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Content

* Introduction to MAPS-based Inner Tracker (ITKM) for STCF
* MAPS sensor simulation and optimization

« ITKM simulation and performance
» Introduction to OSCAR framework
» Full simulation process
» Detector simulation and digitization

» Reconstruction performance

e Summary
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Super Tau-Charm Facility

» STCF: next generation e*e™ collider in China
» Detailed study of T — ¢ physics

> Precise tests to the SM Unprecedented high luminosity brings

> Searching for new physics challenges to all detectors, especially
» E.,, = 2~7GeV Inner Tracker
> Peaking luminosity >0.5 x 103°cm™2s~1
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MAPS-based Inner Tracker
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Requirements for Inner Tracker

» 0.3% X, per layer

» 0rp < 100um

» Tracking efficiency >90% @100MeV/c
> Hit rate ~800kHz/cm?

Scintillator

m—=p

Two ITK options:
» URWELL-based ITK (ITKW)
» MAPS-based ITK (ITKM)
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Requirements for MAPS
» Power consumption <

100 mW/cm?

» Moderate position resolution
» Good timing of ~50ns
> Detection of energy deposition

Monolithic Active Pixel
Sensor

v
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Mature CMOS
technology

Highly integrated
Small pixel pitch
Low material budget
High SNR

HR-MAPS with pixel size
170pum X 30pum chosen as

the baseline design for ITKM
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Preliminary design of ITKM

Drift chamber inner

160° radius 196mm 20°
r3=160mm
,=98mm
r;=36mm

Beam pipe outer

radius 31mm
ITKM1 36mm 583.9 160°

. 2
ITKM2 98mm 32 30 3892.7 > Total area: 15000 cm®
> Pixel numbers: 270 million

ITKM3 160mm 52 48 10120.9
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R&D overview

MAPS design going on under three different technologies
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MAPS sensor simulation

« TCAD simulation in different technologies
» Pixel size: 170pm X 30pum
 NWELL size 2um

« NWELL-DPWELL spacing 2um
> TJ180nm
» GSMC130nm
» BCIS90nm
» Modified-TJ180nm (N-blanket design)

NWELL size spacing j
NWELL .

DPWELL

BCIS90nm Modified-TJ180nm
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Sensor capacitance simulation

» Nwell voltage set to 0.8V, substrate voltage
scanned from 0 to -6V

Capacitance with V_bias

60.0

50.0
Techno Capacitance @

Vsub — _6V 40.0

TJ180nm 27.0fF 300

20.0

CIfF

GSMC130nm 27.1fF

10.0

BCIS90nm 27.0fF 0.0
0 -1 -2 -3 -4 -5 -6 -7
. V_bias/V
Modified- 17.4fF ——TJ180 standard ——BCIS90 ——GSMC130 —— Modified-TJ180
TJ180nm
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Sensor signal simulation

7.00E-07
* lonization injection from center of pixel 6.00E-07
« lonization density 80e ™ /um o
g 4.00E-07
» Thresholds vary across different technologies [y
§ 2.00E-07
1.00E-07
0.00E+00 : : 1
0.0H+00 5.0E-09 1.0E-08 1.5E-08 2.0E-08
-1.00E-07
Techno Collected | Collection | TOA @ 4?;2 f‘
charge (e) | time(ns) threshold(ns) 3.5E-16 |
TJ180nm 2039.81 20.56 0.21 SE-16 7
L\) 2.5E-16 A
GSMC130nm  2477.65 89.72 0.30 C'E’a 2E-16 |
[qv]
BCIS90nm 1153.17  1.28 0.16 S 1?;2
Modified- 1969.85 1.81 0.20 5E-17 1
TJ180nm 0 ; ; ; -
_5E_£J7Od+00 5.0E-09 1.0E-08 1.5E-08 2.0E-08
time/s
—TJ180 standard =——BCIS90 =——GSMC130 -——Modified-TJ180
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Introduction to OSCAR

« The Offline Software of STCF (OSCAR) is designed for detector OSCAR
design, MC data production and physics analysis at STCF f External Library/ Tools
- External libraries & tools
> Podio, G4, ROOT, DDé4hep ... ;
» Core software
»> common platform for the offline software Core Software
> underlying framework: SNiPER
* Applications |
» STCF specific application software 5
Applications

Generator Geometry Simulation i
Digitization § Reconstruction | Analysis

~
~

OSCAR is now the common
platform for full simulation of
all sub-detectors

2024/5/24 S5 VU Ja 2 ARG BRI 28 1 £ 10



Full simulation process under OSCAR
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Event generation

Physics events

» Particle gun
* (Generators

__________________________

Background events

>

Detector
geometry
Physics lists
User actions

L

Detector simulation

1

Event mixing
* Mix the beam
bkg to the

physics events

_________________

+ Touschek |

. » Luminosity -

'+ Beam-gas
2024/5/24

B G RS AT i &

Digitization
* lonization/
Optical-photon

emission
» Propagation
> Charge
collection

» Signal waveform
» Electronics
response

Performance

« Efficiency

* Resolution

« Particle
separa;tion power

RN

L

L

Reconstruction

» Clustering
>+ Tracking

« PID

N Z

Analysis

« Global PID

« \ertex fitting

» Kinematic fitting

11
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« Geometry constructed by DD4hep Simulation
» Stave width 2.2cm l

» Chip size 2cm X 2cm Geometry Service > Digitization

> Pixel geometry: 170pum X 30um TJ180nm techno l
» Material budget 0.31% X, per layer

Reconstruction

I TKM geometry

Off-chip

Kapton 500um electronics
& Support

copper 10um On-chip
silicon 10um electronics

silicon 50um Sensor

2024/5/24 S5 VU Ja 2 ARG BRI 28 1 £ 12



Simulation and digitization of ITKM
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* Digitization is the bridge between simulation

and reconstruction

* Its accuracy largely determines the reliability

of the full simulation

Two different digitization
methods implemented
under OSCAR framework

2024/5/24

Particle gun/

Generator
Doping concentration/ MC particle Standalone
Electric field/weight M simulation

potential profiles from

. . results from
TCAD Geant4 simulation Allpix?
x ITKM MC hit /

Digitization by Digitization
full propagation _
of e-I?] papirg ITKM Pixel hits by sampling

> Pixel id

> TOT

> TOA

lLCIuster reconstruction
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Simulation settings

In order to precisely simulate the ionization in 50um silicon layer:

« Step limitin SV set to 10pum

» Geant4 PAI model registered

All step information in SV is saved for the purpose of digitization

3000

2000

2500~

1500
1000

500

—— StepLimiter+PAl .
 StepLimiter Average Average * Energy depos_ltlon does not
— Mone steps per hit | secondaries vary much with model
: settings, MPV is about
- per hit 15Kke\/
StepLimiter 7.14 0.0061 more steps as well as more
accurate generation of
Energy deposition | None 1.00 0.0056 NS
- for MIP
Y T X R (X TS S

ITKHitCol.depositEnergyTotal

2024/5/24 S5 VU Ja 2 ARG BRI 28 1 £ 14



FRBEZLAL*S

University of Science and Technology of China

Digitization method 1

1. Generating e-h pairs according
to deposit energy
Precisely simulate the signal 2. Simulation of e-h propagation,

generation process in MAPS including:
> Drift
» Diffusion
» Recombination
» Trapping & Detrapping
3. Inducing charge on electrode
according to Ramo-Shockley
theorem

» “Full propagation” method

S

collected charge

electric field weight potential
2024/5/24 2 VY i 2 AR S RN SR T 2 15



Digitization method 2
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» “Sampling” method

Pursue faster processing speed with
the help of standalone simulation
results

nwell
electrode

Front

Back

Center pixel

2024/5/24

Incidence parameters are
separated into a series of bins:

» 0 (5 bins, 0-90°)

> ¢ (6 bins, 0-360°)

» Energy deposit (5 bins, 0-120keV)
» Position (5x5 bins)

5 VY i 2 SRR S AR S s =

Sampling from
Allpix? result
datasets

S

collected charge

16
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Electronics response

 Aseries of sensor signals from randomly incident

g . . . TOA h TOT h
particles are fed to electronics simulation e v RS vs enaree
2 Entrie 015 ) ~,5'”' )
« \oltage signals after analog front end are obtained " oa) i 5
mneeal f e
« TOA and TOT information is recorded z |
F 0C o5 Meany 7587e06
: -
current signal 0.5;— 5¢ 20:— :
P FEFFEFEEEEEEEF : ;i o F N
-2E-08 0.95] ) g 10:_
:Egi ;:||\||\|||||||| L AT uaure D_|||I||||I||||I||u|||||||||||||||I||||I||||I||||
e 0 1000 2000 3000 4000 5000 6000 7000 800(:: :grﬂ‘é};(g)ﬂfm 0 1000 2000 3000 4000 5000 6000 7000 SOOOC ﬁaorogfg(g)ooo
> Relationship between
current signal TOA/TOT and collected
o charge obtained
acos ([ 7T RRERAERAREEEE » Given a charge value, the
- TOA/TOT is calculated
with a Gaussian smearing
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Method Full Sampling
propagation

Digitization performance

ITKMDigiCol.charge ITKMDigiCol. TOT ITKMDigiCol. TOA - o
e I e Memory usage Negligible
Time cost 0.5ms/hit
aooft s00f- Average 1080e™
ol a0l collected
Full = : charge per pixel

MU I N AN A A Q ST TR RO ATIra ol by Lo by et N
00 6000 800D 1000012000140001 600018000 ] 10000 20000 30000 40000 50000 60000 o 500 1000 1500 2000 2500 3000 3500

p ro p ag dt fﬁ ITKMDigiCol.charge ITKMDigiCol. TOT ITKMDigiCol.TOA Ave r ag ec I u Ste r l ) 8 3 5

size after

ITKMDigiCol.charge ITKMDigiCol. TOT ITKMDigiCol. TOA .
i e , e reconstruction
i oo g owon_sm0 i owon_oms More Faster, less

accurate for memory
small signals usage
Optimization for both methods is in progress
- Qo s aaba a6 5035 T5400' 490 Taaco R RN o a0y B 3t 2 05 35bo

S am pl | ﬁq ITKMDigiCal.charge ITKMDigiCol.TOT ITKMDigiCol. TOA
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Cluster reconstruction

 Cluster finding: hit pixels inside 3*5(z*rphi) range classified as one cluster
 Cluster position reconstruction: charge centering (TOT converted to charge)

v | Vv
v
R-¢ I!!*

v
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Efficiency
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« Simulation settings:

» 1GeV/c muon, 8 range 20°-160°

> Pixel threshold: 300e

efficiency

Efficiency of three layers

1.02
E ~|»mu-7layer0
101f + mu-_layert
; +mu-_layer2
1 g_ _H%ﬁ#;ﬁg% | #ﬂ%ﬁﬁ%ﬁ{
0.99 :— ﬁ# gﬁ
o gl
vor| f ﬂﬁim +
0'960_ 2‘0 '4‘0' elo' | ‘3|o' | '1(|)o | Héd | |14|td | I1éd T80
theta
Detection efficiency vs.
polar angle
2024/5/24

Efficiency of three layers

? 1.0042_ ~|»mu-_layer0
g 1.003 ; ~|»mu-_layer1
% 002 ;_ +mu-_layer2
1.001 E—
0.999 f—
0.998 E—
0.8997 ;
0.996 ;
0.995i | i | | I I AR R
0 20 40 60 80 100 120 140 160 180
theta

Clustering efficiency vs.

polar angle
5 DY 6 5 A S TR I B 4+

Average detection
efficiency 98.5%

Average clustering
efficiency >99.9%
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Position resolution
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 Simulation settings:
» 1GeV/c muon, 8 range 20°-160°
» Pixel threshold: 300e

Residual RPhi RMS Map (position) in um
'.g_sso =

300 —
250 —
200 [-
150 —
100 —

50 |

Residual RMS (rphi)

2024/5/24

% 20 40 60 80 100 120 140 160 180
theta

22 & 350
o

300

250

200

150

100

[
=)
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Residual Z RMS Map (position) in um

20 40 60 80 100 120 140 160 180
theta

Residual RMS (z)

5 VY i 2 SRR S AR S s =

70

60

50

40

30

20

10

e 0,=374um
Orpni = 6.4um

v" No correlation between
pixel position and position
resolution

v The resolution is better

than (pixel pitch)/v/12 due
to the charge information

21



Timing performance
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« Simulation settings:
» 1GeV/c muon, 8 range 20°-160°
» Pixel threshold: 300e

ResidualTime_total

~ Besidua\Time_total
40000 i— s
35000 -
Method -
30000;
. Eixel xvith largest charge (TOT) is chosen as 25000 - Time resolution
seed 20000 - ~7.4ns
* Seed pixel’s TOA calibrated by TA- 15000
relationship gives the time stamp of this .-
cluster - Contributions from noise
: . 20001 d TDC not included
« Compared with the MC hit time to get SN and : !
residual 050 40 -30 -20 10 0 10 20 30 40 50 which are simulated to be
time (ns) about 30ns
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Summary

* MAPS-based inner tracker for STCF is under R&D in USTC, aiming at :
» Orp < 100um
» material budget 0.3% X, per layer

« TCAD simulation conducted for 4 different technologies:
» TJ180nm standard, BCIS90nm, GSMC130nm, TJ180nm modified

* ITKM full simulation chain is accomplished under OSCAR framework
» Two different digitization methods implemented and their performance well studied
» Cluster reconstruction of 1GeV/c muons shows good performance of ITKM:
v" Average detection efficiency 98.5%
v’ Position resolution: o, = 37.4um, o,,p; = 6.4um
v Time resolution (sensor only) 7.4ns

In the future:;

» Track reconstruction study
» MAPS sensor structure optimization
» |ITKM geometry optimization

2024/5/24 o5 DU Je 2= SRR SR 28 A 2 23
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Features at Tau-Charm energy region

¢ =
Cce gng T

« Tau-Charm energy region (2-5GeV):
» Transition region between perturbative and non-perturbative QCD
» Rich of resonances structures
» Threshold of pair production of hadrons and tau leptons

» Mass location where exotic hadrons, gluonic matter and hybrid exist ( No e*e- Collider
* Rich physics programs in the tau-charm region to be explored Opportunity
for future TCF
102 — S, — 87868.58 nb AR =¥ == : 0o : AR AZEAR(2595) /\
— = ow 74757300 R " .
W [— o= 22.70 nbl A (2625) St
g | - s
e +..._, 5;23'5‘
AN - .Hﬁ?t@?n.fragm_enta_t!qd_ me_c_han_'_’sfm_.
Iq'l -EH : ; . etetelys » ceceee
+ | )
el® 1FE | g = : : Crucial to meet the
I — §vé - Bl;:SIlI - Bl :\ f'l . PL,UTF() reminding Challenges of SM
A .. = s PQCD+y and iwy's - KEDR - MAR 1\':1 . - Crystal Ball} I
1 L . o g o o T I
s 1 2 3 4 5 6 7
Vs (GeV)
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Considerations for STCF MAPS
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HR-MAPS or HV-MAPS?

charge

signal CMOS
electronics

\o

p - substrate

charge

signal CMOS
electronics

p - substrate

2024/5/24

Low material budget
> Power consumption < 100 mW/cm?
» Thin silicon layer ~ 50 pm

High hit rate
> Fastreadout HR-MAPS with pixel size

Moderate timing of ~50ns 170pm X 30pm _ _
> Fast charge collection chosen as the baseline design

> Record TOA & TOT information

Moderate position resolution requirements
» Enlarge pixel size if necessary (especially in z
direction)

Other considerations
» Technology availability
» Cost-effective

o VY Je - SRR SR T 2= 26
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Comparison of TCAD and Allpix? signals

[DepositionPointCharge]

. . source_type = "mip"
» TJ180nm techno, nwell size 2um, spacing 2um nodel = "epot”
spot_size = ©.8354um : 1 ‘2
* nwell 0.8V, substrate -6V # position = 1596um 8441.75um Settings in Allpix
position = 1611.96um 8526.1675um
* lonization density 80e™ /um # position = o @

number_of_steps = 160
number_of charges = 88/um

5

| | |
:_ x10 — x10 | : . x10 |
<< [ o r L [8) C
s L = L | I N = |
15 05— o I i 580 '
£ L C | 2 g r |
|3 - F Allpix? 5 03 L B + Allpix? 5L |
| i —TCAD : | - —TCAD . :
| 0.4 L 2 | L r

0.25(— Allpix r 60—
LT i jTclc.’t\D | | osf §  Allix’ |
| r C | I r 50 —TCAD I
| i 0.2 | I + r |
| 03— r | I B r |
L I i 40~ |
' - 015 : I o B :
| r | L 30—
| 02 | I N r |
| r | I . L |
| r 0.1— | | r 20— |
I i | I - g I
I o ' I - 10 :
: - 0.05- : : C B |
I L h r I | 02 0 I
I 07\ | |11 ‘ 11 ‘ L1 11 ‘ L1 1| ‘ L1 ‘ L1 07\ | | - | L1 ‘ Ll 11 ‘ | - ‘ I | L1 : I 01 ‘ L1 | L1 | | ‘ L1 ‘ | I ‘ L O ‘ L1 ‘ L1l ‘ I | ‘ L1 | | ‘ 1| :
I 0 100 200 300 400 500 0 100 200 300 400 500 I | 0 100 200 300 400 500 0 100 200 300 400 500 I
: time/[ns] time/[ns] | : time/[ns] time/[ns] |

Injection from pixel center Injection from pixel corner
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Details of digitization

 Three digitization options available:
» 0: sampling

> 1 Fle” sim based on Allpix?2, only electron propagation considered (default for Mores;:furate
now
> 2: Full sim based on Allpix?, both electron & hole propagation considered Slower

 Optional physics models for different physics process

# set physics models for full digitization

# modility model: jacoboni/canali/canali_fast/hamburg/hamburg_highfield/masetti/masetti canali{default)/arora/ruch_kino/quay/levinshtein/constant
ITKMDigi.property("mobility model").set({"masetti canali")

# recombination model: srh/auger/srh_auger(default)/constant/none

ITKMDigi.property("recombination model™).set("srh_auger")

# multiplication model: massey/massey optimized/overstraeten/overstraeten optimized/okuto/okuto optimized/bologna/none(default)
ITKMDigi.property("multiplication _model").set({"none")

# trapping model: ljubljana/kramberger/dortmund/krasel/cmstracker/mandic/constant/none(default)
ITKMDigi.property("trapping_model").set({"none")

# detrapping model: constant/none(default)

ITKMDigi.property("detrapping_model").set("none")

2024/5/24 S5 VY Jim 2 SARER SR 23 B 2 28



Clustering efficiency
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« Simulation settings:
» 1GeV/c muon, 8 range 20°-160°
» Pixel threshold: 300e

< 350
Q
300
250
200
150
100
50

0

2024/5/24

Clustering Efficiency Map (position)

0.6
0.5
0.4
0.3
0.2
0.1

0 20 40 60 80 100 120 140 160 180 0
theta

Average Efficiency vs.

polar & azimuthal angle
o 0 i 5 A SRR B4 £
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Cluster size
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« Simulation settings:
» 1GeV/c muon, 8 range 20°-160°
» Pixel threshold: 300e

ClusterSizeMap_total_pos_1D

1.6

! 4

+ o+
L T

e S
Ral s S PRI, I

1.4
1.2
1
0.8
0.6
0.4

0.2

Lo v b v b v by g Py
0 100 120 140 160 180
_ theta
Cluster size vs. polar angle

0 I IR T R B!
0 20 40 60 8

2024/5/24

Cluster Size Map (position)

ClusterSizeMap _total pos 1D

Entries 1406037 %350 :_
Mean 89.96 -
Meany 1.474 300 [
Std Dev 35.48 [
StdDevy 0.6835 B
250
200 |-
- Average cluster

150 size 1.47
100 |-
50 |

00 20 40 60 80 100 120 140 160 180
theta

Cluster size vs. polar & azimuthal angle
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Clustering performance in local coordinate
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« Simulation settings:

» 1GeV/c muon, 8 range 20°-160°

> Pixel threshold: 300e

Front

Back

Center pixel

2024/5/24

Clustering Efficiency Map (incident angle)

€ 350

o
300
250
200
150

100

50

Residual Z Map (incident angle) in um

N B ‘
0 20 40 60 80 100 120 140 160 180

E 350

o
300
250
200
150
100

50

5 VY i 2 SRR S AR S s =

0 20 40 60 80 100 120 140 160 180

0.2
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Cluster Size Map (incident angle)

=350
o
300
250
200
150

100 SUNEN

el b b b b b b
0 20 40 60 80 100 120 140 160 180

theta

Residual Z RMS Map (incident angle) in um

theta
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ITKM background estimation

Background simulation carried out under OSCAR
framework

» Three types backgrounds combined: Touschek (main
background), Luminosity, Beam-gas

 Latest bkg generators and MDI design

« Simulation + Digitization to get the background hit
rate in terms of fired pixels Three layers of ITKM

Arevage hit rate per unit Maximum hit rate per

Total hit rate / Hz area / (kHz/cm”2) unit area / (kHz/cm”2)
ITKM1 2.4E+08 411.7779 440.78
ITKM2 47691165 12.25144 14.66
ITKM3 47566214 4.699801 5.47

2024/5/24 55 VU Je 2 S AR GE SR 28 A 2 32
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Preliminary results on track reconstruction

* ITKM and MDC(Drift Chamber) together form the tracking system of
STCF

 Basic idea of track finding: conformal transform + Hough transform
 Track fitting uses generic track-fitting toolkit Genfit2

Hough space

o
£ | 2 2 f g f
0.015 P £ | g E e
R = e - = E o O o
MDC hit E = 5 e Eope T o B !
z | - g — S 095, - £ o[t ++
2 08, - . g - . g F 2 f i
5 p|+ g 081 -~ p|- 8 oo + U+ 8 T
.y _._. a | a [ “I Q08—
: 2 Tosst o mu-
g m 5 [l. 5 0.85— o C
£ 0.6 s S F S 07
T mosr I osf ooF
061
I i 0.75[
0.4 0all
I ! 07l 05f-
001 sl ™ i . 0.65[- 04
L 02
- L 08f- o
gl 0_'+‘5‘0“‘1'(‘)(‘)"1‘;6“2‘36"2“56“3'36“5;6“4‘“')6”“15‘6 TR T TP T T I IO ST TN A N T Y R TNTOTNIIVTTNTINTIN
E Mays 0 50 100 150 200 250 300 350 400 450 0 200 400 600 800 10001200 1400 1600 1800 0 200 400 600 80O 1000 1200 1400 1600 1800
i | | | | T p,{MeV) p(Mev) P (MeV)
0.02 .

Tracking efficiency for ¥(3686) » ™~ J/Y(utu™)

2024/5/24 55 VU Je 2 S AR GE SR 28 A 2 33



	超级陶粲装置上硅像素内径迹探测器的物理设计及模拟研究
	Design and Simulation of MAPS-based Inner Tracker for STCF
	Content
	Super Tau-Charm Facility
	MAPS-based Inner Tracker
	Preliminary design of ITKM
	R&D overview
	MAPS sensor simulation
	Sensor capacitance simulation
	Sensor signal simulation
	Introduction to OSCAR
	Full simulation process under OSCAR
	ITKM geometry
	Simulation and digitization of ITKM
	Simulation settings
	Digitization method 1
	Digitization method 2
	Electronics response
	Digitization performance
	Cluster reconstruction
	Efficiency
	Position resolution
	Timing performance
	Summary
	Backup
	Features at Tau-Charm energy region
	Considerations for STCF MAPS
	Comparison of TCAD and  Allpix 2  signals
	Details of digitization
	Clustering efficiency
	Cluster size
	Clustering performance in local coordinate
	ITKM background estimation
	Preliminary results on track reconstruction


