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e Outline

Physics motivation of DarkSHINE experiment

« Searching for massive dark photon invisible decay (light dark matter)

DarkSHINE prospective sensitivity

Detector optimization and performance

Target(Tungsten)

« Summary

DARK
SHINE

Tracker

Electromagnetic Calorimeter(ECAL)
Hadronic Calorimeter(HCAL)
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e Dark Matter Evidence

= Dark matter evidence from astronomical
observations and gravitational effects:
 Galactic rotation curves
 Gravitational lensing
« Dark matter giant cosmic web, ...

Rotational Velocity: (km/s) 3
g a
g

10 20 30-
R (x1000 LY)

- Dark matter may exist over a wide mass range, from
Ultl’allght “Fuzzy DM” tO PrImOrdiaI BIaCk HOIQS. Dark Sector Candidates, Anomalies, and Search Techniques
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Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing
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o Dark Matter Detection ( “WIMP" )

MeV ~ m. GeV ~ m, Mz pn ~ 10s TeV

AN g LDM “WIMPs” Q> Qpwm

Collider (e.g. ATLAS,
CMS, Belle-II, BESIII)

Collider

Fixed Target (e.g.

=

% NA64, LDMX,

£ DarkSHINE)

A

.E

-
(e.g. PandaX. XENON Indirect Detection .,
LUX, LZ, CDEX, DarkSide) 3

(e.g. AMS, DAMPE, GAPS,
IceCube, LHASSO, Trident) .

i
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® Motivation — search for light dark matter

10—32 e
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® Massive dark photon as new force carrier
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Hidden Sector
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How Dark Matter may interact with Ordinary Matter?

Dark Matter Mediator Standard Model ]

4 Renormalizable “Portals”

) L o B . - 5 , Exotic Higgs
Axion Fu F""a Axion/ALP Higgs \H2S% +pH?S decay?
Vector ¢ FY*”F' = Darkphoton  Neutrino # (HL)N Starle

\ v P e ‘ neutrino?
S
Dark Matter |DarkPhoton N'l'i';:; Standard Model ]

I

New force carried by massive vector boson: dark photon
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¢ Dark photon detection

« Dark photon can be produced in electron-nuclei interaction (electron-on-target).

[2)

« Two ways of detection, via its VISIBLE DECAY MODE  Ms < 2mx
+ Visible decay Sppticd <
Having two interaction ‘o W G
vertices — production ) Lo |
rate highly supressed D S >
Noxe* & Noxe?(1l—¢e?)=~¢e?
e Invisible decay INVISIBLE DECAY MODE ~ m/y > 2mx
Erecoil = 1/4Ebeam
e
- - Bea 4
Interaction probability can be T
enhanced — better sensitivity! p
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e SHINE Facility in Shanghai
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« Shanghai high repetition-rate XFEL facility (SHINE, 3.1km) can provide 8 GeV electron beam.
« SHINE facility is under construction at Zhangjiang area in Shanghai (2018-2026)

« Single electron beam line (1MHz = 10 MHz) can deliver ~3E14 EOT/year.

 Beam line R&D: ShanghaiTech University and Shanghai Advanced Research Institute, CAS

« Detector and physics R&D: SJTU and TDLI

° FEL kicker FEL kicker
® DarkSHINE kicker
~ 1 electron
China .
FEL
4 =
“
Y
N To DarkSHINE
HIAF& |  rape ES = - FEL-11 (0.4-3 keV)
CADS |,/ TN 750 keV CM0O CMO1 cmoz03 - B CM04-21 CM22-75 [ram—
. S '/"\' "\' FEL-I (3-15 keV)
ondions < IER N | r"“- — v R |
Buncher 120 MeV 270 MeV 2.1 GeV 8.6 GeV
2.4 MeV 12A 85A 1500 A 1500 A
FEL-1I1 (10-25 keV)
SHINE linac — —— -
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. .., [ Signal 1 Background —
* High repetition (10 MHz) 8 GeV single e O >
electron beam from SHINE. ada ada ’
0 | ..
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® Physics prospective

 The DarkSHINE can provide competitive results on searching for dark photon,
it is very sensitive to various dark matter models based on 2.5E9 MC events.
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Science China-Phys. Mech. Astron., 66(1): 211062 (2023); arxiv:2411.09345
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¢ Optimization of the detector design

DarkSHINE detector sketch (not to scale of each detector size)

Electromagnetic

calorimeter

Measure the deposited
energy: electron and
photon.

Tracking system | ...cumeen
Measure the track —
of the incident and |
recoil electrons.

Hadronic calorimeter
Measure the deposited
energy: veto muon and
hadron backgrounds.

Tracker

Electromagnetic Calorimeter(ECAL)
Hadronic Calorimeter(HCAL)

Additional system:
Readout electronics, trigger system, TDAQ, magnetic system (1.5 T), etc.
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Energy Resolution (o/E)

® Tracking system and performance

« Silicon strips detector under strong magnetic
field, ~10 um position resolution.

7 layers of tagging + 6 layers of recoil tracker,
two silicon strips sensors for each layer.

7%|  Dark SHINE —— Inclusive

1x10' Events @ 8 GeV
1 RecTrk

T
6% £ E ED: 0_05GeV

w E :
0.14[ DS: ona-trk avents
B s

5%

4%

3%

2%

Recoil P4 [GeV]
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 AC-LGAD silicon strip sensor 1x1

mm? with 100 microns pitch size.

* In collaboration with ATLAS HGTD

team at IHEP-Beijing.
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 AC-LGAD silicon strip sensor prototype
designed and tested.

* Achieved spatial resolution 7 ~ 12 um, fo LI
with timing resolution ~ 10ps : ; v _

3Dpl atform

cccccc

AC-LG.

4-CH readout board

Nuclear Science and Techniques 35 (2024) 201
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¢ Electromagnetic calorimeter and performance
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 Crystal Scintillator + SiPM (S14160-3010PS)

¢ LYSO (Lu1-xy)Y2yCe2xSiOs)

« 21 x21 x 11 crystals, each 2.5 x 2.5 x4 cm3

* High light yields, short decay time, hard radiation

- Energy resolution: 1.8%/E &

0.66%.

» Ratio of the energy deposited in ECAL: ~94%

arXiv:2407.17800, Nuclear Science and Techniques 36 (2025) 41
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https://arxiv.org/pdf/2407.17800.pdf
https://arxiv.org/pdf/2407.17800.pdf
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| FMC HPC |

| Flash | | Deoc |

(4pDR3| | O | | ITAG |

[ ADC Connector ] [ Clock ]

5GeV

2 A - LYSO unit test has been done.
“ o ameee |+ 15t mini-prototype module (2x2 LYSO)
Ii - Data for beam test at DESY (with CEPC

Calorimeter team)

0.06f

* 1 MHz repetition rate readout board
p T o0z  arXiv:2407.20723
DESYTB22 Oct. 2023 ot P T+ JINST 20 (2025) P08024

E [MeV]
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https://arxiv.org/pdf/2407.20723
https://arxiv.org/pdf/2407.20723
https://iopscience.iop.org/article/10.1088/1748-0221/20/08/P08024
https://iopscience.iop.org/article/10.1088/1748-0221/20/08/P08024
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e Hadronic calorimeter and performance

 Veto hadronic backgrounds ~ 106

 Plastic scintillator + Iron absorber
« Scintillator: 75x5 cm2, 10 mm thick

« Absorber: 75 x 75 cm?, 10 mm (70
layers) + 50 mm (18 layers) thick

 Wavelength shift fiber + SiPM

105 T T T T
* DarkSHINE Simulation — neutron | > 10 U T T ‘ E = g7 77 |
1o3[ 1x10° events 15 DarkSHINE Simulation ‘0 1 8 = DarkSHINE Simulation 3
<L 'S 1 Neutron 100 MeV .20 mm = -g 1L Absorber 10 mm - 100 MeV y
s E - 200 MeV :
, Tl 25 mm 7 T E 500 MeV ]
104 £ 10" N —— 50 mm = £ 0 1000 MeV  —
3 s 2 N —100mm 3 o 2000 MeV -
£ 2 2 2 v e e e 1 o - ~ 5000 MeV
é 1 03 | 10 ‘{\‘ = 10 ':_ _:‘.
sk e E 3
E 2 1 073 e . e e+ 10—3 ; ;
[T 2 E = |
o 1O F :
2| 107 1074 E
10- E ]
o 10°° 107
1k H ] | . N ]
i ] ) N I B N R B 106+ | - - T
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Neutron Energy [GeV] HCAL depth [mm] HCAL depth [mm]
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https://link.springer.com/article/10.1007/s41365-024-01502-5
https://link.springer.com/article/10.1007/s41365-024-01502-5
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e Hadronic calorimeter and performance

w/o side HCAL * Optimization of the HCAL detector

- Maximum total weight of 30 tons
- HCAL size: 1.5 x1.5x2.5m3, >10 ),
- with side HCAL can suppress veto ineff by ~3.5

- 107'g ST, e Sl T T R
5 s _ . 2 - DarkSHINE Simulation —— 1mx1m 3
>< >< 3 =< ) E —s— 1.5m x 1.5m =
- - > ~< [3) 10_2__ e 2m X 2m -
= & —=— 3m x 3m E
2 : —— 4m x 4m 3
O =
s 10°F -
> 5 =
1074 E
10°E E
i fLN L i
10°E + =
: ] (1771 E
1 1 l 1 1 1 1 1
0 500 1000 1500 2000 2500 3000

Neutron Energy [MeV]
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¢ Summary
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 DarkSHINE: a fixed-target exp. searching for dark photon & light dark matter.
* Dark photon detection sensitivity has been studied using MC simulation

» Sci. China-Phys. Mech. Astron., 66(1): 211062 (2023).
* Detector key technology R&D have been presented

» Tracker (AC-LGAD silicon strips): Nucl.Sci.Tech. 35 (2024) 201
« ECAL (LYSO+SiPM): Nucl.Sci.Tech. 36 (2025) 41

« HCAL (Scintillator + Iron absorber): Nucl.Sci.Tech. 35 (2024) 148
« Readout electronics: JINST 20 (2025) P08024

« Conceptual Design Report is available: arxiv:2411.09345

» Aiming for the approval and construction of the DarkSHINE experiment !
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https://link.springer.com/article/10.1007/s41365-024-01502-5
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o Many dark matter models over a wide mass range

Dark Sector Candidates, Anomalies, and Search Techniques

Standard Sterile
Model v neutrinos
zeV aeV feV peV neV peV meV ev keV MeV GeV TeVv PeV  30Mg
< l I l I l I l l L L I L 1 ‘ L L l 1 L l L L l b)) | 3
| | | | | | |  GEEEL N NN JNE ONE SELENL NS BEENEL N SN NN BN ZE
> ' ’ Light bosons Neutrinos
QCD Axion WIMPs
<€ > € > &
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes P
S < -
Pre-Inflationary Axion Hidden Thermal Relics / WINMPless DM
f > | <+ . :
Post-Inflationary Axion ‘ Asymmetric DM . Dark Matter Weak Seale h:gté
Freeze-In DM
.
SlMpS/ ELDERS Effective
Simplified F:1e1 d
<P Models Theory
Beryllium-8
M‘l_’ . Other o
uon g-2 Macroscopic Macros Particle WIMPzilla
2
Small-Scale Structure s \
> <3
Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing SO Supectiuid | SelE
Interacting
< l I l I l I I l 1 L l L 1 ] L 1 l 1 L 1 1 L l b)) | »
| | | | | | | B A A L A T |
zeV aeV feV peV neV peV meV ev keV MeV GeV Tev Pev  30Mg, arxiv: 1707 0459 1 arxiv-1810.01668

Dark matter exists over a wide mass range, from Ultralight “Fuzzy DM” to Primordial Black Holes.
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comoving number density

 SlatvisH rogtoas N Thermal DM
Ypm = constant non-relativistic regime
§ 1073} Ypum o exp(—=mpwm/T) ; € > Mpm
[ ] !: ~10-20eV ~100 Mg
x 10_5 ; increasing (ann Urel) :
g i ! i
3
] -9f
n 1 i l 3 perturbativity
“a ; overclosure
g 1072 BBN, CMB MeV GeV
. | [
5 10710 1 . frozen—out L ~10keV
{ density ; ' ‘
-18 3 s sl paaasl ...A....l A sl P h H
Y T T R T T T Light DM WIMPS
X=mpy!T Thermal contact implies a new mediator Thermal freeze-out for weak scale masses
m Hidden sector light DM model is well-motivated Has driven DM searches for last ~30 years

In order to explain the presence of dark matter constituting ~ 27% of the energy content of the
universe, the “Freeze-out” mechanism permits a dark matter mass range from MeV to tens of TeV.
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® Motivation — search for light dark matter

MeV ~ m,

GeV ~ m, Mz n
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ATLAS limits at 95% CL, direct detection limits at 90% CL
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® Massive dark photon as new force carrier
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Production of dark photons: Bremsstrahlung,
Annihilation, Meson decay and Drell-Yan process
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Massive dark photon can decay both visibly and invisibly:

Visible
/
Au )
/
LR ZiE R Yz B

Visible

~

Q1

Invisible

X
W<
X

24



¢ Invisible decays of dark photon

« Searches at collider and beam-dump
experiments:
» Missing mass (BESIII, Belle-Il etc.)
» Missing energy (NAG4)

* A new approach based on missing
momentum reconstruction
* Single electron on target
 High frequency electron beam
* “Missing momentum” information

arXiv: 1912.05535

— Light Dark Matter eXperiment (LDMX) at LCLS-Il SLAC (R&D)
— DarkSHINE experiment at SHINE facility, Shanghai (R&D)

TsSUNG-DAO LEE INSTITUTE LXK Z2 18 | A = 25



® Searching for dark photon invisible decay
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e DarkSHINE simulation framework

A% Adrasy

Tsung-Dao Lee Institute

- Simulation and analysis framework integrates various functions such as detector
simulation, electronic signal digitization, event reconstruction and data analysis,

based on GEANT4 and ACTs etc.
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DAna, the analysis framework for Dark SHINE
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e Competitive sensitivity from preliminary results
» Expected limit on &2 as the function of dark photon mass at 90% C.L. is estimated with predicted luminosity
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Sci. China-Phys. Mech. Astron., 66(1): 211062 (2023)
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https://www.sciengine.com/SCPMA/doi/10.1007/s11433-022-1983-8
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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