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DarkSHINE: Dark photon fixed-target
search experiment at SHINE facility

Yufeng Wang on behalf of the DarkSHINE team
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Physics motivation

a0 I

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).

relatmstlc reglme | I 4
t Ypy = constant non-relativistic regime | Thermal DM
10-3 ‘_ / Ypm o exp(-=mpm/T) ]
; > Mpy
10-6 : increasing (0 ann Urel) ; ~10 20eV ~100 Mg
3 3
F ‘ :
10y !.
. ‘ 1 perturbativity
10712 i overclosure
[ | iy °o CME 100 TeV
10k . frozen—out 1 ~10keV
i density : ' |
-18 i 1 L ¥ I L hi H
Y T BT T T Light DM WIMPS

XxX=mpy!/T
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Physics motivation A=

-
Thermal DM
«— —> Mpy
~10-0 eV ~100 Mg
perturbativity
overclosure
BBN, CMB MeV GeV
N "7
~10 keV
Y I
— 107 T ije
% 0 COIIider 1 -I]D\l(;= 13TeV,37.0 0" WIM PS
z 107 experiments el X ) . ;
g 10 Lt Searching for weakly interacting massive
& 0% By rosonarce particles (WIMP):
o 41 ibj .
10 e No evidence yet. A large parameter space ruled
107 o e out in GeV~TeV mass range.
43 Eur. Phys. J. C 77 (2017) 393 .
10 S ok 1 * Space experiments (DAMPE, AMS, etc.)
44 ET**4Z(ll) {5 = 13 TeV, 36.1 fb”" . .
10 romemze * Collider experiments (LHC, BELLE-II,
—45 JHEP 10 (2018) 180
10 = CRESST Il BESIII, etc )
107 = .
Vector mediator, Diras DM o ent i « Underground experiments (PandaX, CDEX,
10747 9,=025,0=0,g =1 experiments E=Pandax
s ATLAS limits at 95% CL, direct detection limits at 90% CL = DarkSide-50 LUX, Xenon, etC .)
10_4 | 1 PRL 121, 081307 (2018)

1 10 1 02 1 03 - |I;RL|_J|)$3. 021303 (2017)
m, [GeV]




.):/’é){ﬁ/{ff’ | ;}‘bﬁ\iuf—fi""f

SHANGHAI JIAO TONG UNIVERSITY Tsung-Dao Lee Institute

° ° °
Physics motivation =
Y N\ |
Thermal DM
< —> Mpm
~1020eV 00M.
perturbativity
BBN, CMB MeV GeV overclosure
mmo TeV
~10 keV
| Y
Light DM 107

Searching for light DM (y):

Sub-GeV mass range not fully explored yet.

¢ New mediator implied by thermal
contact: e.g., a dark photon (A’) ©

* DM interact with SM particles via
the new “dark force”.

* Collider/accelerator-based
experiments searching for dark
photon: NA64@CERN, BESIII,
BEPCII, LDMX, etc.

1073

10




Physics motivation
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Phys. Rev. D 86 095019 Page. 6

oS — el

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

(SM) particle and the dark matter.

Bremsstrahlung Annihilation

— N\ T

— > NANNVA,

Meson decay Drell-Yan

T q
Mﬂ >/WWA“
A, ;

(Dark photon production)

Visible Visible

l q
W< _ W<
/ q

Invisible

(dark photon decay)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.095019

Phys. Rev. D 86 095019 Page. 7

Physics motivation

a0 I

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

Visible Visible
Bremsstrahlung Annihilation
/
AVAVAVAVAVE 7
e

[ Al Al
H _ H _
_ electron o A VAVAVAVAW Y ! q

. Ay
fixed target

son decay

Y a
Mﬂ >/WWA“
A, ;
\/missing energy,

(Dark photon production) (dark photon decay) missing momentum.

Invisible
Drell-Yan

* Goal: put constraints on the kinetic mixing parameter &.
* Challenge: small production rate = suppress bkg. from SM processes.



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.095019
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The SHINE facility

e

The high frequency electron beam 1s provided by SHINE (Shanghai High
Repetition-Rate XFEL and Extreme Light Facility).

e Under construction in
Zhangjiang area, Shanghai
(201 8-2026).

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

8GeV SCRFlinac  BDS FELs  BLs NEH BLs
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The SHINE facility

Idea of obtaining the single electron beam:

FEL Kicker FEL Kicker

DarkSHINE Kicker

~ 1 electron

100 pC
. 0000000000
66_55
600 ns
1ps

<  / To DarkSHINE
VHF Gun S ™ u WL B L2 = 13 / FEL-Il (0.4-3 keV)
750keV CM00 CMO1 CM02-03 CM04-21 CM22-75 _FE‘- : 1-; ~ kDv)- -
B — T — — — —

Kickers
Buncher 120 MeV 270 MeV 2.1 GeV 8.6 GeV
2.4MeV 12A 85A 1500 A 1500 A
FEL-11I (10-25 keV)

SINHE Linac N VNN —— [a——

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
1~10 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.

» Leading background: SM photon bremsstrahlung

Signal: et oeoar wove ), > 2mx » Rare background processes:
incoming outgoing relative rate
X e - > o 100
% @ >y > 6'6” (ECAL) 107"
X [ A

) 2% 1072

Lo -
S S >y > &"e” (Target [350um))] 1° ’

- g, —— photo-nuclear (ECAL)
24 1074
Erecoil < 1AEbeam 107°
‘-—> (ECAL) y > u u” (ECAL)
visible backgrounds % (Target [350um]) photo-nuclear (Target [350um]) 1070
Bea ‘\ k 1077
k 5

\ — v o p*y (Target [350um])] . s

\ \ 10

\ \
\ \ o
invisible backgrounds << 107"®
» Irreducible but negligible: neutrino production




Invisible signal signature

e

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

[ Electron Energy:
101 Ee= 50 MeV

Event Fraction

100}

1OZEIII||||||||||.|....

0.1 GeV
0.5 GeV

1.5 GeV
2.0 GeV

1.0GeV .

Background _

5

.6. 7...

3

Electron Recoil Energy E. [GeV]

Energy brought away by A'

Event Fraction

10!

100

101 5
102 5

1073 5

‘ 0.5 GeV ‘

[ 0.1 GeV
1 1.0Gev |
1 1.5 GeV .
[ 20GeV ]
[ Background
Electron Energy: E
50 MeV =E. = 4 GeV

00 02 04 06

0.8 1.0
Electron Recoil pr [GeV]

10

Reco. electron kicked in
fransverse momentum
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The DarkSHINE detector R&D i1s carried out at the same time while the simulation-

based prospective study ongoing.

Detector conceptual design
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Electromagnetic Cal

Target (Tungsten)

4
Q
=
2}
S
-

the incident and recoil

Measure the track of
electrons.

Tracking system

DarkSHINE detector sketch

Additional system

, magnetic system (1.5 T), etc.

TDAQ

, trigger system,

Readout electronics
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Detector R&D: tracker system

uniform magnetic field
15T [

a0 I

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 ongoing
with silicon strip sensor prototype.

\ 4
Y
7 layers of 6 layers of
tagging module recoil module
Tungsten target
Each module: 2 layers of silicon strip sensor with a uniform thin strip nonuniform wide strip

small angle (100 mrad) for better position resolution.
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Detector R&D: electromagnetic calorimeter~

T

. .
< Q
E ¢
® :
ST
bf’&
Ocm(20x) ™

Baseline design of each crystal: X,Y =2.5 cm,
Z =4 cm (radiation length: 1.14 cm)

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.
* Intrinsic radiation and radioactive source
tests ongoing.

R ] | ]
———T T
eyl T T
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Detector R&D: ECAL readout system _ -

R T Photons from ECAL crystal are detected

el I using SiPM + fast readout system.

tr i * SiPM (width~10s ns, rising edge ~2ns)
04 S « ADC chip (AD9680 from ADI)

maser ' * ADC Mezzanine Card

SPI

clk 1GHz

s * Data transfer and processing

clk 200MHz

pover-up

| clk 100MHz.

e T - a8 * ADC performance has been tested.
ADS528 SR 200MHz ° Analog input: COSInlC ray + SIPM (813360_
3050VE) + plastic scintillator

e Amplitude of SPE signal : ~42 LSB,4.4mV
* Noise level : ~10 LSB, ImV

8,235 T T _ ——————————
- 8900 ]
8,230 |- : ]
ADC - . N
oo 8225 SPE signal 8,800 - ]
F SiPM: $13360-3050VE : SiPM: S$13360-3050VE ]
8220 £ 8,700 F ]
o ADC: 0.1038mV/LSB b ADC: 0.1038mV/LSB
Ss215F g 8600 ;
Analog = =] C 1
i Es210f Eesoof 3
FMC E
8,205 [ 8,400 ]
Volu-?(go :
. 8,200 [- 8.300f E
AD9528 - L 1
DCDC 8,195 - 8,200 |4 ]
modul o N
8190 lun o bl o bl b 1 c
50 0 50 100 150 200 250 300 350 400 45( 0 50 100 150 200
Time (ns) Time(ns)

ADC board An SPE signal A cosmic ray signal
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Detector R&D: hadronic calorlmeter L7

Carbon envelope
Scintillator

Veto the muon and hadron

backgrounds.

e Simulation study ongoing with
inject particles of different type
and energy.

View from
above

Ve

steel (absorber)| | scintillator

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.

View of x-y
crossing
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Kinematic distributions J——

;‘500_|||||||||||1\|\||||||||||||||||||||_ S S B B B B e |
(4 = . 3 © 0.16 -
% 450 Dark SHINE Internat] : Dark SHINE Preliminary ]
S 400 90124 events @ 8 Gev— = 10° 0.14 56+08 events @ 8 GeV =
T - - - _
£ 350 Eeca V8- Epca 10MeV 0.12 PragPrec
. > E 3 : — inclusive bkg. . .
Signal g 3F = — 1MeV sig. inclusive bkg.
c E = 102 0.1 — 10MeV sig.
10 MeV ¢ 250 = — 100MeV sig. &
8 E 3 0.08 — 1000MeV sig. .
€ 200F- = signal
= 3 0.06
180E = 10
100 E 0.04
50f E 0.02
% 1000 2000 3000 4000 5000 6000 7000 8000 0 7000 2000 3000 4000 5000 G000 7000 5000
Reco. energy in ECAL [MeV] Piag-Prec [MeV]
% 500 LI T T TT T T T T T T LA L L L L L |§ % 8000_! T |‘|. LI LIS N I O L I L O T T T |E 107
2 Dark SHINE InternaiJ = Dark SHINE Preliminary i
= 1 e < 7000 i
S 80667 events @ 8 GeV ]| S 5e+08 events @ 8 GeV = 10°
E Eecal vs.EHCAL1000MeV_E jg: 6000 i V8. Eyca inclusive = 108
> 3 > ; S .

. o . [l — ° °
Signal § = P g 2000 48= inclusive bkg.
1 G V [ B ) C ] 104

e S — o 4000— =
3 E & F 1 100
- E 30001 3
= 10 . 1 102
] 2000 - .
3 0005 Signal region
E 000 10
- i T E PR
00 1 000 2000 3000 4000 5000 6000 7000 8000 ! 00 1000 2000 3000 4000 5000 6000 7000 8000 1
Reco. energy in ECAL [MeV] Reco. energy in ECAL [MeV]
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Signal region definition

AFanl |

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 e |

*  ~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_
GC) o —8&— Allevents n
: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 ]
5) — Sig. efficiency at all mass point —®— Ejoy <100 MeV -
n 14— —o— Ela™' <2Mev -
12 - —e— EX <25GeV B
15— [ J o O 0 00000 [ J o O 0 00000 [ J e o [ ] .—E
0.8 _._ ® o o009 ®eoe - . 7
B ® o 00000

g 8 S fMftam 4 g gRidee 8 1§48 °¢
0.6 e °° ® ®oo00 ® o o oooo00 o '_[
r ]
04— —
0-2:1 1 1 1 1 1111 | 1 1 1 1 1111 | 1 1 1 1 1111 | I_

107 1072 107" 1
my [GeV]
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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

= El
O E 3 .
E = Dark SHINE Preliminary Lecood To estimate the number of bkg. events
-4
% 10 36414 events @ 8 Gev 000 3 corresponds to 3x10'* EOTs:
r 6 1 L o
g . 5[ 1tag. k&1 . 0?® 1 * Dedicated rare bkg. production
o 107 g 0 ® o) E
3 - | 0®° gyummamEEd with large statistics.
8 10° 600 hantt i R At ERAI IR 7..108
P - Q; 240 __--'”_..n......s_ « 10°~10° events for each
= » " ¥ .
% 10—7.;3 | I.,E:!?" 4 process.
2 F Labett g extrapolation method.
c 10—8 g T A : A A A A A A A A A A A AAAAAAAAAAD % .
S = ' E * expected bkg. yield computed
3] C + -%-EN_ECAL - EN_target . . ;
RTIR] | PNECAL  PNiget 3 from the event ratio at given
- | ~ GMM_ECAL = GMM_target 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).




,‘-’;é)”{@/{f? | %\z"hi“r—i"f

Zimpmeees/  SHANGHAI JIAO TONG UNIVERSITY Tsung-Dao Lee Institu

Simulation study summary P

@l

* All simulated samples are produced based on the baseline geometry described

before, with:
* Incident electron energy of 8 GeV
* DarkSHINE software (based on GEANT4 v10.6.0, characterized by the DarkSHINE
detector)
* After applying the
 Expected total background yleld 0.015 bkg. event/ 3x10* EOTs
» TIrreducible background: neglected

Process Generate Events Branching Ratio EOTs
i Inclusive 2.5 x10° 1.0 2.5 % 10°
» Inclusive background sample and rare - : z
) Bremsstrahlung 1x10 6.70 x 10~ 1.5x10
background process production — ~ o =
GMM _target 1x10 1.5(+0.5) x 10 43x10
> sional le: 1105 EOTs f h GMM_ECAL 1x 107 1.63(£0.06) x 107 6.0 x 10
sighdl samp’e- X s forcac PN _target 1x 107 1.37(£0.05) x 10 4.0 x 10'2
mass point (23 dark photon mass - - =
s in total PN_ECAL 1x10 2.31(x0.01)x 107*  4.4x 10
points in total). EN _target 1x10% 5.1(£0.3)x 1077 1.6 x 102
EN_ECAL 1x 107 3.25(+0.08) x 107 1.8 x 102
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(Assuming 0.015 bkg. event/ 3x10* EOTs)

Expective sensitivity Az

The DarkSHINE experiment will provide competitive sensitivity, which will
be able to exclude most sensitive regions.

IR T

S
L ET s acey g0

s 1 0—12 Phasel, 4 GeV, 4E14 EOT_|
S8 et STCRA4Gev30ab Shase?, 8 GeV, 1E16 EOT 3
.- =
L sworzcovme - 107" 5
" DARK SHINE, 9E14 EOT DARK SHINE, 9E14 EOT 3
DARK SHINE, 1.5E15 EOT 1 0_14 DARK SHINE, 1.5E15 EQT ]
DARK SHINE, 1E16 EOT . : E
+8 GeV, 3E14 EOT ’ 0_15 Eo DARK SHINE, 8 GeV, 3E14 EOT 4
B E|
Invisibly Decaying Dark Photon n Invisibly Decaying Dark Photon 3

1 1 1 | | | | I 1 0_16 1 1 1 1L 1 111 1 1 1 L1 111 | 1 1 1 | |

10 10? 10° 1 1 10° 10°
0 0 0

m,[MeV] m,[MeV]

Expected 90% C.L. limit estimated with 3x10* EOTs (running ~1 year), 9x10'* EOTs (~3 years),
1.5x101> EOTs (~5 years) and 1x10%® EOTs (with Phase-II upgrade).

Sci. China-Phys. Mech. Astron., 66(1): 211062 (2023)
e
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What’s next?

Many interesting tasks ongoing after
the 1%t round of prospective study based
on truth information:
* Detector design optimization
* strip sensor width, nonuniform
magnetic field, calorimeter layout,
radiation damage control, supporting
structure & detector gap region, ...
* Analysis using reco-level information
* track reconstruction from strip info.,
cell clustering, track-cell matching,
machine learning application...
* Other signal model?
* visible decay mode, axion-like
particle, ...

We’re stepping into the real world!

-1.35

-1.42

-1.46

-1.49

-0.15

!
VISIBLE DECAY MODE M4 < 2mx

-0.10 -0.05 0.00 0.05 0.10 0.15
x

oS — el

Nonuniform
magnetic field:
optimization for
better track fitting
and acceptance
region.

-.

Crystal arrangement in
ECAL: avoiding gap
region; increased

complexity in shower
shape reconstruction.

label
TagTrk
— Target
—— RecTrk

Visible decay of dark
photon: no more missing
energy, requiring better
event reconstruction.




Conclusion

DarkSHINE: a newly proposed electron-on-
target experiment searching for dark photon

candidate.

* Detector R&D ongoing.
 strip sensor prototype & LY SO crystal
e SiPM and fast readout system
 HCAL simulation study

* First prospective study published.
* good signal efficiency, background well
suppressed.
* expecting competitive sensitivity.
* Further analysis started.

« Stay tuned! ©

Timeline

2022: first simulation studies of detector
system; establish the DarkSHINE
collaboration with SHINE facility.

2023: calorimeter and tracker systems
R&D, magnet and mechanical
supporting layout, first conceptual
beamline design.

2024: In-lab technical demonstration of
detector prototypes, overall conceptual
design of detector system, preliminary
beamline conceptual design.

2025: finish up sub-detector prototyping;
cosmic tests and beam tests.

2026: DarkSHINE beamline and
detector systems construction.

2028: first commissioning of the overall
DarkSHINE experiment at the
accomplished SHINE facility.
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Simulation event display
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The 1% round of prospective study based on truth information has been finished.




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
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Intrinsic Radiation and Radioactive Source Test

asN—=m0

Inrinsic Radiation
o 0. 60
g 0035E | — 6, (0.34%) 5-Co Source Test
w [ Simulation result with smearing 998 keV g O s
0.08 E f { :ZJ B I\E/Ietan 4?228
0.025]— * B, (99.66%) 1200 1.1/75 Me /f \ wingt  s89/11
- * 1000} J-LL (F;:)onbstant 1295 E'$5821
0.02— B [ \ j H Mean 1473409
= * { 597 keV 800l ! L | Sigma__ 6463+1.63
F - [
0.015— u LHHJJ H
C H* * v,= 307 keV (100%) 600~ f:
0.01;— + H* +'H++ * | 290 keV 400f “‘uq_,-LmJI'JJ LLL
00051 I 1= 202 keV (83.3%) 0] i F LL
E ol t 88 keV C Lo
L # + + - 0, -
I g(l)o — 4(')0 E— 5(')0 — 8(IJO — '10|00' T 500 7= 88 kev;":(wﬁﬁ) 0 keV 000 7700 1200 1300 1400 1500 1600 1700 1800 1800 2000
Energy [keV] £ PE
« 2.5%2.5x2.5 cm3 LYSO, HAMAMATSU MPPC S13360-6050CS - $9Co radioactive measurement result
. . o 3
« Simulate the decay process of 17éLu in LYSO crystal. The energy 5x2.5%2.5 cm® LYSO
spectrum contains one beta decay and three gamma decay. - Light Yield: 1255.75 PE/MeV
TSUNG-DAO LEE INSTITUTE UXZIE MYWziE




, - 2
/g ,‘-’)&)\ﬁ/f?

SHANGHALI JIAO TONG UNIVERSITY

Design scheme

= Ecal used SiPM to detect photon
= SiPM

= Width : tens of nanoseconds
= Rising edge : about 2-3 nanoseconds
= Requirement : higher sample rate ~ GSPS

= ADC chip : AD9680 ( from ADI )
= Sanple rate : 1GSPS
» Resolution : 14 bits 1.7Vpp 0.1038mV/LSB
= 2 channels/piece, 2GHz input bandwid

= ADC Mezzanine Card ( picture )
» ADC : AD9680
= Clock : AD9528
» FMC HPC connector to the FPGA board

= Data transfer and processing
= Kintex-7 KC705 board

= ADC DAQ system block diagram

SPI

SiPM and Kintex-7 FPGA i slow |
Pre-amplifier UoP
| control
. . ) siTcp T
) §
) , fing readout
Differential buffer ‘ADC@aa FIFO |~ ADGlaa o %
Driver ) - - g
g Gk 200MHz 3
° [ 1]
9 3
ADC Board ) =
r | B
ADC JESD204B 4 lines | . | JESD204 Receive _ AXI4 control | AXI4-lite PEX
AD9680 — Core master 2T ;@
sync. L
N
5 @ s ~
= 5 g g 1CS8440211
s e 8 g 125MHz
refclk 250MHz poverup | | |3¥ 3
_configure | L
Clock glbelk 250MHz S
AD9528 200MHz
sysref
SPI SPI clk SMHz clk sys clk 200MHz|

master
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Test results

= Test the performance of ADC
= 10.3MHz standard sine wave
- SNR =58.4dB , ENOB = 9.4bit
- SFDR =75.8dB

= Test with SiPM input
= Analog input :

= Cosmic ray + SiPM (S13360-3050VE) +
plastic scintillator

- ADC board : Full-bandwidth 1GSPS o e e e
8225§ S.P E ?ignal o SiPM: $13360-3050VE
" Test rESU":S %8'220;' iggl)s::::i\?l_s:? ADC:.0.1038mVILSB
S8215F
=  Waveform of an SPE signal and a cosmic 'gs,m__
ray signal sa0s
8,200 |-
=  Amplitude of SPE signal : ~ 42 LSB, 105 F
4.4mV N I e
* Noise level : about 10 LSB, 1mV An SPE signal A cosmic ray signal



) YALAAY | i

SHANGHAI JIAO TONG UNIVERSITY Tsung-Dao Lee Institute

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

a0 I

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

a0 I

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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Extrapolation: rare processes =z

=

5 'E ] ‘ s 5 'F ] \ i

‘g 102 C Dark SHINE Preliminary EN EC AL ‘ - ‘é 10_2: Dark SHINE Prellmlnary ‘ EN target -

3 1o = 3e+14 events @ 8 GeV - ‘ | B 3 o4 = 3e+14 events @ 8 GeV | - ‘ 5

g L Eliga< 100 MeV, Ef°" < 2 MeV | _ % L ES2 <100 MeV, Era"ce"<2MeV‘ | ]

z 10° = | M/; z 108 | =

8 100k | | — 8 10tk | | -

i) = — @ = —

& 1070 \ = & 107 \ —

5 10‘12 — — ‘5 10_12 — —+—set4 —

5 1o 3 e e 013 Sum: 0.015

& 1070 | 5 Lot 1 0.013 4 ~3x10"* EOTs
1078 ‘ = 1078 ‘ ‘ —
1020HH\HH\HH\HH\“H\H‘F 0jwH\‘H‘\HH‘HH\HH\“H*

2000 3000 4000 5000 6000 7000 8000 2000 3000 4000 5000 6000 7000 8000 . .
Cut on E°® [MeV] Cut on E2 [MeV] Vahdated USIIlg

simulated inclusive

= 1F \ \ \ T 1 3 = 1F ™ \ T \ \ 3
S - - _ i il N s
3 102 Dark SHINE Preliminary ] 3 10_2; Dark SHINE Preliminary . back round.
5 104 = 3e+14 events @ 8 GeV PN—ECAL /f § B i 3e+14 events @ 8 GeV PN—target } 5 g
% L Efn < 100 MeV, N < 2 MeV i //’"‘ - g 107F E% <100 MeV, EY™®' <o MeV | _
z 109 = > 10°F - | 7
o = — o — —
S 100 = S 10% | | =
c -10 |__ — C -10 | 1
% 10 L | | _ % 10 C set1 | _
5 1012 ‘ ‘ — 5 10712 = ——setd ‘ ‘ s
Siouf —ww f} . f} B R I }7 - }ff
3] 7 _| © C il
o B = © = —
T o106 _ — S 1016 — - —
stE 5.93x107> 3 EetE 2.53x10[”7 |3
107 | | 5 1078 = | I
1020 L L1 Ll . 1 f 10720’7”H\H"\HH\“H\HH\“H*’
2000 3000 4000 5000 6000 7000 8000 2000 3000 4000 5000 6000 7000 8000
Cut on EX2 [MeV] Cut on Egy [MeV]
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Background estimation validation

a0 I

% 10 T T T T I T T T T I T T T T I T T T I T T T T I T T T % 1 08 : L I T 1T I T 1T I T 1T I T 1T I T 1T I T 1T T 1T L :
3 15 Dark SHINE Preliminary i]vclusive : £ 10°F o 3
% 10"E 50,14 events @ 8 GeV 3] , | Dark SHINE Preliminary 6.5GeV - 4.5GeV T
g 10%E Mascel | S 102 - 2.56+09 events @ 8 Gev  18CGeV 6GeV 4GeV
& 10%F Frca<100MeV, E =~ <2MeV | @ 10°[ 1e+07 events @ 3-7.5 GeV ¢;t§g\?v g&gg\?v ggee'\?vj
3 10 | o 1= --Function e®0000e
2 408 | 2 102 —Fitfunction . _
2 10—6 O F S =
& | 2 107 =
G,>) 10_7 setl -'CB 6 — —
s 1078 —— setd GCJ 107 & 3
§ 10° —— truth ‘ 5 1078 :: =
g 107" | S 107" —
Lt 10—11 ‘ c 12 — —
o = —
1072 | 3 10 14 i
107 g 107" =
10—14 oo b A l L 1 0—16 N 1 v b b b b b b
2000 3000 4000 5000 6000 7000 8000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000
total
Cuton Egcq [MeV] ECal Energy [MeV]

method cut-flow rare. extrap. incl.- extrap. incl. vali.  invisible
yield 0 1.5x 1072 2.53x 1073 9.23x 1073 negligible




