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Physics motivation
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comoving number density
Yom = npm/S o« npy x volume

Evidence from cosmology and astronomy showing that Dark Matter (DM)
exists in the universe.
* constituting ~25% of the universe energy content.

* one typical origin hypothesis: thermal equilibrium in the early universe.
* Temperature drops due to the over-expansion of the universe > DM density
becomes stable (“freeze-out” mechanism).
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Physics motivation R
Thermal DM
— —> Mpy
~10-20 eV ~100 Mg
perturbativity
38N, CViB VeV GeV overclosure
N "7
~10 keV
I I
Light DM WIMPS
Searching for light DM (y): Searching for weakly interacting massive
Sub-GeV mass range not fully explored yet. particles (WIMP):
* New mediator implied by thermal No evidence yet. A large parameter space ruled
contact: e.g., a dark photon (A’) out in GeV~TeV mass range.
* DM interact with SM particles via * Space experiments (DAMPE, AMS, etc.)
the new “dark force™. * Collider experiments (LHC, BELLE-II,
* Collider experiments searching for BESIII, etc.)
dark photon: NA64@CERN, *  Underground experiments (PandaX, CDEX,
BESIII, BEPCII, LDMX, etc. LUX, Xenon, etc.)




Physics motivation
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Search for dark photon A’: an important portal between the standard model

(SM) particle and the dark matter.
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Physics motivation
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Search for dark photon A’: an important portal between the standard model
(SM) particle and the dark matter.

/

Visible Visible

/ q
W< _ W<
I q

Invisible

Bremtrasslung Annihilation

\/Experimentally:

(Dark photon production) (dark photon decay) missing energy,

missing momentum.

Goal: put constraints on the kinetic mixing parameter &.
Challenge: small production rate = suppress bkg. from SM processes.
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The SHINE facility
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The high frequency single electron beam required by our experiment is provided
by SHINE (Shanghai High Repetition-Rate XFEL and Extreme Light Facility).

« Under construction in RGN N A e
Zhangjiang area, Shanghai A L
(2018-2026),

Beam techniques: SARI,
CAS/Shanghai Tech.

*  Detector R&D:
SJTU/FDU/SIC, CAS.

e Electron energy: 8 GeV

e Frequency: 1 MHz

e Beam intensity: 100 pC
(6.25x108 electrons per bunch
- too large for DarkSHINE!)

Shaft 1 Shaft 2 Shaft 3 Shaft 4
[ \l 'l.

8GeV SCRF linac BDS FELs  Bls NEH BLs
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The SHINE facility
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The high frequency single electron beam required by our experiment is provided
by SHINE (Shanghai High Repetition-Rate XFEL and Extreme Light Facility).

FEL Kicker FEL Kicker

DarkSHINE Kicker

~ 1 electron
100 pC

60 ns

= -

600 ns
1ps

 /

FEL-1 (0.4-3 keV)

To DarkSHINE

VHF Gun e i BC2
750keV  CMO0O CMO1 €M02-03 CM04-21 CM22-75

i l-r“i- -/"\—r“\ ———
Kickers

270 Me 2.1 GeV Vv

) M WZA 85 A 1500 A SOOA

FEL-1 (3-15 keV)

FEL-1II (10-25 keV)
— e ——

SINHE Linac

e Dedicated electron beam with one electron per bunch to be built in the SHINE linac.
* DarkSHINE kicker system to distribute these electrons, resulting in a frequency of
10 MHz, corresponds to 3x10'* electron on target events (EOTs) per year.
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Invisible signal signature

e

Missing particle signature: soft recoil electron, large missing energy & pr.

Signal:  visisie oecar mooe  m/, > 2mx Leading background: SM photon bremsstrahlung
Rare background processes:
X
incoming outgoing relative rate
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Invisible signal signature

e

Missing particle signature: soft recoil electron, large missing energy & pr.

[ Electron Energy:
101 Ee= 50 MeV

Event Fraction
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1.0GeV .

Background _

5

.6. 7...

3

Electron Recoil Energy E. [GeV]
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Reco. electron kicked in
fransverse momentum
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Detector conceptual design

DarkSHINE detector sketch

Measure the deposited
energy: electron and

photon.
Measure the deposited

Electromagnetic
calorimeter
calorimeter
energy: muon and

Hadronic

hadron backgrounds.

2
e
=
o
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S
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the incident and recoil

Measure the track of
electrons.

Tracking system

Hadronic Calorimeter (HCAL)

Target (Tungsten)

Additional system

magnetic system (1.5 T)

etc.

b

TDAQ,

b

trigger system

9

Readout electronics
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Tracker system
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uniform magnetic field

~

7 layers of 6 layers of
tagging module recoil module

Tungsten target

Reconstruct the track of the incident
and recoil electrons, the y — ee process,
and the hadron/u involved final states.

* Designed resolution:

* Better position resolution than 10 um.
e Better angle resolution than 0.1%.

* Response and resolution tests with
silicon strip sensor prototype ongoing.

Each module: 2 layers of silicon strip sensor with a
small angle (100 rad) for better position resolution.
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Electromagnetic calorimeter

Measure the deposited energy of electron

and photon.
* Designed resolution: better energy resolution
than 5%.
* LYSO crystal (Lug—x—y)Y2yCe25S5105):
* high light yield (30000 p.e/MeV) with
good linearity.
e short decay time (40 ns).
* Readout with SiPM and waveform sampling.

e Intrinsic radiation and radioactive source
v tests ongoing.
s AVQ 77 :
g W
g °
2/ &
bf’&
W

Ocm(20x)

Baseline design of each crystal: X,Y =2.5 cm, - EEEEm

Z =4 cm (radiation length: 1.14 cm) /// // // // // // // /[ ,I

a0 I




Simulation study ongoing...

Hadronic calorimeter

aeN—0
Veto the muon and hadron
backgrounds.
View from
""" above
v
Carbon envelope steel (absorber)| | scintillator
Scintillator

View of x-y
crossing

4x4x1 modules: 100100 (cm) in x-y plane.
Each scintillator wrapped by a carbon envelope, with a wavelength
shifting (WLS) fiber placed in its centre. (WLS fiber in blue)




Simulation event display
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Kinematic distributions J——
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Signal region definition
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Five cuts are applied to separate signal from backgrounds:

Electromagnetic
calorimeter
EEeHal < 2.5 GeV.
calorimeter
EfZ4L < 100 MeV;

Hadronic

Emaxcell < 2 MeV.

2
e
=
o
©
S
=

Tracking system
Only 1 incident track
and 1 recoil track;
Dinc. — Prec. > 4 GeV.

Target (Tungsten)

(1%t round DarkSHINE analysis)
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Signal efficiency
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e 1x10° events produced for each mass point. ~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 hit
directly the HCAL at simulation level.

L>), 2 J T T T T T TTT | T T T T T TTT | T T T T T TTT | I_
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:g 1.8— Dark SHINE Preliminary e only1Tag. track & 1 Rec. track ]
"EJ 16 :_ 3e+14 events @ 8 GeV —o—p . P >4GeV .
o el incident "~ recoil ]
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Background estimation

e

«  2.5x107 inclusive bkg. events produced, none of which survives the

10_3EI | T T T T | LI T T | T T LI | T T T T | T T T T | T LI T

2000 3000 4000
the nominal

2.5 GeV cut

5000 6000 7000
Cut on Eger [MeV]

ECa

Event ratio as a function of the cut value on ECAL energy.
(rare processes scaled according to branching ratio)

8000

= E| .
% = Dark SHINE Preliminary Lecood To estimate the number of bkg. events
-4
5 107 E 3e+14 events @ 8 Gev L0 3 corresponds to 3x101* EOTs:
— ® ] ° °
£ 105 11tag. trk & 1 rec. trk o0 ’ - * Dedicated rare bkg. production
3 - g0®? wEmmEEEE with large statistics.
610-6 | 50 AAAAAAAAA‘.Il!AAtQ““ . 8
P ;E “ 244 __.-'”__.;;;.....?:  107~10° events for each
% 10"5’ | .||§EH'” - process.
= l * = °
= F LLik" ' 1 ¢ extrapolation method.
c 10—8%_ TA: A A A A A A AAAAAAAAAAAAAAA% .
S = . = * expected bkg. yield can be
© - + - EN_ECAL - EN_target ] .
g 10k . | PNECAL  PNiget 3 computed from the event ratio
s | - GMM_ECAL —&GMM_target ] at given ECAL energy cut.
10_10 ¢ =5~ sum from rare -®- sum from incl.
EI | 1 1 | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 a

|

Expected total bkg. events:
0.015 (3x101* EOTs).
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(Assuming 0.015 bkg. event/year)
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The DarkSHINE experiment will provide competitive sensitivity, which will
be able to exclude most sensitive regions.

Sensitivity study

E
L ]
............... et il o e =
P e : ; - 3
S ET srrcivavas s 7
Z T - o O Ol i Phasel, 4 GeV, 4E14 EOT_|
i et STOF4Gev3oab, . <8 Shase?, 8 GeV, 1E16 EOT 3
e et e STCE2GeV30jab =
et DARK SHINE, 9E14 EOT DARK SHINE, 9E14 EOT E
e DARK SHINE, 1.5E15 EOT DARK SHINE, 1.5E15 EQT 7
DARK SHINE, 1E16 EOT é E
+8 GeV, 3E14 EOT DARK SHINE, 8 GeV, 3E14 EOT .
g
Invisibly Decaying Dark Photon Invisibly Decaying Dark Photon 3
1 | 1 L1111 | | | I 1 1L 1 111 1 1 1 L1 111 | 1 1 1 L1 111
2 3 2 3

10 10 10 10 10

m,[MeV] m,[MeV]

Expected 90% C.L. limit estimated with 3x10* EOTs (running ~1 year), 9x10'* EOTs (~3 years),
1.5%10> EOTs (~5 years) and 1x10® EOTs (with Phase-II upgrade).



Summary

DarkSHINE: a newly proposed
electron-on-target experiment searching
for dark photon candidate.
* Detector R&D ongoing:
 Silicon strip sensor (tracker) &
LYSO crystal (ECAL) under test.
e HCAL simulation study ongoing.
* First round of preliminary study has
been finished:
* good signal efficiency, background
well suppressed.
* Expecting competitive sensitivity.
* Opportunities for other BSM physics
in this experiment as well.
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* Analysis paper submitted to Science China.
**experiment supported by “Original Exploration

Program” Of NSFC Tsung-Dao Lee Institute SHANGHAI JIAO TONG UNIVERSITY
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Physics motivation
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Search for dark photon A’: an important portal between the standard model

(SM) particle and the dark matter.

1
L = Lgy + eFFYF, + F’ HUEL, + m5,AMA;,

_— ~

AN

Kinetic mixing term | | Field strength tensor

Dark photon field

Minimal dark photon model with 3 unknown parameters:

* Kinetic mixing parameter &;

(Mixing-induced coupling suppressed relative to that of photon by factor ¢)

» Dark photon mass my,;

* Decay branching ratio (assumed to be either unity or zero) of dark

photon into invisible dark sector.


https://arxiv.org/pdf/2104.10280.pdf
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Sensor structure

DC cathode AC pad
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LYSO: Lu(l_x_y) YZyCGZxSl.Os

Density Decay Light Yield Refraction Radiation
Time Index Length

T o i A
e amme e \ 40 ns 30000 p.e/MeV 1.82 1.14 cm
= N ; , g/cm3
7"/ i
7/ |l [~ " R S| 20220731_S13360-6050CS-1_sjtuAmp10_93.5% Single PE Calibration
///////IIH g
/T J ] l‘ \\ \\ \\ \\ \\ \\TT £ 22005 JL Entries 129999 E sool- /
e wo|® . ~119 [ns*mV]/PE -
- //
400: //
i - /"/ )rgrét? “ 3":)?3/871
0 » po ~141£0.3135
YA / Pl 1194007653
800 [ns"m1\?]00 0 1 2 3 4 5 6 7 8 \PE

TSUNG-DAO LEE INSTITUTE LIXZIE MYz iE




N )
YIEXLA¥

SHANGHALI JIAO TONG UNIVERSITY

Intrinsic Radiation and Radioactive Source Test m
VARNS N
Inrinsic Radiation
8 0'0355 Messurement esu B, (0.34%) 89Co Source Test
w 0_03:_ | Simulation result with smearing 998 keV _§ C Entries 29999
o ’H E 1200: T 172 KNA /- ’\Sﬂtzalgev 116573.2
0.025 B, (99.66%) - 1.1l/75:ve 2indf 586911
C * B ﬂ Prob 0.882
C 1000 Constant 1295+ 15.1
0.02— B H Mean 1473+ 0.9
E * { 597 keV 800l [ \ j L | Sigma__ 6463+1.63
0.015— - f LHHJJ H
E H* * v,= 307 keV (100%) 600|- F
0.01;— + H_* +'HH * ' 290 keV 400§ ’J—"‘mul'-[ﬂmﬁj LLLLL
0.005— ++ v,= 202 keV (83.3%) 2001 g
ooy ’r* t 88 keV : LT
00_ — g(l)o — 4(')0 E— 5(')0 — 8(IJO — '10|00' T 500 7= 88 keVi(ﬁ.S%) 0 keV 900 7700 1200 1300 1400 1500 1600 1700 1800 1800 Fz:lc:_)oo
Energy [keV] T Hf
« 2.5%x2.5x2.5 cm3 LYSO, HAMAMATSU MPPC S13360-6050CS - $9Co radioactive measurement result
. . o 3
. Simulate the decay process of 17¢Lu in LYSO crystal. The 5x2.5%2.5 cm® LYSO
energy spectrum contains one beta decay and three gamma - Light Yield: 1255.75 PE/MeV
cecay:
TSUNG-DAO LEE INSTITUTE UXZIE MYWziE
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HCAL design

e

Veto Inefficiency Simulation e

Incident neutron energy: 0.5 GeV Incident neutron energy: 0.5GeV

Inefficieny

IIIIIII

Inefficiency

//

T T 1

10"

102 o

e No absorber

e 2 mm absorber

« 5 mm absorber

e 10 mm absorber

e 20 mm absorber
50 mm absorber

100 mm absorber

I | lllllll

—— No absorber
——— 2mm absorber
5mm absorber

107

——— 10mm absorber
——— 20mm absorber
50mm absorber

100mm absorber

M I PR R RN I
0 500 1000 1500 2000 2500 3000 3500
0 500 1000 1500 2000 2500 3000 3500 Depth(mm)
Depth (mm)

L DMIX DarkShine

2-100 mm absorber ,0.5 GeV incident energy
Incident particles : 10000

Condition : Deposited energy > 1 MeV
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Inclusive cross-section I

e~ Z -» e~ ZA’ Inclusive Cross Section
1014 H v T v v T v v T

103 1072 101 100
Dark Photon Mass [GeV]

Inclusive cross-section of dark photon bremsstrahlung from electron
interacting with W target, assuming € = 1.
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Background cut-flow e A

@l

Cut efficiency for each background processes:
e Inclusive background: 2.5x10° EOTs produced.
 Rare background: only GMM (target) process exceeds 3x101* EOTs.

Process Generate Events Branching Ratio EOTs
. 9 9 .
Inclusive 2:5x10 1.0 2510 * None of the simulated background
B trahl 1x 107 6.70 x 1072 1.5x 108 .
e X X = events remains after the cut-flow.
GMM _target 1x 107 1.5(x0.5)x 1078 | 43 x 10
GMM_ECAL 1% 107 1.63(£0.06) x 1076 | 6.0 x 102 . 14
PN_target 1% 107 1.37(£0.05) x 106 | 4.0 x 1012 * But what would happen with 3X10
PN_ECAL 1% 108 2.31(20.01)x 10 | 4.4 x 101 EOTs (~1 year run)?
EN_target 1x 108 5.1(x03)x 1077 | 1.6 x 1012
EN_ECAL 1 x 107 3.25(+0.08)x 1076 | 1.8 x 1012

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% <107% 78.73% 84.40%
Prag — Prec >4 GeV | 0.0044% 0.0033% 0.0041% 5.58% 5.46% < 107% 70.49% 4.80%
Elt < 100 MeV < 1072% < 1072% 0% 0.30% 0.72% 0% 69.61% 4.76%
EMaCell < 10MeV < 1073% <1073% 0% 0.13% 0.27% 0% 65.00% 4.48%
ENMaxCel < 2 MeV <1073% <1073% 0% 0.058% 0.095% 0% 58.14% 4.04%
Egial, <2.5GeV 0% 0% 0% 0% 0% 0% 0% 0%
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Background estimation
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Fraction of events below energy cutoff

10_3 E T | T T T T | T T T T | T T T T T T T T T T T T | T T T T ? .
= Dark SHINE Preliminary coo0od Estimate the number of background
-4
10 50,14 events @ 8 GeV J00°’ = events corresponds to 3x10** EOTs.
10—5; 1 tag. trk & 1 rec. trk ..“aﬁ —i.
S i 50°° ? ygpummmEs = Rare bkg. production with large
10 = QgggffAAA“‘::é“' ‘:ff*“‘% statistics + extrapolation method
§ A = P t EEEEEEN =
9 2 2 sfgunt?®? ¢ N
1072 | L O — )
= E L = The expected bkg. yield can be
— . —] .
10-85lAT‘t“"““““““““““%E computed from the event ratio:
- + ! = EN_ECAL - EN_target . c y= 1079
10—9 ............................................................................. rhareeanee v
E +Z':A;5§AL :Z:;;‘get E for 10° EOT, less than 1 event
- | _target n . . .
10_10 ¢ | =5~ sum from rare -®- sum from incl. WI” remaln after applylng any CUt
EI | 1 I|I 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 |§ tlghter than Eg%fqal"l < x MeVo

2000 3000 4000 5000 6000 7000 8000 e x=2500:

the nominal .............................................. Cut On Etoiall [MeV] y Of the background events Will

2.5 GeV cut :
er e survive the cut EE23 < 2500 MeV.

Event ratio as a function of the cut value on ECAL energy.
(rare processes scaled according to branching ratio)
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Extrapolation: rare processes
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Reco. energy in HCAL [MeV]

Not all the rare processes need further extrapolation.

There are 6 rare background processes in total:
« EN(ECAL), PN(ECAL), GMM(ECAL), EN(target), PN(target), GMM(target)

8000

7000

6000

5000

4000

3000

2000

1000

0

I|II|IIII|IIII|I||I TTTTJTTTTITTTT]TTTT

IIvl||||||||||||||||||IIIIII

Dark SHINE Preliminary
136e+07 events @ 8 GeV

IIIIIII|IIII|IIII|IIII|IIII|IIII|IIII

0

L1 1 | L1 >I 1 | § I - I 11 | 1 ‘I Iv 1 I >I 1 I’ 1 | L1 11 | 1 ;I‘.‘ L1
1000 2000 3000 4000 5000 6000 7000 8000
Reco. energy in ECAL [MeV]

102

Available statistics: ~4.3x10%* (target)
and ~6x10%% (ECAL) EOTs

considering the branching ratio.

extrapolation method no longer
applicable due to the energy distribution.

Can always be effectively rejected by
the HCAL requirement (fraction of the
remaining GMM events < 107°).
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Background estimation validation
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method cut-flow rare. extrap. incl.- extrap. incl. vali.  invisible
yield 0 1.5x 1072 2.53x 1073 9.23x 1073 negligible




