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Evidence of dark matter 
Gravitational Lensing

Cosmic Microwave BackgroundRotation Curve

The Bullet Cluster



3
Jing Chen
Page .

Dark matter candidates

arXiv:1904.07915

• Dark Matter can exist in 
wide mass range, from 
Ultralight DM to Primordial 
Black Holes.

• Dark matter is the 
mysterious substance 
that makes up roughly a 
quarter of the Universe.

• experimental search:
- Space experiments: 
DAMPE, AMS etc.
- Collider experiments: 
LHC, BELLE-II , BESIII etc.
- Underground experiments:
CDEX!PandaX, LUX, 
Xenon etc.

• Searching for light DM:

- Sub-GeV mass range not fully explored yet.
- Dark photon 𝐴!:
1. Dark matter particles may interact with other 

dark matter particles via a new force mediated by 𝐴!.
2.Collider experiments searching for dark photon:

NA64@CERN, BESIII, BEPCII, LDMX, etc.

https://arxiv.org/abs/1904.07915
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Search for dark photon

SM DM
𝑨!

𝐿 = 𝐿!" + 𝜺𝐹#$𝐹#$% +
1
4
𝐹%#$𝐹#$% +𝒎𝑨!

𝟐 𝐴%#𝐴#%

Kinetic mixing term Field strength tensor Dark photon field

• Dark photon is an important portal between the standard model (SM) particles
and the dark matter.

• The minimal dark-photon model with 3 unknown parameters:

not couple directly to SM particles
obtain a small coupling to 
the EM current due to 𝜺

𝜺: kinetic mixing between the SM hypercharge and A! field strength tensors.
𝒎𝑨!: dark photon mass.
Decay branching ratio of 𝐴! → 𝜒𝜒 (assumed to be 1 or 0)

arXiv:2104.10280

https://arxiv.org/pdf/2104.10280.pdf
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Search for dark photon
• A! production: • A! decay:

- Bremsstrahlung, 𝑒𝑍 → 𝑒𝑍𝐴" & 𝑝𝑍 → 𝑝𝑍𝐴", 
fixed-target experiment  
- Annihilation, 𝑒#𝑒$ → 𝐴"𝛾, 𝑒#𝑒$ collider
- Drell-Yan, 𝑞(𝑞 → 𝐴", hadron collider / fixed 
nuclear target w/ proton-beam
- Meson decay, 𝜋% → 𝐴"𝛾 or 𝜂 → 𝐴"𝛾 (w/ 
𝑚&! < 𝑚',)), any experiment w/ high 
meson production rates

Bremsstrahlung

- Visible decay
Two interaction vertices → production rate 
highly suppressed

𝜀

𝜀 𝜀 𝜀𝜀

𝛼! = 𝑔"

- Invisible decay
One interaction vertice → interaction 
probability enhanced  
Better sensitivity!
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The SHINE facility
• Dark SHINE:

- Fixed-target experiment w/ high frequency single electron beam provided 
by Shanghai High Repetition-Rate XFEL and Extreme Light Facility(SHINE) 
- Invisible decay: 𝑚(! > 2𝑚), missing energy / missing momentum
- Search for 𝐴! in 𝑚#! , 𝜀 parameter space        

• The SHINE:

- Under construction in
Zhangjiang area, Shanghai
(2018-2026).
- 𝐸$%&' = 8𝐺𝑒𝑉 with frequency 
1MHz
- Beam intensity: 6.25×10(
electrons per bunch

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

https://www.sciencedirect.com/science/article/abs/pii/S2095927316301347
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The SHINE facility

electron beam w/ one 
electron per bunch

Dark SHINE Kicker: 
1MHz → 10MHz

1300 buckets provided 
by 1.3GHz microwave 

100pC in one bucket
6.25×10* electrons per bunch

FEL kicker Dark SHINE Kicker

𝟑×𝟏𝟎𝟏𝟒 electron-
on-target(EOTs) 
per year!

Single electron beam is needed for Dark SHINE.
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Dark SHINE detector

• Tracker:

• Magnet:

• HCAL:

- Tagging tracker + recoil tracker
- Incident and recoil electron tracks
- Two silicon strip sensors w/ a small angle (0.1rad)
- Resolution: 6𝜇𝑚(horizontal), 60𝜇𝑚(vertical)

- 1.5T magnetic field

• ECAL:

- Scintillator: LYSO(Ce)
high light yield, fast decay 
time, low electronic noise

- 20×20×11 crystals
2.5×2.5×4𝑐𝑚"

- Electron & photon

- Energy resolution of LYSO: 
10%

- Veto hadronic background
- Scintillator w/ steel absorber
- 4×4×1 modules
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Signal & background

• Major background processes:

Signal Background• Signal signature:

Most of the incident 
momentums is 
transferred to 𝐴!.

e- e-

� � e+e- (Target [350um])

� � e+e- (ECAL)

� � �+�- (Target [350um])

� � �+�- (ECAL)

photo-nuclear (Target [350um])

photo-nuclear (ECAL)

(Target [350um])

(ECAL)

incoming outgoing relative rate

electron-nuclear

hard
brem

sstrahlung

100

10-1

10-2

10-3

10-4

10-5

10-6

10-7

10-8

10-9

visible backgrounds

invisible backgrounds << 10-18

Veto handles

one track
missing momentum
ECAL energy
HCAL energy

Leading background: 

Rare processes:
photon-nuclear, 𝛾 → 𝜇𝜇, 
electron-nuclear

photon bremsstrahlung



10
Jing Chen
Page .

Event display
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Simulation

- Low momentum of recoil electron

Signal Background 
- Recoil electron carry most of 
the incident momentum- Recoil electron angle has on 

average value - Recoil electron angle small
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ECAL energy vs. HCAL energy
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Signal region
• Signal region definition:

• Signal efficiency:
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Dark SHINE Preliminary
3e+14 events @ 8 GeV

Sig. efficiency at all mass point

- 25 mass points (1×10+ events 
in each mass point) are 
produced.

- Around 60% signal events 
survive the cut-flow.

- Efficiency drops in:

Low-mass region of a few
MeV: tight energy cuts.

High-mass region above
1 GeV: particles with
large incident/recoil angle
go into the HCAL directly.
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Background estimation

• Cut-flow:

• Background samples:
Inclusive background: 
2.5×10, EOTs

> 3×10-.EOTs

Lack of statistics!

No background events left after SR selection.

Extrapolate from fit results
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Background estimation

𝑦 = 10/-.: less than one 
background event left w/ ECAL 
energy cut.
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 < 2 MeVMaxCell
HCal < 100 MeV, Etotal

HCalE

inclusive

2.5GeV

Lack of statistics in low “cut on 𝐸01&2343&2” 
region.

Extrapolate from the fit results.

• Fit the fraction of events below energy cutoff as a function of cut values 
on ECAL energy.

• Extrapolate from inclusive background simulation.
• Validation from inclusive background simulation.
• Extrapolate from rare processes simulation.

Event yield (3×10-.EOTs):

𝟐. 𝟓𝟑×𝟏𝟎/𝟑
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Background estimation

• Statistics is limited in 𝐸$%&' = 8GeV 
inclusive samples.

• In extrapolation of inclusive background 
simulation, the fit range is far away 
from the final 𝐸01&2343&2 cut (2.5 GeV).

• Inclusive samples with 𝐸$%&' from 3 –
7.5 GeV are used to estimate events in 
low 𝐸01&2343&2.

• Scale low 𝐸$%&' events to match the 
shoulder with 𝐸$%&' = 8 GeV events.    

• Validation from inclusive background 
simulation.
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• Event yield from direct 
extrapolation(𝟑×𝟏𝟎𝟏𝟒EOTs):

= 𝟗. 𝟐𝟑×𝟏𝟎/𝟑
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Background estimation

• Rare processes background 
samples are produced with 
larger statistics. 

rare processes scaled according
to the corresponding branching
ratio.

• Fit the fraction of events 
below energy cutoff in other 
rare processes (EN_ECAL, 
EN_target, PN_ECAL, 
PN_target).

• Extrapolate from rare 
processes simulation.
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Background estimation

• Estimate the number of background events corresponds to 𝟑×𝟏𝟎𝟏𝟒 EOTs.

• Don’t need to further extrapolation on: GMM_target

GMM_ECAL:

4.3×10-.EOTs > 3×10-.EOTs

Energy carried by the muon 
pair

6.0×10-8EOTs

HCAL requirements can highly 
suppress these events (fraction
of the remaining GMM events <
10/;)

• Extrapolate from rare processes simulation.
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Background estimation
• Extrapolation from rare processes simulation
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3e+14 events @ 8 GeV
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Sensitivity study
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• Expected 90% C.L. limit estimated with 3×10-. EOTs (running ~1 year),
9×10-. EOTs (~3 years), 1.5×10-+ EOTs (~5 years) and 1×10-; EOTs
(with Phase-II upgrade).
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• Comparing with other experiments, Dark SHINE can provide competitive
sensitivity.



21
Jing Chen
Page .

Summary

The project is officially sponsored by NSFC Original Exploration 
Project 2021 and Shanghai pilot program for basic research.

• Dark SHINE: a fixed-target experiment to search for light dark 
matter.

• Detector R&D ongoing.
• First round of preliminary study has been finished:

- Good signal efficiency, background well suppressed (~0.015 bkg. event
expected for 1 year operation).

- Expecting competitive sensitivity.

- Submitted to Science China. 
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Dark SHINE detector
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Tracker design



26
Jing Chen
Page .

ECAL design
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HCAL design
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Inclusive cross-section

Inclusive cross-section of dark photon bremsstrahlung from electron
interacting with W target, assuming 𝜀 = 1.
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Invisible background

• Neutrino productions:

- Moller scattering 𝑒/𝑒/ → 𝑒/𝑒/ followed by charged-current quasi-elastic
(CCQE) reaction 𝑒/𝑝 → 𝜈%𝑛.
- Neutrino pair production 𝑒/𝑁 → 𝑒/𝑁𝜈𝜈̅.
- Bremsstrahlung ⊕ CCQE and charge-current exchange with exclusive 
𝑒/𝑝 → νn𝜋6. No recoil electron, track requirement can remove these 
processes.   
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Dark photon search experimental results

arXiv: 1707.04591

NA64, PRL123, 121801 (2019)


