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Recent progress of DarkSHINE R&D

Rui Yuan
On behalf of DarkSHINE R&D Team
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Two dark clouds over physics

Michelson-Morley &
experiment
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Dark Matter: Particle physics perspective

Photon:
Dark force
Mediators

Dark
Matter
candidate
particles
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Dark Matter: Models in broad mass range \ YiEXAAE
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APPEC Committee Report: 2104.07634

« The theory of dark matter should include the mechanisms to describe " [ ™™
. . . . 10734
the evolution of the proportion of dark matter in the universe ull WIMP
- One typical origin hypothesis: thermal equilibrium in the early 5 v*
universe, DM density become stable due to temperature drops g
(freeze-out) el
S o™
O .
The thermal hypothesis also greatly restricts the range of allowed masses =
107
must be bosonic must be composite AT U B R P
M » 0.1 0305 1 35 10 30 50 100 300 1000 3000 10
WIMP mass [GeV/c’]
Thermal DM
&= —> Mpy\ 1077
~1020eV ~100 Mg, 105 foas
_ 107
=
perturbativity £ 107 &
£ —11 S 4 ermion, e~ beam
BBN, CMB MeV GeV overclosure El P E:];';};ti;l_’f e
m 100 TeV T Fermion, ¢+ bea, low.E
~10 keV ' ' NI ey
Light DM WIMPS 07 g arXiv:2308.15612 " = im
Thermal contact implies a new mediator Thermal freeze-out for weak scale masses mfliofa 102 101 1
Hidden sector light DM model is well-motivated Has driven DM searches for last ~30 years My GV


https://arxiv.org/abs/2308.15612
https://arxiv.org/abs/2104.07634
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Dark photon theory

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

« Extra U(1)y symmetry is introduced

1
L = Lsy + eF¥E), + - F’”“F’ +mA,A’“AL

_— ~ AN

Kinetic mixing term | | Field strength tensor | | Dark photon field

* In the minimal Dark photon model, 3 free parameters are studied:
 my:Dark Photon mass
« & Kinetic mixing parameter
« Decay branching ratio: A" -»xx (dark sector), could be 1 or 0 arXiv:2104.10230
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https://arxiv.org/pdf/2104.10280.pdf

Search for dark photon

« Several production & decay modes

/' SHANGHAI JIAO TONG UNIVERSITY Tsung-Dao Lee Institute

 Bremsstrahlung production: fixed-target experiment with electron beam

* Invisible decay mode: enhanced possibility compare to visible mode with two

Interaction vertices

« DarkSHINE: Bremsstrahlung + invisible decay, put constraints on the kinetic mixing
parameter &

Meson decay Drell-Yan

T q

Bremsstrahlung Annihilation

TSUNG-DAO LEE INSTITUTE
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The SHINE facility

Shanghai High Repetition-Rate XFEL and Extreme Light Facility (SHINE) can provide high frequency
electron beams — single electron with dedicated kicker.

 Electron energy: 8 GeV, Frequency: 1MHz « Under construction in Zhangjiang area (2018-2026)
- Beam intensity: 100pC (6.25E8 electrons/bunch) <+ Beam techniques: SARI,CAS / Shanghai Tech.
« ~3x10'4 electrons-on-target (EOT) per year. * Detector R&D: SJTU/FDU / SIC, CAS.

FEL kicker FEL kicker

DarkSHINE kicker

~ 1 electron
100 pC

60 ns

600 ns
1 s

FEL-II (0.4-3 keV)

Shaft 1 Shaft 2 Shaft 3 Shaft 4 CM02-03 CM04-21 CM22-75 rmfer g -
L-1 (3-15 keV)
e , ﬂ-'r'\—f'\\— i ——
B 120 MeV 270 MeV 2.1 GeV 8.6 GeV
= e e \~\__,' Some 12A 85A 1500 A 1500 A iy
8GeV SCRF linac BDS FELs BLs NEH BLs FEH LN (025 kel)

. e —— —
SHINE linac -
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Signal and background processes YIERAAY AR
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INVISIBLE DECAY MODE  m/, > 2mx

« Detector is designed based on the difference between signal and
background signatures

X
« Search for the final states with a soft recoil electron + large
missing energy & pr ¥
. E__ <WE
Slgnal rer:ml__jh_“h4 beam
\' incoming outgoing relative rate
Bea e >c 10°
< ?’g‘- »y - e'e” (ECAL) 107! .
3 5 .- ° Leading background:y
2 2 bremsstrahlung
g% ’é%"-___—>y->e+e' (Target [350um)] 10~ ]
S —=pho-nuaear ECA) 3 ¢ Rare processes include:
Background _ electron-nuclear, photon-
107°
_/ "-__—»(ECAL) y - U u” (ECAL) nUCIear’ y - I'll'l
Bda visible backgrounds =h=—> 1078 . . .
s (Target [350um]) % photo-nuclear (Target [350um]) ° Neut”no pI’OdUCtIOﬂ is
T ' -7 . . . .
v i T \ - " irreducible, but negligible
ECAL =i g \“ a\\—»y—) uru” (Target [350um]) 10-¢
‘1 | -9
HCAL invisible backgrounds << 1078 10
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DarkSHINE detector system conceptual design

The Dark SHINE detector hardware technical R&D is carried out in parallel to the
full detector system simulation and prospective study/optimization

ECal ( Electromagnetic Calorimeter )

Electromagnetic
calorimeter
Measure the
deposited energy:
electron and photon.

Tracking

system

Measure the track
of the incident and
recoil electrons.

Hadronic

calorimeter
Measure the
deposited energy:
veto muon and

HCal ( Hadronic Calorimeter ) hadron backgrounds.

Dark SHINE detector sketch

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

TSUNG-DAO LEE INSTITUTE LLXkZI1E BYziE
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DarkSHINE simulation framework ) FAXAAY AU
Comprehensive simulation and analysis framework that seamlessly integrates various functions,
such as detector simulation, electronic signal digitization, event display, event reconstruction,
and data analysis, based on GEANT4 and ACTSs.

nTuples (ROOT) DAna, the analysis framework for Dark SHINE
Results

— MVA

Geometry [—]
Secondaries Exp. Limits

(TGeoManager)

AnaEvent : DEvent (*-“""-"J'

Phy. Processors

MC Generator

Initial particle steps

¢

Y

MC Particles Track Finding

MadGraph Simulated Hits ECAL Reconstruction

| Caloritmeter Hits Centering Muon Trk. Event Display

Particle Gun

Reconstructed
Particles HCAL Reconstruction DDis
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Sensitivity study

SCIENCE CHINA
Physics, Mechanics & Astronomy
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® CrossMark

« Article « Jan
Editor's Focus htps:/ l

 Prospective sensitivity is competitive

uary 2 y \IMNI |m(
0rg/10.1007/511433.022-1983-

Tsung-Dao Lee Institute

Sci. China-Phys. Mech. Astro.:.;-66(1) 211062 (2023)

- Expected limit on the &% as the function of A’ mass
at 90% C.L. is estimated with 3el14 EOTs (running ~1 DAL SBING Epesinet

year), 9e14 EOTs (=3 years), 1.5€15 EOTS (~5 Yars) i i wimie vt ot - v

Dan- ng Liu"?*, Han-Qing Liu*?, Kun Liu'?**, Qi-Bin Liu'*?, Yang Liu'-

I - Cen M Si-Yuan S Xiao-Li W Yu-Feng W 23 Zhen W
a'n d 1e 16 EOTS (W I t h P h aS e I I u p g rad e) . ! ‘:;EI H::o \I:Jd: 0;50 Xu:go‘ ”o'ngHa:";in Yan:: eng.lundrllfua Zhan;;eln ?u Lei Zhang

Zhi-Yu Zhao'?3, Xu-Liang Zhu'*, Chun-Xiang Zhu??, and Yi-Fan Zhu*?

10°8

Editor ocus

Prospective study of light dark matter search with a newly proposed

First publication!

Zc Jia Lu®?
*, Zi-Rui Wang

-
= /. STtF&(_{V 30/abi

;F- —,—‘__,.
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“hasel, 4 GeV, 4E14 EOT__|
LDMX Phase2, 8 GeV, 1E16 EOT
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DARK SHINE, 9E14 EQT

DARK SHINE, 1.5E15 EOT 1 0_1 4 DARK $HINE, 1.5E15 EQT
DARK SHINE, 1E16 EOT E f
8 GeV, 3E14 EOT ’ 0_1 5 - DARK SHINE, 8 GeV, 3E14 EOT
Invisibly Decaying Dark Photon i Invisibly Decaying Dark Photon
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2 3 10 2 3
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m,[MeV . m, [MeV]
alMeV] More details of 4
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https://www.sciengine.com/SCPMA/doi/10.1007/s11433-022-1983-8
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More physics opportunities...

Minimal dark Axion-like particle portal - Dramatically different sensitivity curve of Dark Photon
and Axion+DP co-existence search when changing from electron beam to positron beam

s b « Extra s/t-chan annihilation diagrams come into play for Dark
- ﬂ/ Photon production
l l ~ l

. i « SHINE can also deliver positron beam with low current...

H
S
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()

!
(bm /”,”
7~ JLAB e thick target
*/ S
, o
() 10715
10° 10 102
my, [MeV]

Fig. 1 Three different A’ production modes in fixed target lepton beam
: _53'615\/6‘;"“"’“ WM';?: “ZZ‘:uga Yo experiments: (a) A’-strahlung in ¢~ /e*-nucleon scattering; (b) A’-
e Sy on A LDMX: & G Ry e T strahlung in eTe~ annihilation; (c) resonant A" production in e*e~

15 152 i g o Eur. Phys. J. A (2021) 57:253

My, [GeV]
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Detector R&D

HCAL

ECAL
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Detector R&D: Tracking system

7 layers of tagging tracker + 6 layers of recoil tracker

« Two silicon strip sensors with a small angle (0.1 rad)

« Resolution: 10 ym (horizontal), 60 pm (vertical)

AC-LGAD silicon strip sensor prototype designed and tested.

TSUNG-DAO LEE INSTITUTE

Energy Resolution (o/E)
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Tagging tracker

Dark SHINE
1x10'* Events
1 RecTrk

—— Inclusive
@ 8 GeV

o P— — .
DarkSHINE EO:0_05GeV

w ACTS: ab events
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Detector R&D: Tracking system

« 1072
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Detector R&D: Tracking system

1064 nm Pico-second Laser
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arXiv:2310.13926, accepted by Nuclear Science and Techniques
TSUNG-DAO LEE INSTITUTE IITKZ1E WAL E



https://arxiv.org/pdf/2310.13926.pdf
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Detector R&D: Electromagnetic calorimeter

« Deposit all the energy from electrons and photons, energy
resolution ~5%

« Crystal Scintillator + SiPM
* LYSO(LuU 4.y Y2,CE,SIOs)

o 21x21x11 crystals, 2.5cmx2.5cmx4cm, design has been Es
optimized

« High light yields, short decay time, good radiation
resistant

Crystal sipm Cooling Energy resolution

| <2%/VE is possible
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https://arxiv.org/pdf/2407.17800.pdf
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fmMcHpc | | Flash | | peoc |

| ADC Connector | [ Clock | [4DDR3| | Do | | iTAG |

[ LED ] [Temp. sensor]

5GeV
% | B []simu, Truth _
2o _ | Simu, ResSmear « LYSO unit test has been done
E L [] simu, SiPMSat
S —e— Data « 1Stprototype module for beam test
.5 x et 008~ (2x2 LYSO) at DESY (Many thanks
g . oosf to CEPC Calorimeter group!)
e & ll - ook « New read-out has been designed
my 1T il : and is under testing
2.5X2.5% ng ‘ = 0-02:—
o oo | Mlore details on the poster
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Detector R&D: Hadronic calorimeter &) S /ARt
arXiv:2311.01780, accepted by Nuclear SC|ence and Techniques
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HCAL depth [mm]

* Veto backgrounds with same behavior as signal in ECAL
« 1.5m x1.5m (perpendicular to the beam), ~10 A (~160 cm iron, parallel to the beam)
« Split to 4 modules, 75 cm x 75 cm each
* Iron absorber: 10 mm (70 layers)/50 mm (18 layers )thick, 75 cm x 75 cm
« Plastic scintillator: 10 mm thick, 75 cm x 5 cm, 15 bars per layer per module
« 90 degree rotation between 2 adjacent layers
« Wavelength shift fiber + SIPM S via it
« Side-HCAL: encircling the ECAL w/ side HCAL
« Design has been optimizeds o
§ i womeriomn mattcfrmy
T T T Ty % o'} :2§§3Mﬁ§¥ 3
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https://arxiv.org/pdf/2311.01780.pdf

Detector R&D: Hadronic calorimeter &) /‘“/éilﬂf/ﬁé? ’f‘litﬁ-“ﬁ?’

More detailsin the HCAL-
focused talk
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g ——  Plastic scintillator bars are tested with
S Bov 2ias | B radioactive source and cosmic ray
2 / ndf 3036/197 | &
wf e source |
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 The fiber and SiPM are coupled with
support and collimation structures

IIIH"I LURALLL

Y

i o

i R R OIS PR Y B Y I My
100 150 200 250 350 400 450 500
Number of p.e.

S

------------
..............
------------
--------
--------
R

......
(il B
. DXL
.

v
aaaaa
v .

-

LEE INSTITUTE LLKXZ1E MYz iE

"""""""""""

TsuNG-DaO


https://indico.ihep.ac.cn/event/21331/contributions/161219/

Collaboration with SHINE @Y FAEXAAY  Ad M
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Summary
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« The DarkSHINE experiment is a fixed target experiment using an electron beam to search for

light dark matter, and has the potential for searching for more BSM particles

* First round of prospective analysis sensitivity of DarkSHINE has been studied
« Competitive sensitivity, Sci. China-Phys. Mech. Astron., 66(1): 211062 (2023)

« Detector key technology R&D progress has been presented
« Three articles have been submitted, one for each sub-detector, and two of them have been
accepted

- Has been sponsored by NSFC (JREIIFEZ=1TRIIRA)

« Aiming for a conceptual design report

TSUNG-DAO LEE INSTITUTE LLXZI1E BYziE


https://www.sciengine.com/SCPMA/doi/10.1007/s11433-022-1983-8
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https://www.sciengine.com/SCPMA/doi/10.1007/s11433-022-1983-8
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Dark Matter: Search for LDM & WIMP \ YEXAAE  AAMEST
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« WIMPs: GeV ~ TeV
« Space experiments (DAMPE, AMS, etc.)

» Collider experiments (LHC, BELLE-II,
BESIII, etc.)

 Underground experiments (PandaX,
CDEX, LUX, Xenon, etc.)

my, GeV

 LDM: sub-GeV
« Thermal contact implies new mediator

« Beam dump/lepton-on-target
experiments searching for dark
photon: NA64@CERN, BESIII,BELL-II,
LDMX, etc.
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The SHINE facility PIEXAAY Ay
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Dark photon XS
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Signal vs. background

Signal:

- Low momentum of recoil electron
- Recoil electron angle has on
average value

Background:

- Small missing energy, recoil
electron carries most of the
momentum

- Small recoil electron angle

TsSUNG-DAO LEE INSTITUTE LXK Z
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Signal-box design
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Acceptance efficiency

2.0

J LI I 1 ] ] 1 LI LI I 1 1 1 L] LI I |_
— o —e—All events -
1.8 — DarkSHINE  Preliminary . nly 1 Taq. track & 1 Rec. track -
1 6 :— 3e+14 events @ 8 GeV _._pincident_precoil >4 GeV =
o | Sig eficiency at all mass point —e—ES% <100 MeV S|g nal-box selection
o 1.4 —e—EMaCel < 2 MeV
c [ e _
_g 12F —e—E 8 <2.5GeV =
= — _
(<) — -
= 103— e o o occeee e o o eocooee . e o o oo
S’ 0.8 3— ® ® ®seece ° _:
~ L ® o o
N R R 11 . 831 ¢
0.6 e °*° ® ®oo0e ® o o eococoee o .1
o 7
0.4 E
0- :I Ll 1Ll I 1 L 1 L Ll 1 1 I 1 1 1 1 Ll 1 1 I I:
1073 102 10" 1
m, (GeV)

 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
TSUNG HCAL directly. 130>
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Background estimation
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Background estimation
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Background estimation
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« Expected background
yields go down quickly
at lower ECAL energy.

 |n order to estimate

harl-norniind vialde in
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background process

> extrapolation from
low energy samples

> fit from each rare
background process




The DarkSHINE si Iati Process Generate events Branching ratio EOTs
e bar simulation Inclusive 2.5 % 10° 1.0 2.5 % 10°
Bremsstrahlung 1 x 107 6.70 x 1072 1.5x 10%
GMM _target 1 x 107 1.5(x0.5)x 1078 4.3 x 10
: o 7 -6 12
Simulated background statistics: GMM-ECAL Ix10 1.63(0.06) x 107> 6.0x 10
PN _target 1 x 107 1.37(x0.05) x 107® 4.0 x 1012
PN_ECAL 1x 108 2.31(+0.01) x 107% 4.4 x 1011
EN _target 1x 108 5.1(x0.3)x 1077 1.6 x 102
EN_ECAL 1% 107 3.25(+0.08) x 107® 1.8 x 102
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 (%)
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 <1073 70.49 4.80
EQEL <100 MeV <107 <107 0 0.30 0.72 0 69.61 4.76
EMaxCell < 10 MeV <1073 <1073 0 0.13 0.27 0 65.00 4.48
EMEC <2 MeV <107 <107 0 0.058 0.095 0 58.14 4.04
ES® . <2.5GeV 0 0 0 0 0 0 0 0
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Cl1

C3

Tracking system

P

line-1 line-2
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Entries
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Working point
W11: 350V
W12: 150V

1064 nm Pico-second Laser

| : 3D platform

Focuser

to, trigger

Oscilloscope
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ECAL: crystal test
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Detector R&D: Electromagnetic o8 i eter
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{ Uniformity
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SiPM laser
calibration
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HCAL: Simulation optimized

7 5 £
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« Several conclusions are obtained:
 Sizeisreduced from4dmx4mx4mtol.5mx215m x10A
 Performance is good enough with weight restriction
« Use thin absorber + thick absorber can have best veto inEff for both low energy (100
MeV) neutron and high energy neutron (> 1 GeV)
« 1 scintillator layer + 1 absorber layer is enough
 Long edge of the scintillator strip is along the X-axis/Y-axis in odd/even layer to cover

the gap (wrapper)
« Side-HCAL is needed: surround ECAL, sensitive plane perpendicular to ECAL

Veto InEff xE-06 n 0 0 p m
100[MeV] [ 11702155 [31600222 3 | 7.3050825 |3070018) 5 | 4091859
« Neutral hadron veto inEff 500[MeV] 1845145 1 54050539 1 |t 184 | goatld | 500033
1000[MeV] (37010 85 | 3.7020 506 | | 0150 | 01259 12.0010335
2000[MeV] 270706261 1p 5+1-19 015515 1 oaf2m™ oty
Process
) Structure EN-target| EN-ECAL |PN-target | PN-ECAL
« Events veto InEff ,
w/o Side HCAL |2.68E-02 | 3.94E-02 |9.29E-02 | 1.24E-01
w/ Side HCAL 1.04E-03 | 1.09E-02 | 1.94E-03 | 3.58E-02
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Photon Number

HCAL: Scintillator simulation

« Scintillator size : 5/10cm x 75cm x 1 cm/2 cm

 Fiber size : 0.5 mm radius with clad

 Incident e”, 100 MeV

* Incident position : -2.4/-4.8 cm to 2.4/4.8 cm per 0.2/0.4 cm

Three Fibers, 2 cm thick Two Fibers, 2 cm thick
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scintillator fiber

-+ 5cm 2 200~ + 5cm
250 —
-+ 10cm Z 4gol + 10cm
- T g ko S 180 ’ kst
200 &
- 140
120
150 — =
r * " * = " -
Do x5 T kg 2 FF o pogogw %7 F kg 100, . * F kv g g g xx® ¥ Fay
100(— 80—
r 60—
50/ 40—
C 20
ol T \ e | . | . | . 0: . L | . . |
e X coordia ante [cm] o X coordia ante [cm]

ST T

1cm *5cm 64 (60-75) 108 (100-115) 136 (130-145)
1cm * 10 cm 38 (35-50) 69 (65-80) 92 (85-100)

2 cm * 5 cm 91(85-100) 161 (155-170) 214 (205-220)
2 cm * 10 cm 53 (48-65) 100 (94-110) 138 (132-145)
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HCAL: Photon yields test platform

Two small scintillator + one long bar
Trigger size: 20cm x5cm x 1 cm

The long bar is tested
Coincidence trigger, top & bottom of them should pass the related threshold
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-
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Hardware test: Electronic readout system

SHANGHAI JIAO TONG UNIVERSITY Tsung-Dao Lee Institute
 The electronic readout system was constructed and tested
« Test the acquisition card designed by Prof. Yang Yong
' cosmic ray | | SIPM
/ trigger
|_ Bl 1 Fan- | | Discri | 7], | Fan- I
/ - . . Logic . Acquisition
I T M in/Fan minat L in/Fan q
- trigger -out or b -out car
— >. ¥ B ¥ * |
|

i
nu-
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Dark Photon Theory in a nutshell

Introduce extra U(1), symmetry > New Gauge Field X > Dark Photon Mediator A’
U1)., 2 U1),,xU(1)y

L= GEVF"V +MVXW + @

SM Photon y Dark Photon A’
« A" &y kin. mixing

A v - Renormalizable and Gauge Invariant
- Straightforward for experimental search

gXMVFﬂV » Free param, kin. mixing (€). mass (my )

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