max irradiated cell: ~ ρπrad, about 15% light yield reduction

Å For SiPM

Å Damage: increase of noise, reduction of resolution

Å Max irradiated cell: ~ ρπ equivalent 1MeV neutron fluence

Average Cell Energy Deposit per Event
Light Yield Reduction of LYSO

Equivalent 1MeV Neutron 
Fluence for SiPM

[1] Ultrafast and Radiation Hard Inorganic Scintillators for Future HEP Experiments[2] https://doi.org/10.1016/j.nima.2022.167661 
[3] https://doi.org/10.1016/j.nima.2020.164203[4] https://doi.org/10.1016/j.nima.2009.01.176

Events

https://iopscience.iop.org/article/10.1088/1742-6596/1162/1/012022/meta
https://doi.org/10.1016/j.nima.2022.167661
https://doi.org/10.1016/j.nima.2020.164203
https://doi.org/10.1016/j.nima.2009.01.176
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Reconstruction Algorithm

ÅMotivation: distinguish the multi-particle event, use MVA to explore more physical opportunities

Å Cluster Formation Ÿ Cluster Splitting Ÿ Cluster-track matching

Å Searching local maxima as clustering seed 

Å Absorb the neighbor hits and merge clusters as much as possible

Å Split when more than one local maxima 

Å Clusters match to track, subclusters matched to the same track merged

Å Performance

Å ñ90% E reconstructed in leading clusterò: 80% for 50MeV e-, ~100% for >500MeV e-

Å Cluster and track can be matched in low energy region

e+/e-
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Fast Simulation with Machine Learning

Å Motivation: As we increase the simulation statistical quantities, it tends to 

be more background events closing to signal region
Å Geant4 simulation for σ ρπ EOTs will consume a massive amount of resources

Å ~5ms per inclusive event. σ ρπ EOTs ~ ρπCPUs run for 5 years 

Å Generation with deep learning network could save a lot of time/money

Å NNLS+CGAN can work for ECAL energy data synthesis
Å ρπspeed -up could be achieved

Å Upgrade to provided shower shape for detailed validation

[1] Mirza M, Osindero S. Conditional generative adversarial nets[J]. arXivpreprint arXiv:1411.1784, 2014. 
[2] Chen D, PlemmonsR J. Nonnegativity constraints in numerical analysis[M]//The birth of numerical analysis. 2010: 109- 139.
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LYSO Intrinsic Radiation

Å LYSO intrinsic radiation is from ὒόO ὌὪ

Åone ɓ decay + three ɔ decay

Å Fit and sample the beta spectrum of ὒόaccording to theoretical calculations. 

And then simulate emission and absorption of e- and ɔ in LYSO with Geant4.

Å Energy range=0~1.2 MeV,  ὝȾ σȢφτρπώ, potential online calibration source
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Test of Unit Light Yield

ü Crystal (ESR, NDL EQR06):

ː ςȢυ ςȢυ ςȢυὧάὒὣὛὕ

ˑ ςȢυ ςȢυ υὧάὒὣὛὕ

˒ ςȢυ ςȢυ ρπὧάὒὣὛὕ

˓ ρ ρ τὧάὒὣὛὕ

˔ ρ ρ ψὧάὒὣὛὕ

˕ ρ ρ ρφὧάὒὣὛὕ

ü Film (ςȢυ ςȢυ υὧάὒὣὛὕ, NDL EQR06):

ː ESR, 1 layer

ˑ Tyvek1, 3 layers

˒ Tyvek2, 3 layers

˓ Teflon, 3layers

ü SiPM (ςȢυ ςȢυ υὧάὒὣὛὕ, ESR):

ː NDL EQR06-11-3030D -S, 244720 pixels

ˑ NDL EQR10-11-3030D -S, 90000 pixels

˒ NDL EQR15-11-3030D -S, 40000 pixels

˓ NDL EQR15-11-6060D -S, 160000 pixels

Å Test the light yield of crystal unit(LYSO+SiPM) with different crystal 

sizes, different reflection films, and different SiPMs

Å The light yield can be changed from 100-1400p.e./MeV

ÅMax energy deposit in one crystal ~ 2GeV Ÿ >ς ρπp.e. light output

2.6MeV ɔ source
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Light Yield Simulation

Å Crystal  Number 

Å ːςȢυ ςȢυ ςȢυὧάὒὣὛὕ, υ υάά window

Å ˑςȢυ ςȢυ υὧάὒὣὛὕ, υ υάά window

Å ˒ςȢυ ςȢυ ρπὧάὒὣὛὕ, ψ ψάά window

Å The simulated light yield and resolution roughly 

match the experimental results

Number of PE Resolution

LYSO

SiPM

Epoxy

Air gap + 
ESR
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SiPM Dynamic Range Test

Å Use PMT and Si-PIN to calibrate SiPM output

Å Pico-second laser: ~40ps pulse width, 405nm wavelength

Å Beam splitter: divide the light between SiPM and PMT

Å SiPM: HPK S14160-3010PS, 10‘ά pixel, 89984 pixels

Å PMT: determine the number of pe that SiPM received

Å Si-PIN: auxiliary scaler

Å Toy Monte Carlo of SiPM and crystal luminescence

Å ς ρπphotons light input~ 40% non-linearity in SiPM output

Studies on wide dynamic -range SiPMs with high pixel densities, Zhiyu Zhao ɊTIPP2023

Toy Monte Carlo w/:

Å SiPMpixel density, PDE spectrum, 

crosstalk, pixel recovery effect 

Å LYSO emission spectrum, 

scintillation decay time

σ σÍÍ
ρπ‘άὴὭὼὩὰψωωψτ 

▬ ᶻ ▄
▬ ●z
▬

SiPM Intrinsic 

MC of SiPM+LYSO

In IHEP

ἚἸἰἷἼἷἶɇἜἎἏ

https://indico.tlabs.ac.za/event/112/contributions/2992/attachments/1231/1678/20230907_SiPM_Dynamic_Range_TIPP2023_ZhiyuZhao.pdf



