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The Super Tau Charm Facility

From H.P. Pend’s talk

BRRRERARANREF LRSI EF IR HR A RE
IEEE?EHJB% | X\Tﬁﬂ; . Quarks

E:\ Forces
P =

va
—

5% 8

P&

s RRLEEE 2-7GeV, BE >0.5x1035cm2 5! e
- AF#H—PIRASEFF OGS, EMBLRTOEED
* FithiBid1000E (S “"REXEZFRE" )



https://indico.ihep.ac.cn/event/21331/contributions/160964/

Requirements of offline software at STCF

Higher event rate, background, CPU consumption at STCF than BESIII

— .e. we need reconstruct the tracks and photon with good efficiency
and resolution, and identify them at high accuracy, with good speed

. Optimized .
Process Physics Interest Requirements
Subdetector
T - Knve, CPV in the 1 sector, acceptance: 93% of 4; trk. effi.:
JIW — AA, CPV in the hyperon sector, ITK+MDC > 99% at pr > 0.3 GeV/c; > 90% at pr = 0.1 GeV/c
D, tag Charm physics op/p=0.5%, 0y = 130 um at 1 GeV/c
ete” - KK + X, Fragmentation function, il /K and K/m misidentification rate < 2%
Dy, decays CKM matrix, LQCD etc. PID efficiency of hadrons > 97% at p < 2 GeV/c
T — UUU, T — YU, cLFV decay of T, PIDSMUD pu/m suppression power over 30 at p < 2 GeV/c,
D; — uv CKM matrix, LQCD etc. w efficiency over 95% at p = 1 GeV/c
T — YU, cLFV decay of 7, EMC 0g/E~25%at E =1GeV
Y (3686) — yn(2S) Charmonium transition Opos ® Smmat E = 1 GeV
ete” — nn, Nucleon structure EMC+MUD s 30-0 i
VP (Gev3)

Dy — K, n*n™ Unity of CKM triangle




Particles at STCF

e Charged particles
o e, U, K 1 proton (most have p < 2 GeV, lots have p < 400 MeV)
e Neutral particles
o y(energy coverage: 25 MeV - 3.5 GeV) and K, neutron (up to 1.6 GeV)

Charged particle momentum Photon ener K , n momentum
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in e phlly @ 6.0 GeV . Y in continuum @ 7.0 Ge - —— K, inD" decay @ 3.773 GeV
10" srer con AN STCF CDR 1in Ao decay @ 47 GeV 1 e KD’ Ko a1 5773 GeV

Kin KK+X @ 7.0 GeV

yint gecay @4.26 GeV E nin Ac decay @ 4.7 GeV
yin D" decay @ 3.773 GeV B nine'e— yISRnﬁ @ 3.773 GeV

v in Jiy decay @ 3.097 GeV 3L ” i
sl g fd 10°E nin Jiy— AA @ 3.097 GeV

ymD -»yD at4.18 GeV
yin w(2$)-> / n,(2S) at 3.686 GeV

7in - K’av @ 4.26 GeV
nin Jiy—AX @ 3.097 GeV
wint-yp @ 4.26 GeV
wint— 3u @ 4.26 GeV

win Domuv @ 3.77 GeV
efuin e'e— nmy(3686) @ 4.66 GeV
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https://link.springer.com/article/10.1007/s11467-023-1333-z#citeas

The detector and performance requirements

ITK (cylindrical MPGD/ CMOS MAPS)
e Material < 0.01 X0, g, < 100 uMm

291 cm

MDC (drift chamber)  (more in M. Peng’s talk)
—riten Yotk ———— ° Material < 0.05 X0

e O <130um, op/p <0.5%at1GeV/c

185 cm. _ ° dlf/dx resolution < 6%

T EMC RICH (Cs|-MPGD) & DTOF (DIRC-like TOF)
..~e PIDT/KPID efficiency > 97% up to 2 GeV/c
@mis-ID rate 2%  (more about RICH in Q. Liu's talk)

105cm—>» Bl

PID (RICH) |

" uoy|
\

EMC (pure Csl + APD)  (more in B.Wands talk)
® 0_<25%, 005 < 5mMm, 0,< 300 ps @1 GeV

40 cm

MUD (RPC + scintillator strips)

. . o e L PID efficiency > 95% with 11— p mis-ID
See an overview in J.B. Lius talk rate < 33% @ p = 1 GeV/c .



https://indico.ihep.ac.cn/event/21331/contributions/162520/
https://indico.ihep.ac.cn/event/21331/contributions/161238/
https://indico.ihep.ac.cn/event/21331/contributions/161207/
https://indico.ihep.ac.cn/event/21331/contributions/161273/

STCF offline software OSCAR




The crucial role of HEP offline software

e Offline software of experiment is the “converter’ from detector data
to physics data to make all physics analysis and possible!

e Plays a crucial role for detector design, alignment and defects/aging
detection

physics objects:
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The Offline Software of Super Tau-Charm Facility (OSCAR)

e OSCAR Provides common functionalities for detector design, offline event
simulation, reconstruction, calibration and physics analysis at STCF
o Afull chain of simulation + digitization + reconstruction + analysis has
been established, driving physics feasibility studies at STCF!
o Machine learning explored in simulation (e.g. EMC), reconstruction
(tracking, PID..) and analysis..

OSCAR
Detector geometry Magnetic field Event display
$—_‘4 < AﬁA
N physics Analysis and
Signal Generation —{ G4 simultion Digitization feasibility studies
G4 step mixing—| (Detector [*| Reconstruction F—— (global PID,
physics/beam/lu | #Ga simulation response) kinematic/vertex fit,
minosity bgs / == 7:7 statistical analysis...)
Generation CPU performance Physics performace

monitoring monitoring




OSCAR Core Software features

- W.H. Huang et al 2023 JINST 18

P03004
= Morein T _Li's slides

e Underlying event loop control using SNIPER (adopted also by JUNO,
LHAASO, nEXO, HERD)
e FEvent Data Model (EDM) based on podio (keyshep adopted by CEPC, FCC..)
e Detector description using DD4hep
e Supports multithreading,
Detector Simulation Tracker PID, ECAL, MUD . .

Reconstruction Reconstruction Machlne Learnlng and
omer [t ||| 7% ] | [(SER2m]  heterogeneous computing
""" U—r{&é;l_y—iﬁ_g_"" """5;,;5;,;5;""'5 STCF Core Software ¢ Supports event dlsplay'
i e database, tests..
gt || amomont | Validaton systom | ML Interface e Performance monitoring

I | Il | N
CPU GPU FPGA Many-core CPU



https://iopscience.iop.org/article/10.1088/1748-0221/18/03/P03004
https://iopscience.iop.org/article/10.1088/1748-0221/18/03/P03004
https://indico.pnp.ustc.edu.cn/event/1527/contributions/13271/

STCF tracking/y performance




STCF tracking challenges

e Most physics processes have charged particles with p. < 500 MeV/c
o More material effects — worse resolution
o Looping tracks with p. <130 MeV/c — fake/duplicate tracks

e High backgrounds and noise — worse efficiency and resolution
e Long-lived particles (non-trivial task in all HEP experiments!)

Simulated trajectory of single muon "I Y(3686) >/ /Y (— Py
with p;= 100 MeV, 6 = 9O .
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STCF tracking landscape

Tracker G4Step
Digitization
Position Raw Digi
Smearing

ITK Clustering,
MDC TO
reconstrution

Tracker measurements
(with error)

Dashed lines denote functionalities to be integrated into OSCAR

Graph construction —e Edge classification —
(nodes, edges) H
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\  Filter for merged track
| - ~ s s
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A Common Tracking Software
(ACTS)

Reconstructed tracks
'
Track extrapolation
|
PID, Vertex/Kinematic fit

!

Physics analysis

See on overview of HEP tracking
strategies in my slides here
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https://indico.ihep.ac.cn/event/22312/contributions/157013/attachments/78595/97892/tracking2024_takeaway_xiaocong.pdf
https://link.springer.com/article/10.1007/s41781-021-00078-8
https://link.springer.com/article/10.1007/s41781-021-00078-8

More about STCF tracking in H. Zhou's slides

Tracking performance

GNN + Hough Transform
W/ and W/O backgrounds

Hough Transform + ACTS
W/ 0O backgrounds
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e Combination of global and local tracking strategies to achieve the
maximum performance (Hough Transform, ACTS, GenFit, GNN)
o Tracking efficiency is above 95% in central region for p.. > 100
MeV/c, even with backgrounds
o  99% noise hits can be removed by GNN (more in X.Q. Jia's talk)
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https://indico.ihep.ac.cn/event/21331/contributions/161225/
https://indico.pnp.ustc.edu.cn/event/1527/contributions/13256/attachments/4796/7444/20240708_STCFTracking_Lanzhou.pdf
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https://indico.ihep.ac.cn/event/21331/contributions/161238/

STCFE PID performance




RICH reconstruction
More about RICH in Q. Liu's talk

liquid Radiator ”/’/,:\ \
e Different distribution of number of '

cherenkov photons for different
particles

e For each particle hypothesis h,
log-likelihood defined as

In Lh — Zsignal ln(PDFc,w + PDFBkg)

4 Anode

momentum/position ,

o DLLpg =InL; —InLg provides particle - | R |
D :

16

2GeV/c

simplified from Poisson %: 6=90°
e PDF_,, iscalculated on-the-fly based = 2GeVie
on extrapolated track e =
= £ 8=45°



https://indico.ihep.ac.cn/event/21331/contributions/161207/

ax=1050mm

Nye.
Ly = || NuSu(TOF)) + B
1

DTOF reconstruction

e Timing method (TOF):. ;
e |Image method (Time vs Position) has

better performance: | _ h Ni.Sh(chi,t) + B More details in Y.T. Feng’s slides
i=1

Difference of  PID eff. @2% K— 1 mis-ID rate,
W/ backgrounds, using the two methods
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https://indico.pnp.ustc.edu.cn/event/1527/contributions/

MUD reconstruction

e Associate MUD hits/clusters to ;

o charged tracks based on extrapolated track
position & momentum
o n/K_based on their ECAL showers

e Fine-binned BDT training using tracking + EMC
+ MUD reco features

PID eff. binned - PID eff. unbinned

More details in Y.L. Liu's slides

Trackinfo Clusterinfo
MomentumMag SeedTheta
SeedTheta SeedPhi
SeedPhi DeltaTheta
DeltaTheta DeltaPhi
DeltaPhi LargestDistance
LargestDistance Velocity
Velocity MaxHitLayer
MaxHitLayer MaxHit
MaxHit LastLayer
LastLayer PSHitCenter
HitAverageDistance LowHitCenter
HitEntries HitEntries
HitinRPC HitinRPC
HitInPS HitInPS
TrackType PSHitNorm1
TrackQuality PSHitNorm?2
EcalEnergy TrackType
EcalSeedEnergy EcalEnergy
ESeed/E3x3 EcalSeedEnergy
ESeed/E5x5 ESeed/E3x3
E3x3/E5x5 ESeed/ESx5
EcalDev E3x3/E5x5
EcalDev
BDT features
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https://indico.pnp.ustc.edu.cn/event/1527/contributions/13260/

Theta [deg]

/K PID efficiency with traditional likelihood method

e 97% /KPID efficiency for 0.7 GeV < p <2 GeV with 8 > 74°

©)

Room for improvement for 2 GeV with smaller 6

e >97% T/KPID efficiency for 0.35 GeV < p <2 GeV with 24° < 0 < 35°

nt PID eff.
From RICH
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/K PID efficiency with CNN

Polar Angle [deg]

36
35
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26
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24
23

More details in Z. P. Yao's talk

Using 2D map of TOF vs. channel of DTOF as inputs

Momentum and position extrapolated to DTOF fully connected layer
CNN can further improve performance in certain regions

©)

nt PID efficiency @2%
W/ O backgrounds

K— 1 mis-ID rate,

100

100

100

100

100

100

100

100

100

100

100

100

99.3

98.6

95.5

91.9

100

100

100

100

100

100

100

100

100

100

100

100

100

99.5

98.1

95.8

100

100

100

100

100

100

100

100

100

100

100

100

99.7

99.8

99.2

96.5

100

100

100

100

100

100

100

99.7

100

100

100

100

100

99.8

99.5

98.5

924

100

100

100

100

100

100

100

100

100

100

100

100

100

99.7

99.9

99.3

97.3

100

100

100

100

100

100

100

100

100

100

100

100

99.4

100

100

99.8

96.6

100

100

100

100

100

100

100

99.7

100

100

100

100

100

99.9

99.8

99.9

929

98.2

100

100

100

100

99.7

100

100

100

100

100

100

100

100

100

100

99.8

99.7

98.3

100

100

100

100

100

100

100

100

100

99.7

100

100

99.9

99.7

99.8

99.3

98.3

99.3

100

100

100

100

100

100

100

99.7

100

100

100

99.7

100

100

99.7

99.4

98.2

100

100

99.7

100

100

100

100

100

100

100

100

100

99.7

100

100

99.7

99.3

98.9

99.4

100

100

100

100

100

100

100

100

100

100

100

99.9

99.8

99.8

99.3

98.3

99.8

99.7

100

100

100

100

100

99.7

100

100

99.7

100

99.6

99.5

99.7

99.1

98.6

98.2

Qo

@

o

)

Q

Yy LY

b(

9

Momentum [Gev/c]

o

YV D

o AN % Q
NONTNTNTNTNT NN N N Y Y Yy Y Y

T Luu.vu
-97.5
- 95.0
-92.5
-90.0

87.5
85.0
82.5
80.0

Polar Angle [deg]

w
=

35

NN RN NN W W W W w
U o N WO PN WA

24
23

CNN has better performance at
large theta and p

CNN—TvsP pion Signal Efficiency
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u/mand (n, K )/y PID efficiency with MUD

e >05% | PID efficiency for p > 1.2 GeV (room for improvement for lower p)
e n/K PID performance is preliminary. Below 70% for now (>95% is expected)

U PID efficiency @3.3% n— n/K_ PID efficiency @3.3% y—n/K_
mis-ID rate, W backgrounds mis-ID rate, W/ backgrounds
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Global PID using BDT More details in Y. C. Zhai's talk

Confusion matrix

0.0% 0.07% 0.13%

e Using 45 features from
Tracker/dEdx/RICH/DTOF/EMC/MUD

e PID efficiency above 95% for other
particles except it
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More details in Y. C. Zhai's talk

Global PID performance

.« K/p GRE A <2%): . Kin(GRE 5 <2%): . wr GREAHN<2%):
P < 0.4 Gev/c : PID # & > 80% ° P<0.8 Gev/c : PID # # ~ 97% °  PID # % : > 60%
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summary
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Summary

e The STCF offline software allows for a full event processing chain
supporting STCF detector design, optimization and physics simulation
e Good tracking, photon and PID performance already achieved based
on both traditional and innovative ML techniques
o Still room for improvement in certain phase space region
e STCF physics simulation studies in a realistic scenario has started
e Currently, in full swing for both physics and CPU optimization to

facilitate further detector optimization

o Combination of different techniques/algorithms is the key for improvement
25
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From J.B. Liu's slides

Gaseous option: MPGD

HRWELL foil
Cathode & supporter ,

Total material budget ~ 4%X,
(walls included)

()
Drifl cathode e
Ry = 16cm =

Dr regon

+ t-

Main drift chamber

S ' 5 ¥ I
| ———————————————————————— |

S o9 08

Readout anode ey A . 00000

| = 1 = - L oG OFC

A\ NS BYe

3 layers of cylindrical uRWELL inner tracker QO0O0LOC
$Oo$H 0D

(with sensitive length of 33, 61, 88 cm respectively) OCcCO0C

Material budget ~ 0.3%X,/layer
Silicon option: CMOS MAPS

NWELL PMOS NMOS
Spacing DIODE i TRANSISTOR , TRANSISTOR
pacing Spacing

‘... p” epitaxial layer * >

P substrate

Particle Iﬂj

o3es,

SRARFRNE Inner tracker ~
Inner-outer separate designs to accommodate different levels of radiation background
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From J.B. Liu's slides

* Barrel PID: A RICH detector using MPGD .
( THGEM with Csl + MM ) for photon detection

Material budget < 0.3X,
* Endcap PID: A DIRC-like high-resolution .

EMC: A pure-Csl crystal calorimeter

= Crystal size
28cm (15X0)
5x5cm2

= ~ 8670 crystals

= 4 large area APDs

(1x1cm2) to
Charge particle f////j?{/é, enhance Iight yield

MUD: A RPC-scintillator hybrid detector

Baseline design

TOF detector ( DTOF ) s
(b) 7 layers of Ry [em]
plastic scintillators 2400 mm_ 1100 mm Ry [em]
ax= R, [em]
" R -1040 3 layers of Neutron Lgarrer [cm)
max= mm Track (0,¢) Bakelite-RPC «“shielding Tendcap [em]
ARl | Segmentation in ¢
Endcap Number of (!ctecmr layers
yoke Iron yoke thickness [cm]
\coﬁxponcnl (A=16.77 cm)
Solid angle

Total area [m?]

15mm
200mm

>
Vertex(0,0,0)

570mm

185

291

85

480

107

8

10
4/4/4.5/4.5/6/6/6/8/8 cm
Total: 51 cm, 3.044
79.2%x4n in barrel
14.8% x4 in endcap
94%x4x in total
Barrel ~717

Endcap ~520

Total ~1237
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Beam-induced backgrounds Fig. from JB. Liu's slides

TID NIEL

Gyly 1 MeV neutron/em?/y

10M

10

z T ]
g E £
3 150 = 3
® 100 ~ .
25 300 350
Z axis (cm) Z axis (cm) Z axis (cm)
Contributions on TID Contributions on NIEL damage Contributions on background count
10
@ B i 209 Beam-related background
g | Beam-related background B> Two Photon process
2 Two Photon process 308 Bl Radiative Bhabha
= Radiative Bhabha p
H S0
8 2
2 3 08
a 3
2 505
c pe
g é 04
2
a a03
c
§ £ 02 Beam-related background
é 2 Two Photon process
€ £ 01 Radiative Bhabha
o “ 0o

~ Wnerkacket -  MDC  PIDE PIDE ECALB ECALE MUDE MUDE — lInnertracker — MDC PIDB PIDE ECALS ECALE MUDB MUD-E

-~ Inner tracker — MDC PIDB PIDE ECALE ECALE MUDB MUD-E
Detector system

Detector system Detector system

Inner most detector layer: ~3.5 kGy/y, ~2x10"" TMeV n-eqg/cm?/y, ~1 MHz/cm?
The major challenge is to maintain or even enhance the state of the art performance
of t-c detectors in much harsher experimental conditions.
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MUD digitization

¢$MUD:
< |BhRJLfE: R+ FHEREEER, RFUSUTEEN
SHEThRILE . RINEERBL M, MFUEEFAF

, -
’
'
I

¥ ... KF .
d BIAN :
B &

NG Stand alone Geantd R XFidRE (ZX)
FullSim/**A y

naMgr SR Garfield (MR, ZXK)

RPCS &R BFRP.
wASEHEE KEFRNZY)
3z BAN

SR
Rz Digi

MUDZrhRJL{a
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* MC ## * ONEREE TS
«  Oscar hgZs:2.5.0

. GeV EEEE R) EI%%E BE
*  Exclusive MC :J/y — pmt E 2 ES S 24000

* EBER HERIE 14217 59.24%
T WREZNERE  GlobalPID M &A1 PR 14214 99.98%

good charge wrack 2

et mpEakoigey;  WIERMEEEERIN pion 12477 88.70%

. MR IBOHING T f1 BB EYIE 57 pion 12411 88.10%

I F Ey>25MeV (|cosB|<0.8) W§EM§SU7‘3 pion 10869 78.02%

IBESEF Ey>50MeV (0.86<|cosf|<0.92) e

RS & BRIFEME 9473 66.65%

N griod neuwal wack ~ 2 ™! = k
+  Global PID - _ —- - . 3 -

$gE g ¢ = Jpsl - | PiO = Rho |
© o TRRA & EMFIE F - === N s |

X2 > 200 A 3 —— e I

4 200/ :"m:m Mm: ::m:x«’: Mass un:, Wil B :::::::::1,: Mass




FHR 2% FEHIFER (ms)

ITK
MDC
RICH
DTOF
ECAL
MUD

ALL

RNESEM, BB ERIRINE 2R
YIRITE: ete- > j/psi W > W
BEIE

K AU R S

BRINSFERT . ~1s/event

67

24

46

130
55

136
403

=13
16.6%

6.0%
11.4%
32.3%
13.6%
33.7%
100%
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| mr SRR B m) |

ITKEF (k)
MDC #F1¢ (fE1k)
ECALEF
RICH #5716 (f&1k)
DTOF #F1t (f&k)
MUD #F1% (f&1k)
ITK Cluster B2

MDC Hit B2
Hough Finder

dE/dx BE
(ESUT S
ECALEE

DTOF £
MUD B
EA %R
E{IE R
HE
B

1.05
186.57
3.28
0.51
2.28
0.04

0.44
404.52

206.98
0.32

38.41
2.80
0.33
0.64
9.51

9704.71

0.95
1.35
100.18
0.55
3.87
0.58
0.04
0.13
306.1

0.51
38.61

62.97
14.90
0.29
2.30
/
14937.79

0.00%
0.01%
1.92%
0.03%
0.01%
0.02%
0.00%

0.00%
4.16%

0.02%
2.13%
0.00%

0.40%
0.03%
0.00%
0.01%
0.10%
100%

B+ BEFEN

YIIBEIE: ete- -->j/psi wp --> T

Iyty
SFERS: 9.7s/event
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Track finding with Hough Transform

[ Hits with noise J
’ 2D track finding

1l |
Tracker hit pre- | Conformal | 2D Hough Hough peak 2D fit (linear + circle
1 Transform Transform finding fit) with hit selection ,f

filtering (GNN)

& 3D track finding

: T - :
| 3D global fit with hit Stereo hits |
: d i 3D (s-2) linear fit sDHoh - 5
i | further selection Transform | association | ;

Tracks
‘ . _ > GenFit track fitting
merging/selection )

T

-
~~~~~~
~

houghspace
houghspace
Entries 9900 §

Mean x 1.571
Mean y 9.94e-06 ”

Hough space

N
\
\‘ y
g
“"-_-"’ )

P —
.. lStdDevx  0.9067 /
.| StdDevy 0.003596

- L N\
I o !
202 N s serenee T !
5 & - N : i 1

ed
N,

-~
--------
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Vertex fit

e \ertex fit transcribed from BESIII has been validated

I/ = A(= pr)A(— p7)

Invariant mass of A

2500

- = After Fit
L. Mean:1.116

o = Std Dev:0.004943
I Before Fit
= Mean:1.115
B Std Dev:0.008681

1500 —

1000 —
L

500 —
-
8
L L
0 | 1 | | |

NEEEREERERE

Decay length

Ents
Mo,
Sta

STCF

rie:

s 22002
an 5972
v 6056

oM MR v 10 1y U
1.06 1.08 11 1.12 1.14

5
Mean 609
Sid Der 5924



Kinematic fit

e Kinematic fit transcribed from BESIII has been validated
e GlobalVertexFit which combines vertex and kinematic fit has been
transcribed from Belle-Il recently. Validation is in progress.

Invariant mass of J/y
PY(28) = 7w J/P(— pp7)

e STCF

o (!
#000 Bl
_h F h2
0 ties 12861 - Entries 2861 1
2000}—
3679 - 3686 \
2 A At Std De 2803 FAE A | ev 05
0 Ev: oo A TTEr Ki ) Jk n
x MGev
L —— After Fit
20— 8 o Mean:3.087
r 1 Dev-0.006813
3500 e
6000 — - Meoan:3,008
I 00
% — St Dev:0.02525 B
; _f ESIII
r 2000
20— =
- 2000 - 500
C I ‘T
93 q ! 1
MG MG ™ J 1
25 3 a1 3z
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Status of the full event processing chain

MUD

Pre-geometry

® Finalised €2 Working, under optimization Developing or not started
Reconstruction Analysis (/0O bkgs)
Simulati | Digitizati On top of On top of GlobalPID | GlobalPID | Vertex/Ki
on on Digitization Bkgs + Charged Neutral nematic
Digitization Fit
ITK 1) Single 1) Single
0 0 particles particles
MDC V] &2
RICH & 9
Q Q 2) Physics | 2) Physics 0
DTOF Q Q Q Q Processes | Processes
© o © ©

New geometry
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