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DarkSHINE - Search for Light Dark
Matter at the SHINE facility in Shanghai
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Dark Matter Evidence 7 TSUN;-DA‘ELﬁmiT;TE

Galactic Rotation
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quarks, gluons
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. SM DM )
Direct Astrophysical
Detection Colliders Probes

SM DM DM

Distance from Galactic Center (light years)

« Dark Matter (DM) evidence, from astronomical observations and gravitational effects

« Galactic rotation curves, Gravitational lensing, Cosmic Microwave Background ...
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Dark Matter Detection
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 Direct Detection: nuclear recoils from DM-nuclei scattering (PandaX, XENONNT, LZ,

CDEX ...)

* Indirect Detection: products from DM annihilation (DAMPE, IceCube ...)

« Colliders: DM production in high-energy collisions, especially focusing on the
productions of a SM particle with large missing Ey
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IceT
80 each with
S 2 IceTop Cherenkov detector tanks
2 optical sensors per tank
320 optical sensors

2010: 79 strings in operation
2011: Project completion, 86 strings

IceCube Arr.

/mm 6 DeepCore strings
60 optical sensors on each string
5160 optical sensors
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Direct Detection

Collider

Indirect Detection
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Dark Matter Search at Accelerator Experiments

Direct Detection Accelerator based experiments
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* In accelerator-based experiments, this difference can be

reduced to 102 ~ 103 orders of magnitudes, due to the fact
of insensitive to DM’s mass and spin in its production.
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Dark Photon Theory

* Introduce extra U(1)y symmetry - New Gauge Field X —» Dark Photon Mediator A’
* UM em » U(D)emXU(Dx

N g

SM Photony  Dark Photon A’

« A" &y kin. mixing
- Renormalizable and Gauge Invariant
« Straightforward for experimental search

« Free param, kin. mixing (€). mass (m, )

B. Holdom, Phys. Lett. B 166, 196 (1986)
R. Foot & X.-G. He, Phys. Lett. B 267, 509 (1991)
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Physics Processes and Anticipated Signatures

Processes to search for dark photon A" : Bremsstrahlung,
Annihilation, Meson decay and Drell-Yan process
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Bremtrasslung Annihilation
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Visible Visible

/ q
WA>;1M< _ MK
/ aq

Invisible

(Dark photon production)
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(dark photon decay)

Danning Liu | 7th ICPPA, Moscow, Russia

Goal: put constraints on the
kinetic mixing parameter &.

Challenge: small production
rate = suppress bkg. from
SM processes.

Experimental signatures:
missing energy, missing
momentum.




The SHINE Facility @) puigiw
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« Shanghai High Repetition-Rate XFEL and Extreme Light Facility (SHINE) can provide
high repetition rate single electron beams — with dedicated kicker to be designed and
deployed

« Electron energy: 8 GeV, Rep. Rate: 1 MHz
« Beam intensity: 100 pC (6.25E8 electrons/bunch)

« ~ 3%x10'* electrons-on-target (EOT) per year

8 v i \ ) Bl W :
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DarkSHINE kicker

~ 1 electron I‘ \
: 100 pC
1
[ |

6‘6’ns

FEL kicker FEL kicker
600 ns
1us

Lo L2
VHF Gun o HL  BC1 BC2 e
Shaft 5 750 keV CM0O CMO1 CM02-03 CM04-21 CM22-75

7] N

\
T '
Ky /

BLs FEH

FEL-11 (0.4-3 keV)

/ FEL-I (3-15 keV)

Kickers

Shaft 1 Shaft 2 Shaft 3

Buncher 120 MeV 270'MeV 2.1 GeV 8.6 GeV
2.4 MeV 12A 85A 1500 A 1500 A

FEL-1Il (10-25 keV)

8GeV SCRF linac BDS FELs SHINE linac
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Dark SHINE detector sketch
Danning Liu | 7th ICPPA, Moscow, Russia

Target (Tungsten)

Readout electronics, trigger system, TDAQ, magnetic system (1.5 T), etc.

The Dark SHINE detector hardware technical R&D is carried out in parallel to the full

detector system simulation and prospective study/optimization

DarkSHINE Experiment Conceptual Design
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- Veto hadronic background

- Scintillator w/ steel absorber

- 4x4x1 modules

The Dark SHINE detector hardware technical R&D is carried out in parallel to the full

detector system simulation and prospective study/optimization

Magnet

ayers) E
0.1rad) [
Trackers

- Tagging tracker (7 layers) + recoil tracker (6 |
- Two silicon strip sensors w/ a small angle (
- Resolution: 6um(horizontal), 60um(vertical)

- Incident and recoil electron tracks

« Tracker:

Target (Tungsten)

Dark SHINE detector sketch

- Additional system:

- Magnet:1.5T magnetic field

- Readout electronics

Danning Liu | 7th ICPPA, Moscow, Russia
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Determination of Signal Selections
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" DarkSHINE  Preliminary
90124 events @ 8 GeV
E.., vs.E, ., 10 MeV

ECAL HCAL

Reco. energy in ECAL (MeV)
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- (b) DarkSHINE ~ Preliminary =
: 5e+08 events @ 8 GeV E
E o V8. E, i, inclusive !
- Signal region
s
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Analysis Details U d AR
2.0g T i T a
. Cut Efficiencies: 1.8 DaniSHINE  Prlminary e ony 1 oo, ack 1 Rec ook ]
. L. . . 16 - 3e+14 events @ 8 GeV 0Py Py > 4 GEV 3
- Signal Cut efficiencies as function of dark o (o S tneatl mas i e <100 MY 3
photon mass 5. F e <asce E
« 67% efficiency arrived and applied to extract %10? o eecesme o ceeemmm o oo e
significance BOSE y wwevm  §ogianm 1 113 0
06 , o ®o®cocee © o o ccccee . -
0.4F =
- Event Cutflow for each background samples on METE 02 TE 1
event numbers My (GeV)
EN_ECAL PN_ECAL GMM_ECAL EN _target PN _target GMM _target Hard _brem Inclusive
Total events 2.48 x 107 1.66 x 108 1.74 x 107 1.09 x 108 1.05 x 107 1.05 x 107 1.02 x 107 2.50 x 10°
Only 1 track 146 x 107 1.17 x 108 1.52 % 10’ 6.38x10°  6.17x10° 77 8.03x10°  2.11x10°
Ptag — Prec > 4 GeV 1091 5531 707 6.08 x10® 573 x10° 1 7.19 x 10° 1.20 x 108
EW&l <100 MeV 135 1348 0 322135 75501 0 1.19x 108 2.89 x 107
Ep&Cel < 10 MeV 56 676 0 141808 27949 0 1L.12x 108  2.72x 107
Ep&Cel < 2 MeV 30 363 0 63644 9999 0 1.01x 108 2.46 x 107
ER®, <25GeV 0 0 0 0 0 0 0 0

TSUNG-DAO LEE INSTITUTE
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< Science China > Publication with Highlights @) Fudsgam

— Sci. China-Phys. Mech. Astron., 66(1): 211062 (2023)
SCIENCE CHINA
Physics, Mechanics & Astronomy @C'“SM*"-‘
* Article June 2022 Vol. 63 No. 1: 000000

https://doi.org/??

/ =
- Q_EEJ'G( eV 30/ab _ll_f_
. Z,ﬁ;‘_:'_‘";'_ __»: SToF4Gevavan |5
Prospective Study of Light Dark Matter Search with a Newly e v .
Proposed DarkSHINE Experiment NAGs; :—_ T _"'; g "'“*__*D AR SHINE. QE14EQT | B
- bea Ti_ b ~ h vy b.c _ ij b.c P e DARK SHINE, 1.5E15 EOT 3
Jmfg Chent .’Jl Yuan C.hen . , Jun FengbChe.n ’).(lan.,% Che.m ' C.Eang Bo Fub ’djlfn Guo™, ,: EARK SHINE 4 GV 3E14 EOT DARK SHINE, 1E16 EOT =
Le He', Zheng-Ting He*", Kim Siang Khaw®"€, Jia-Lin Li®¢, Liang Li>¢, Shu Li***%¢" Meng Lv&, AR SHINE -8 GoV 9E14 EOT =
Dan-Ning Liu®"¢, Han-Qing Liu®°, Kun Liu****, Qi-Bin Liu®"¢, Yang Liu®>*, Ze-Jia Lu®*, e ’ 3
Cen Mo®<, Si-Yuan Song®*, Xiao-Long Wang", Yu-Feng Wang 1€, Zhen Wang®®<, Zi-Rui Wang™, U Invisibly Decaying Dark Photon =
Wei-Hao Wu®<, Dao Xiang®®!, Hai-Jun Yang®*", Jun-Hua Zhang®®<, Yu-Lei Zhang°<, L L Lo 7

Zhi-Yu Zhao**<, Xu-Liang Zhu®*¢, Chun-Xiang Zhu®*, and Yi-Fan Zhu®¢ 2 3

° ° 10 10 10

m,[MeV]

Highlight remarks

Sci. China-Phys. Mech. Astron. 66(1): 211063 (2023) - Anticipated to have the sensitivity

improved by one order of magnitude

S L o7 " compared to other experiment (e.g. NA64)
,Edl’for s Focus « Aim to deliver 1076 EQOT stat. and cover
Sci. China-Phys. Mech. Astron. 66(1): 211061 (2023) most of the sensitivity regions of inter_esjcs_

TSUNG-DAO LEE INSTITUTE Danning Liu | 7th ICPPA, Moscow, Russia



Hardware R&D: Tracking arXiv:2310.13926

AAY) F i d 4 27
Nucl Sci Tech 35, 201 (2024)
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Tracker -
Incident and recoil electron tracks. S
Tagging tracker (7 layers) + recoil tracker (6 layers).
Two silicon strip sensors w/ a small angle (0.1rad).
Resolution: 10um(horizontal), 60um(vertical).

Energy Resolution (ag/E)

7%| Dark SHINE —e— Inclusive §

x101* Events e - 0.0

1R1e(iTrkE ‘ @jiji‘v‘ ““““““ e —0.5 2fm]
6% % 0.152— g:iﬂxiseo: 0_05GeV ]
5% ?

AC-LGAD silicon strip sensor 1x1 mm?
4% 0.02:— , =
Y= 0q 0 o7 02 03 . . . . oo
Aoiv Bis o) designed, in collaboration with Prof. Zhijun
3% . .
Liang and Prof. Mei Zhao from IHEP.

2%

Recoil Pr4c [GeV]

TSUNG-DAO LEE INSTITUTE Danning Liu | 7th ICPPA, Moscow, Russia < 14>


https://arxiv.org/pdf/2310.13926.pdf

Hardware R&D: Crystal ECAL arXiv: 2407.17800

- . ) A d A R T
submitted to NST

et ¥/ TSUNG-DAO LEE INSTITUTE

Z=4cm

Electromagnetic Calorimeter:

- Designed resolution: better energy resolution than 5%.

- LYSO crystal (Lu1—x—y)Y2yCe7,S5i05):
- High light yield (30000 p.e/MeV) with good linearity
- Short decay time (40 ns)

- 21%21%11 crystals, 2.5cmX2.5cmX4cm

- Readout with SiPM and waveform sampling

- More intrinsic radiation and radioactive source tests.

Crystal sipm PCB Cooling

—e—  Truth, 0.63%/VE®0.53%
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Hardware R&D: HCAL

Nucl. Sci. Tech. 35, 148 (2024)

Hadronic Calorimeter:

- Veto backgrounds ( 1.5x1.5x2.5m3,~11 1)

- Plastic scintillator + iron absorber

- Plastic scintillator: 90 degree rotation between two

adjacent layers

- Wavelength shifter fiber + SiPM

- Side-HCAL.: encircling the ECAL
- Design has been optimized

Veto inefficiency

Particle 0 K0 70 b
Energy[MeV]
100 1.17E-03 | 3.16E-02 | 7.30E-06 | 3.07E-02
500 1.84E-05 | 3.30E-06 | 1.00E-07 | 8.04E-06
1000 3.70E-06 | 4.30E-06 | 1.00E-07 | 1.00E-07
2000 2.70E-06 | 1.15E-05 | 1.00E-07 | 1.00E-07

TsSUNG-DAO LEE INSTITUTE

Danning Liu | 7th ICPPA, Moscow, Russia
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Collaboration and Highlights at DarkSHINE

Journal Paper Publications:

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

Nucl. Sci. Tech. 35, 148 (2024)
Nucl. Sci. Tech. 35, 201 (2024)
arXiv:2407.17800 (submitted to NST)

arXiv:2407.20723 (submitted to JINST) ’

TsSUNG-DAO LEE INSTITUTE

Conference Talks :

« [CHEP 2024

« Lepton Photon 2023

« Dark Matter 2023

« HKUST-IAS-HEP 2024, 2023
« AEIlI 2023, 2022

« [PAC 2023

Danning Liu | 7th ICPPA, Moscow, Russia
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Summary

* The DarkSHINE: a fixed-target experiment searching for dark matter.

* The DarkSHINE will be almost background free experiment
DARK

« Expected 0.02 background in 3x10'# electron-on-target (w.r.t 1 year. SHINE
running)

* Above 50% dark photon signal acceptance efficiency

* The DarkSHINE has competitive sensitivity (Sci. China-
Pay. Mech. Astron., 66(1):211062 (2023))

* Sensitive to most of phase space predicted by models with
3 years running

* Detector key technology R&D studies are going on
(arXiv:2407.20723 , Nucl. Sci. Tech. 35. 148 (2024) , Nucl

Sci Tech 35, 201 (2024) )

* With more physics opportunities ahead, please stay tuned!
Danning Liu | 7th ICPPA, Moscow, Russia
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https://link.springer.com/article/10.1007/s11433-022-1983-8
https://link.springer.com/article/10.1007/s11433-022-1983-8
https://arxiv.org/abs/2310.13926
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DarkSHINE Experiment Conceptual Design

Experiment Setup

Signal Topology
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Experimental Approaches

« High repetition rate single electron beam

« More striking recod of single electron-on-
target event energy loss after recoiling

« Requirements: fast detector response and
readout electronics, radiation hardness to
allow high e-on-target statistics

« Energy + Momentum loss detection
« Synergy of high precision tracking and
calorimetry

E__ <YE

recoil beam

/ Background

TSUNG-DAO LEE INSTITUTE Danning Liu | 7th ICPPA, Moscow,
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Monte Carlo Simulations

Simulated background statistics:

Process Generate events Branching ratio EOTs
Inclusive 2.5 % 10° 1.0 2.5 % 10°
Bremsstrahlung 1x 107 6.70 x 1072 1.5x 108
GMM _target 1 x 107 1.5(x0.5)x 1078 43 x 10!
GMM_ECAL 1 %107 1.63(+0.06) x 1076 6.0 x 1012
PN_target 1 x 107 1.37(+0.05) x 1076 4.0 x 10'2
PN_ECAL 1x108 2.31(x0.01) x 107* 4.4 x 10!
EN _target 1x 108 51(x0.3)x 1077 1.6 x 1012
EN_ECAL 1x 107 3.25(+0.08) x 107 1.8 x 10'2

Event cut-flow of each background process:

Table 4 Event cut flow for each background sample in Table 2. The selection efficiencies of each cut are listed in the table (%)

i § A 5T

EN_ECAL PN_ECAL GMM_ECAL EN_target PN _target GMM _target Hard _brem Inclusive

Total events 100 100 100 100 100 100 100 100

Only 1 track 58.87 70.48 87.36 5.85 5.88 <1073 78.73 84.40
Ptag — Prec > 4 GeV 0.0044 0.0033 0.0041 5.58 5.46 <1070 70.49 4.80
ER@ <100 MeV <1073 <107 0 0.30 0.72 0 69.61 4.76
EYaCel < 10 MeV <1073 <1073 0 0.13 0.27 0 65.00 4.48
EY&Cl <2 MeV <1073 <107? 0 0.058 0.095 0 58.14 4.04
ES® <2.5GeV 0 0 0 0 0 0 0 0

TSUNG-DAO LEE INSTITUTE Danning Liu | 7th ICPPA, Moscow, Russia <225



Software Framework Optimization Y ik § 4y 2

TSUNG-DAO LEE INSTITUTE

Raw Data (.root) NTuple (.root)

MC Generator

CalcHEP

Physics List

l

DSimu
G4-based Simulation Program

MVA

Exp. Limits
Biasing

— RSN

Event Display

DPlot

TGeometry DMagnet

TSUNG-DAO LEE INSTITUTE Danning Liu | 7th ICPPA, Moscow, Russia




How DM Shining at the DarkSHINE Experiment?

TSUNG-DAO LEE INSTITUTE
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Other Kinematic Distributions

— 1025""1""1'"'l""I""l""l""l""-
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Acceptance in the Signal Region
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Signal Region
selections

2.0 J LI I LI I LI I L
— o —e—All events .
1.8 [~ DarkSHINE  Preliminary —e—Only 1 Tag. track & 1 Rec. track ]
16 - 3e+14 events @ 8 GeV 0D, o Proc > 4 GEV =
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0 1.4 —eo—ENCl < 2 MeV —
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= — .
D) — -
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60% signal events survive the cut-flow, no background survive (2.5e9)

Acceptance 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

8—! LI LI LI LI LI LI LI B | LI L L= L
L AR AR AR RAARERARAL T Expected background yields

6 — .
% 'O L DarkSHINE  Preliminary 65 0oy basceyd g0 down quickly at lower
3 10 | Gov
o il 8GeV 96GevV 94Gev § ECAL enerav.
3 102 Tor07 ovonte @375 Gey  ©7.5GeV $55 GeV ¢35 GeV— CAL energy
S — ' ©7GeV 95GeV < 3GeV — :
% 1E . Function Cessess IN order to estimate
> 102 — Fitfunction o 3 background yields in 104 EOT,
@) - — . .
0 44 4 extrapolation method is used
) — T . . =
£ 107 5 - fit from inclusive
3 10°F = background process
o 107" I :
§. F =5 - extrapolation from low
g 18_1433 = energy samples
L — - —

_16_1 L1 1 IA'/I 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 I_
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

ECAL energy (MeV)

TSUNG-DAO LEE INSTITUTE Danning Liu | 7th ICPPA, Moscow, Russia Sy r< 07 >



Al R T

TSUNG-DAO LEE INSTITUTE

Hardware R&D: Tracking

Working point
W11: 350V
W12: 150V

/
1

|

1064 nm Pico-second Laser

Reconstructed Results for W11 Line2

Gauss 1 = —-1.470 Synchronous

pulse

line-1 line-2

| : 3D platform

’AC-LGAD,

Gauss o = 6.746

Focuser

Cl1

Entries

4-CH readout board

C3

- - I - I o - . -
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o

—-20 —-10
Reconstructed position [um]
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Hardware R&D: ECAL

Experiments based on LYSO and SiPM

a. LYSO intrinsic radiation from 7¢Lu -

SHf
c. Cosmic ray test

source

e. Light yield changed with crystal size
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Detected Photon Number

b. Uniformity test with $9Co

d. SiPM dynamic range test
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(&)
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Baseline design of each crystal: XY = 2.5 cm,
Z = 4 cm (radiation length: 1.14 cm)
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Dark Count Rate

Hardware R&D: HCAL

—#— NDL EQR15 11-3030D-S

—— Hamamatsu S14160-3015PS

DCR [kcps]
3

—®— Hamamatsu $13360-3025CS

10?

—®— Hamamatsu $13360-3050CS

Scintillator test in TDLI lab

« SiPMs performance are studied first, both size, gain and E
noise are considered, and picked one type (Hamamatsu 107 -

S$13360-3050, gain 1.7e6) for the rest tests oo

Radioactive source test for uniformity E
« Very good uniformity of the scintillator along the 75 cm side e e e e w

« Cosmic ray test for photon yields

« Various types of scintillator are tested : sizes

manufacturer/composition are tested

A

NSTITUTE

= = = == == = == =

I SIPM DCR test 1

(75cmx5cm/10cmx1cm/2cm), number of fiber grooves/used,

« Noise test: to decide the minimal cut we could use in analysis
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More Physical Motivations

- Dark SHINE could explore a vast array of sub-GeV physics with unique sensitivity

« New force carriers coupling to electrons, decaying visibly or invisibly
« Quasi-thermal DM, e.g. asymmetric DM or ELDER DM

« New long-lived resonances produced in the dark sector (SIMP)

« Freeze-in models with heavy mediators

 Axion-like particles (ALP)

« Milli-charged dark sector particles

« Probe neutrino-nuclear interactions (vVN) via electro-nuclear (eN) measurements

and constrain nuclear models
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