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R&D of Dark SHINE ECAL

Zhiyu Zhao(TDLI/SJTU
On behalf of Dark SHINE Working Group
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Dark Matter Search Experiments

A DM evidence from astronomical observations and gravitational effects:

AGal actic rotation curves, Gravitational | ensing, Cosmic Mi

A Lots of DM search experiments with different approaches:

A Underground experiments (direct): PandaX, Xenon, &
A Space experiments( i ndi rect ) : DAMPE, AMS, é
A Accelerator-based experiments (production): Belle-Il, Bes-lll, LHC, NA64, DarkLight, L D M X é

Collider

Galactic Rotation

Observed

a
3
2
3
2
g

Expected (calculated)

ve(r) = \/@

Direct Detection

stance from Galactic Center (light years)

]
Indirect Detection
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AThe toruetedzemechani sm predict the mass of dark TeMatt et
A Weakly Interacting Massive Particles (WIMP): No evidence yet. A large parameter space ruled out in
GeV~TeV mass range.
A Light DM (F): Sub-GeV mass range not fully explored yet.

A Difficult to measure its scattering with nuclear.

-3
10 =0 LUX (M)
" CRESST (Surf)
Mass scale of dark matter N
(not to scale) 10736 N
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g 103 9 o
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https://arxiv.org/abs/1904.07915
https://arxiv.org/abs/2104.07634

Search for Dark Photon

AR

Tsung-Dao Lee Institute

A Dark photon is an important portal between the (SM) particles and the dark matter.

A Dark SHINE is a fixed experiment based on the minimal dark

A Dark photon bremsstrahlung and invisible decay

@_w

Bremsstrahlung, g1© gi= & wed®
==, fixed-target experiment

Annihilation, Q'Q © 61, Q'Q collider
Meson decay, “ © O or—90 o[ (wW/
a A 5 ), high meson production

experiment

Drell-Yan, AR © 6 , hadron collider /
fixed nuclear target w/ proton-beam

TSUNG-DAO LEE INSTITUTE

-photon model

1
L = Loy + eFFVE, + 2 F'WWEy, +my A'MAL

N

AN

Kinetic mixing term | | Field strength tensor

Dark photon field

production I decay

Bremsstrahlung

Visible Visible
Annihilation

I q
= (VAVAVAVAVEY
\ ! '
A, ] A,
) I q

Invisible

A Visible decay
Two interaction vertices © production rate
highly suppressed

A Invisible decay
One interaction verticeY i nt er act
probability enhanced

Better sensitivity!

Missing energy,
Q3 e F e missing momentum



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

The SHINE Facility
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SHANGHAI JIAO TONG UNIVERSITY

A Shanghai High Repetition-Rate XFEL and Extreme Light Facility (SHINE) can provide high repetition rate

singeel ectron beams

A Electron energy: 8 GeV, Frequency: 1MHz

A Expected to achievex o p 1 electrons-on-target (EOT) per year

Y wtobendesiymed and deployetl. ki c k er

Science Bulletin 61, 117(2016), 72@27

Dedicated to achieve 10MHz single electron beam
with high repetition - rate kicker for Dark SHINE

FEL kicker FEL kicker

DarkSHINE kicker

~ 1 electron
100 pC

FE R E R R
- - mmem owowm

60 ns
) 600 ns i
1us
To DarkSHINE
. 2 A :»’«., : VHF Gun L BC1 k2 BC2 L3 FEL-11 (0.4-3 keV)
750 keV CM00 CMO1 CM02-03 CM04-21 CM22-75 g W -
Shaft 1 Shaft2  Shaft3  Shaft4 Shaft 5 e - . ——— —
\ \ Kickers
Buncher 120 MeV 270 MeV 2.1 GeV 8.6 GeV \
2.4 MeV 12A 85A 1500 A 1500 A \\
4 % b FEL-1II (10-25 keV)
: SHINE linac
8GeV SCRF linac  BDS FELs BLs NEH BLs FEH
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https://www.sciencedirect.com/science/article/abs/pii/S2095927316301347

Signal & Background Signatures

incoming

P

A Signal signature:

Most of the incident

INVISIBLE DECAY MODE qu > 2mx i
momentum IS Erecoil < l/Z]'Eheam
transferred to 0 .
Ve
Bea
X
A Major background processes:
outgoing  relative rate 1 .
| oo e Leading background:
i ¥ e'e (ECA o Photon bremsstrahlung
5 E 1072
% _ o Rare processes:
% %—> y - e'e” (Target [350um])
%aﬁ—»phOtO—MCbar(ECAL) 10 Photon_nuclear, r O . "
o /o €A " electron-nucl ear é
Visible backgrounds E“-\—»(Target [350um]) ?W:—»nuclearﬂarget [350um]) 107 o
\ Invisible background:
— y oyt (Target [350um]) ], s . .
y L ° Neutrino productions
A 10°°

invisible backgrounds << 1078

TSUNG-DAO LEE INSTITUTE
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Event Fraction

102

10!

100

SHANGHAI JIAO TONG UNIVERSITY Tsung-Dao Lee Institute

Background

Missing momentum
and missing energy,
vetoed by HCAL

0.1 GeV
0.5 GeVv
1.0 GeV
1.5 GeV
2.0 GeV
Background

Electron Energy:
Ec.= 50 MeV

1 2 3 4 5 6 7 8
Electron Recoil Energy E. [GeV]
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Sci. ChinaPhys. Mech. Astron.,
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o pmt EOT per year

rate single e -beam, energy loss + momentum loss, homogenous calorimeter,

A Innovation: high

Dark SHINE Conceptual Design
A Aim to achieve internationally competitive sensitivity in the search for dark photon

A Searching for MeV~GeV light DM with dark photon invisible decay
A Fixed target experiment with 1~10MHz single electron beam @8GeV,

DARK SHINE, 1E16 EOT

66(1): 211062 (2023)

Sensitivity
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- Readout electronics, trigger system| 107*=———
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TDAQ, magnetic system (1.5T)
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- Incident and recoil electron tracks

A Tracking system



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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ECAL of Dark SHINE

Energy Resolution
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A Large size: contain all of the EM components

A Target: measure the energy of recoil electron and gamma
A Radiation hard: survive in ~

A Fast response: minimum to 1us -100ns time window

V, 40ns decay time, density

A LYSO: >30000pe/Me

A Design: LYSO crystal calorimeter with homogeneous structure
A Total length

C® B

~39 ®

True Energy [GeV]

Hadronic Calorimeter (HCAL)
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A Software development

A Introduction to DSS framework
A Detector performance:
A Signal region definition, background rejection and signal efficiency

A Optimization of ECAL size

T

Estimation of radiation dose
A ECAL reconstruction algorithm
A Foxvwhu Il rupdwlrqg 2z Fox-WrackMatcMyo! wwl qj z Foxvwhu

A Fast simulation with machine learning

A Hardware development

A Unittestin lab
A LYSO intrinsic radiation, Light yield test and simulation for LYSO crystal units, SiPM dynamic range test and
simulation
A High speed and large dynamic range readout electronic system

A Beamtest for a 4 -ch LYSO crystal module

TSUNG-DAO LEE INSTITUTE @3 e ()
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A Software development

A Introduction to DSS framework
A Detector performance:
A Signal region definition, background rejection and signal efficiency

A Optimization of ECAL size

T

Estimation of radiation dose
A ECAL reconstruction algorithm
A Foxvwhu Il rupdwlrqg 2z Fox-WrackMatcMyo! wwl qj z Foxvwhu

A Fast simulation with machine learning

TSUNG-DAO LEE INSTITUTE Q3 e F O
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Dark SHINE Software Framework

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

(TGeoManager) Secondaries

MC Generator p—
—
AnaEvent : DEvent 7

Phy. Processors

CalHEP

1

MadGraph

Event Display
Particle Gun

DDis

welboid uonenwis paseq-yiuean)
nwisqg

DPlot
Geometry

kg

TGeoManager

Cofiguration

Digitization Biasing
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Detector Performance

A Signal region defined by some signature of signal and background

(a.u.)

Signal _|
region

A Track number, missing momentum, missing energy, HCAL veto

A Only use the total energy of ECAL in the current analysis.

A Forc¢® p minclusive EOTs and ~p Tt rare process EOTs, we can achieve zero background.
A More EOTSs: extrapolation and ML fast simulation

A The Signal efficiency is about 60%.

DarkSHINE  Preliminary

56408 events @ 8 GeV
PP,
— Inclusive bkg
— 1 MeV sig.
10 MeV sig

— 100 MeV sig.
— 1000 MeV sig.

el

0: B p— e
0 1000 2000 3000 4000 5000 6000 7000 8000

PoyPro. (MeV)

8000 ¢

7000
6000
5000

Reco. energy in HCAL (MeV)

1000

4000 F
3000

2000 (-

T T

DarkSHINE  Preliminary
56408 events @ 8 GeV
Ecu V5. E,e,, inclusive

Reco. energy in ECAL (MeV)

of I I il i | Kl 1
0 1000 2000 3000 4000 5000 6000 7000 8000

rare background process: ~ p m EOT s

Reco. energy in HCAL (MeV)
w
o
(=]

Signal

DarkSHINE
80667 events @ B GeV'
E,., v8. E,, 1000 MeV

p OQw

Preliminary

Reco. energy in ECAL (MeV)

10°

102

R SO R I ! 1
U0 30004000 5000 6000 7000 8000

EN_ECAL PN_ECAL GMM_ECAL EN_target PN _target GMM _target Hard_brem Inclusive

Total events 2.48 x 107 1.66 x 10° 1.74 x 107 1.09 % 10 1.05 x 107 1.05 x 107 1.02 % 107 2.50 x 10°

—  Only 1 track 146 %107 1.17x 108 1.52x 107 6.38%x 100 617 x10° 77 8.03x10°  211x10°

Prag — Prec > 4 GeV 1091 5531 707 6.08 x 106 5.73 x 10° 1 7.19 x 10° 1.20 x 108

EWE < 100 MeV 135 1348 0 322135 75501 0 1.19x 108 2.89x 107

EMaxCell < 10 MeV 56 676 0 141808 27949 0 L12x 108  2.72x 107

EMaxCell < 5 MeV 30 363 0 63644 9999 0 1.01x 108 2.46x 107

|| Epdy <25GeV 0 0 0 0 0 0 0 0 |
TSUNG-DAO LEE INSTITUTE @3 e e
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Signal efficiency

By PAELAAY | AddEeT
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Signal efficiency
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DarkSHINE  Preliminary

3e+14 events @ 8 GeV

Sig. efficiency at all mass point

T

L R B L | T T

—e—All events

T T T

—&—O0nly 1 Tag. track & 1 Rec. track

®— Pincigent Precoi

—e—E" <100 MeV

HCAL
—e—E"%! <2 MeV

>4 GeV
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ECAL Size Optimization

A Optimized the ECAL size to have a high signal efficiency while

keeping the cost not so large.

A Large I z large recoil angle and small recoil energy  z large transverse size
A Small i z small recoil angle and large recoil energy  z large longitudinal size
A Basicunit ¢® c¢® Tda LYSO

Auv® uvu® 1 WA sizeis good

El°® <2 5GeV & E'°® <30MeV & EM¥°®'<0 1MeV

ECAL HCAL HCAL
> 1
o C
§ F
2 09F I iV
L - A
T 0.8 1 I I " om 1
c . |
= = x £ m = o
®? 07 = "
C | .
0.6 'Y ° ° b X'y Size
E o ¢ ®
0.5
C [ ]
04l e 14x14x11 N
-
0.3 A 28x28x11
02:_ v 35x35x11
0.1
0:1 1 1 | I| 1 1 111 III] 1 1 L1 1 Illl [l
1 10 10°

Signal Mas1so[MeV]
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Signal Efficiency
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1MeV

bEXAAY Audaa

Tsung-Dao Lee Institute

need large acceptance angle
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Radiation Damage Estimation

A 10MHz e - beam @8GeV with 3cm radius spot, o p 1 EOTs(one year)

A Under such a powerful and high  -frequency beam, detectors are subjected to a huge radiation dose.
A For crystal

1012

100 - 1010
. . . : . E 3 Gipmume,
A Damage: light yield reduction, uniformity, phosphorescene ) . £ 1} T wuoRiian
: : : : : - X B F 3 Evembe
A Max irradiated cell: ~ p mrad, about 15% light yield reduction - \ R R 5 - Fa—
) < 60 . N ) \v . NIR-HD 20pm
A For SiPM LR e “r
. . . . 5., LB o}
A Damage: increase of noise, reduction of resolution 5 e
25x25x200 mm 5
. . . »0 ¥ LYSOILFS (=425 nm) 10°¢
A Max irradiated cell: ~ p T equivalent 1MeV neutron fluence Ddar 2220 ) ‘ S
A gs)l((}~=g10 nm)a ) ) 10105 107 103 109 1010 1011
o Fluence [cm™]

le ID‘ |0= IDa 10’
Integrated Dose (rad)

Average Cell Energy Deposit per Event : : : Equivalent 1MeV Neutron
Light Yield Reduction of LYSO Fluence for SiPM

x
* 1 1 1 1 1 1 1 1 1 1 1 ol =
102 1 1.00008 1 1 1 1 1 1 1 1 2 :_ 2T6e+11
0997001 0897103  0.99857  0.998627 1 1 1 1 1 1 0.98 18 2a6estt testd 247ee11
059269 0892639 0997504 0998674 0898437 0.997228 0.996675 1 0.998123 1 [7496409 1038411 2040008 852410 17761
0989835 0.992631 0992432 0993919 0.996433 0998674 0997244  0.996684 1 0997939 - 1788411 6.20410
= 10 0991896 0.591821 0992622 099233 0893179 0096354 099696 099ETEO 100008  0.99723 0.96 16 }_uwtn 13Me+10 3416411 1466410
0992647 0991537 0999715 0992676 099227 0.094547 0996755 0996502 0.99TIIS  0.998695 ’ [5240+11 166e+12 043e+11 507estl  1dSe+il  1.88e+11 433e+11 289411
Eve ntS 0976741 0980322 0992289 0.994827 0998026 0996505 0.997754 " 780412 229e+12 1450412 395e+11 120411 9.25e+11
1 1 0956773 0.961819 0992025 03902268 0996509 0997862 0.996625 0.94 1 [Aa=E12) 2w GfsieviiSooyia) 1 2oz it (SR 2690+11
0986327 0382776 0993367 0996222 0998039 [3520412 7620412 T3de+12 3350412 7570411 89%e+t1  494es11
327473 0962257 0971724 0882113 0990332 0989056 [9.0%0+12  B90+12  4776+12 601e+12 185412 146e+12 280+ BTHes10 4830411
445216 0954865 0962512 (0969356  0.972696 0.971905 0.92 10 Geniz niserz otz 198eviz 12wtz | 15Sest1 8ZReHD
224.049 16.5662  6.5¢ 5 10" 095817 0964835 0972405 0.976302 0.874627 iss-ﬂz 2520412 21Be+12  118e+12 B.4Se+11  2.08e+11 9.92e+11
590005, - — 0077253 0390222 099256 0992272 0992353 [F38eet1 1510012 818011 14der12 611091l T220410 1586011 30%ee1t
> 0.962705  0.963454 099095 0992382 0.994426 099804  0.9984 09 H.02e+11 B3e+10  342erl1  3Sle+l  1.59e+11  6.TSer11
0990708  09B78 0987587 099003 0.992595 0.982296 0994857 0998779 (0.996615 0.997167 [lBeetl 246411 1.06e+11 d3estl  13Jesd0
10_2 992499  0.992481 0992594 0992499 0992302 0993606 0.996001 0998645 0996727 0.998254 0999033 4 ; 4386411 6.02e411 3128410 3296411
977301 0989134 0.992665 0892403 099337 0895066 0.998117 0996307  0.997361 1 0888712 0.88 - 1546411
973411 0988745 0990387 0952427 0993682 0998465 0996791 0996555 0999288 0.999866 0.997683 2 18311
1 0"3 986156 0992658 0993663 0994754 099778 0896852 0.95779 0.999286 0.999727 1 0.89922 0.86 - 4548411 6.256410
aspora , oagres |ossgenz  ossees josspren nempert | |, 1 | 1, 1 | 1 [ ok I L | \ I
2 4 [ 8 10 0 2 4 6 8 10
z z

z

[1] Ultrafast and Radiation Hard Inorganic Scintillators for Future HEP Experimeii2$ https://doi.org/10.1016/j.nima.2022.167661
[3] https://doi.org/10.1016/j.nima.2020.1642034] https://doi.org/10.1016/j.nima.2009.01.176



https://iopscience.iop.org/article/10.1088/1742-6596/1162/1/012022/meta
https://doi.org/10.1016/j.nima.2022.167661
https://doi.org/10.1016/j.nima.2020.164203
https://doi.org/10.1016/j.nima.2009.01.176
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Reconstruction Algorithm

A Motivation: distinguish the multi-particle event, use MVA to explore more physical opportunities

A Cluster Formation Y Cluster Splitting Y Cluster-track matching e+/e-

A Searching local maxima as clustering seed Clusters (MeV):
A Absorb the neighbor hits and merge clusters as much as possible 979
A Split when more than one local maxima 958

A Clusters match to track, subclusters matched to the same track merged

A Performance

A "90% E reconstructed in | eg-l00Bodor 00MeaV/tee r O :
A Cluster and track can be matched in low energy region

g 045E" = whteg ¢ [ e A @
*Shit: e -> Can be used for initial seeding 04
*Nhit: ® ® -> Can be used for secondary seeding 035 E 08
*Phitt ® @ ® - Can be used for clustering expansion 03E -
0.25— o [l ECAL-only
— | 5 oele 3 ECA e S0
02— _|_ some o (] B @— Remove unmatched (truth)
b @ -- ECAL + reconstructed track
6.15E- I 100h % L — 4 -- Remove unmatched (track)
(@] — -
o @ .»é O © ® 01 —'— 500MeV 99.5% with 90% cut 0.4 T~ ~
° - ‘e ©® - o "o &, ‘ e 0,05 | —f— rooomo sn e sov e = e
) o] E . ——— L
® e I S B Y S Y ST N} R Y R T o i i i 9
Leading Cluster E/ incident E 500 1000 1500 2000

Energy [MeV]
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Fast Simulation with Machine Learning

L L B

A Motivation: As we increase the simulation statistical quantities, it tends to "B Pl mensiy Divioaion E
be more background events closing to signal region =
A Geant4 simulation for o p 1 EOTs will consume a massive amount of resources
A ~5ms perinclusive event. c p 11 EOTs ~ p mCPUs run for 5 years
A Generation with deep learning network could save a lot of time/money wb

IR IR [ E
0 500 1000 1500 2000 2500

A NNLS+CGAN can work for ECAL energy data synthesis

ized

A p mispeed-up could be achieved £°°“l' DarkSHINE Simulation 1
i i i i 2 Total Energy Distribution ]
A Upgrade to provided shower shape for detailed validation 0.0%0
. 0.0251 = GEANT4 ]
0 NNLS+CGAN Architecture — WGAN-GP
g3 —— NNLS+CGAN
E 160 ‘
3 Background N R =L
---: aC roun N =! n. g Compress z axis -
S . g__ = 120 '.‘:_ e /\‘ s i -ﬁ.
E 80 ’
E_ 50 - 500 1000 1500 2000 2500 3000 3500 [:/(I]eo\.c{)]
= ¥ : \ﬁ— Discriminator .
E .. 40 EAd g T I o WGAN-GP I
§S|gna| Box Gy " 51-2‘ "\ . R o nusscean| O
E 20 T o1 >
E % . . ne oty o
= i 1 @ee9) . o
X z Y X Y
ECALenergy o e > _
.(‘;AN”Training 'F;c;w’ NNLS Module Training Flow Generating Flow

[1] Mirza M, Osindero S. Conditional generative adversarial nets[JrXivpreprint arXiv:1411.1784, 2014.
[2] Chen D,PlemmonsR J. Nonnegativity constraints in numerical analysis[M]//The birth of numerical analysis. 2010: 1099.
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A Hardware development
A Unit testin lab
A LYSO intrinsic radiation, Light yield test and simulation for LYSO crystal units, SiPM dynamic range test and

simulation
A High speed and large dynamic range readout electronic system

A Beamtest for a 4 -ch LYSO crystal module
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LYSO Intrinsic Radiation

A LYSO intrinsic radiation is from 0 &® ‘0Q
Aone b decay + three o9 decay
A Fit and sample the beta spectrum of 0 daccording to theoretical calculations.

And then simulate emission and absorptionofe-and 92 i n LYSO wi't

A Energy range=0~1.2 MeV, Yy o® T p T @ potential online calibration source

Intrinsic Radiation Measurements of 2.5*2.5*2.5cm LYSO
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Test of Unit Light Yield

A Test the light yield of crystal unit(LYSO+SiPM) with different crystal
sizes, different reflection films, and different SIPMs

A The light yield can be changed from 100-1400p.e./MeV

A Max energy deposit in one crystal ~ 2GeV Y >¢ p mp.e. light output
Light Yield Light Yield Light Yield
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Tyvekl, 3 layers
Tyvek2, 3 layers
Teflon, 3layers

NDL EQR10-11-3030D -S, 90000 pixels
NDL EQR15-11-3030D -S, 40000 pixels
NDL EQR15-11-6060D -S, 160000 pixels
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Light Yield Simulation

A Crystal Number
A 0 ® ¢® c®0Oa0OYY vdd window
A ® ¢® vdad dYO uva a window

A . ¢® ¢® pmadOYP b a window

A The simulated light yield and resolution roughly

match the experimental results
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SiPM Dynamic Range Test

A Use PMT and Si-PIN to calibrate SiPM output
A Pico-second laser: ~40ps pulse width, 405nm wavelength
A Beam splitter: divide the light between SiPM and PMT
A SiPM: HPK S14160-3010PS, 10* & pixel, 89984 pixels
A PMT: determine the number of pe that SiPM received
A Si-PIN: auxiliary scaler
A Toy Monte Carlo of SiPM and crystal luminescence
A ¢ p mphotons light input~ 40% non-linearity in SiPM output

Beam splitter In IHEP SiPM Intrinsic

Laser
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Studies on wide dynamic -range SiPMs with high pixel densities, Zhivu Zhao TIPP2023
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Toy Monte Carlo w/:

A SiPMpixel density, PDE spectru
crosstalk, pixel recovery effect

A LYSO emission spectrum,
scintillation decay time
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https://indico.tlabs.ac.za/event/112/contributions/2992/attachments/1231/1678/20230907_SiPM_Dynamic_Range_TIPP2023_ZhiyuZhao.pdf




