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Simulation and Reconstruction in ePIC experiment

Single Particle Simulation

l EIC Recon

Digitization

v

Reconstruction
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Why single particle tracking benchmarks?

Continuous Software

development —
(e.g., Geometry, ACTS

Single Particle
Simulation

DD4HEP and GEANT4 (Particle Gun): Single particle generation and
their propagation using G4ParticleGun in GEANT4

Digitization (detector response): For silicon detectors hits are smeared
(Gaussian) according to spatial resolutions after applying an energy

threshold

Tracking in EIC Recon using ACTS (A Common Tracking Software):
// Digitized hits are used for the track reconstruction in ACTS framework

Check: geometry/detectors
Hit map, Number of hits vs n

software)
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Simulation and Reconstruction in ePIC experiment

Continuous Software

i ' Check:
development > Single Particle > _
(e Geompetr ACTS Reconstruction Momentum, DCA resolutions, and
9 ft y) pull distributions of track parameters
software

Two main options:
> Test mode: run 10k events

> Full simulation campaigns

GNU: Makefile (compile) Python: Snakemake Tracking performances was not working fine: Fixed

Snakefile setting: Snakefile

v : 6 EEEE benchmarks/tracking_performances/Tracking_Performances.C L[;]

,,,,, m@ -77,9 +77,9 @@ void Tracking_Performances(TString filename="tracking_output",TString particle="

Concept iS Slmllar: target_rule (Command) 77 TTreeReaderArray<Double_t> vx_mc({myReader, "MCParticles.vertex.x");

78 TTreeReaderArray<Double_t> vy mc(myReader, "MCParticles.vertex.y");
2 = = ¥ g T G
8 - TTreeReaderArray<Float_t> px_mc(myReader, "MCParticles.momentum.x");
rule t ra{:king_pe rfo rmance_c ampaigns i 81 - TTreeReaderArray<Fleat_t> py_mc(myReader, "MCParticles.momentum.y");
82 - TTreeReaderArray<Float_t> pz_mc(myReader, "MCParticles.momentum.z");
i|1[}lit . 83 TTreeReaderArray<Int_t> status(myReader, "MCParticles.generatorStatus'),
B4 TTreeReaderArray<Int_t> pdg(myReader, "MCParticles.PDG"});
expand{ 85 TTreeReaderArray<Int_t> match_flag(myReader,
“FESUltS.l‘"trﬂCkiﬂg_pE‘rfDrmﬂnCEE:‘“{CAMPAIGN]’“_, , Form("CentralCKF%sTrackParameters.type”, tag.Data()));
CAMPATGN=[ : 77 TTreeReaderArray<Double_t> vx_mc(myReader, "MCParticles.vertex.x");
"4 4@ 1" PrOduced Wlth float SO breaks 78 TTreeReaderArray<Double_t> vy mc(myReader, "MCParticles.vertex.y"); Chan e t e from
R > as expected - FrEE AT DT T T T T TR TS P AT LT TS T T 9 yp
n n . 80+ TTreeReaderArray<Double_t> px_mc(myReader, "MCParticles.momentum.x");
L r\ Produced with double so 81 + TTreeReaderArray<Double t> py mc(myReader, "MCParticles.momentum.y"); float to double
]; . . 82 + TTreeReaderArray<Double_t> pz_mc(myReader, "MCParticles.momentum.z");
working fine after change . o aaRandarAr oLt s At nyiadar, CZartse e GararatarS et
} 84 TTreeReaderArray<Int_t> pdg(myReader, "MCParticles.PDG");
85 TTreeReaderArray<Int_t> match_flag(myReader,

Form("CentralCKF%sTrackParameters.type", tag.Data()));
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https://github.com/eic/detector_benchmarks/tree/master/benchmarks/tracking_performances

Hit Maps (Simulation Level)

10k Events (pi-)
MOMENTUM=[0.5, 1.0, 2.0, 5.0, 10.0, 15.0]
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Average Number of Hits vs n

P..= 1.0 GeV/c
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Nhits = 3 will lead to biased results due to the low

number of degrees of freedom (ndf = 1)
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Tracking Performances Results
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Similar plots for other momentum
ranges are produced

https://github.com/eic/detector _benchmarks/pull/113
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https://eicweb.phy.anl.gov/EIC/benchmarks/detector_benchmarks/-/jobs/5588191/artifacts/browse/results/tracking_performances/
https://github.com/eic/detector_benchmarks/pull/113

The ePIC Tracker

hyam@shyam:~/eic/epic$ git describe --tags --abbrev=0
24?/;1210 shyam:~/eic/epic$ git describe --tags --abbrev Geometry Parameters

shyam@shyam:~/eic/EICrecon$ git describe --tags --abbrev=0
v1.20.0

B o -
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https://eic.jlab.org/Geometry/Detector/Detector-20240426175116.html

ePIC: 24.04.0

Nhits vs Eta

Nhits>=5 as reported
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Track Parameters in ACTS

Track Parameters (10,11, 0,0, q/p, time) If tracking algorithm is working fine Pull must be consistent with unity

At Point of closest approach

[.,1.,0,0,qg/
(0 N 1 p> x=—l,sin¢, y=Il,cos¢p, z=I,
Global (Lab frame)l p,=pcos ¢sin 6, pyzpsin(psin 0, p,=pcost
charge=sign(q/p)
(x,y.z,p,,p,,P,,q)

Plan to add it to the benchmarks

- /p..—qlp..)
I —1 _(¢rec ¢en> :(q Prec—4 pgen
Pull ] 0:( Orecgmo_qen) Pull ¢= o, Yy Pullq/p o,

_ 6 _8 :(prec_pgen)
PUH 11: (11 recqflgen) PUH 8: ( rec 08 gen) PUH p O.p

ePIC: 24.12.0

Simulation of 200K pi- for momentum 0.5, 1.0, 2,0, 15.0 GeVI/c EICRecon: v1.20.0

12/06/25 ePIC Tracker Simulation:Shyam Kumar 8



Pull distributions (Inverse Momentum)
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Pull distributions (Momentum)
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Pull distributions (I, or d_ )
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Pull distributions (Theta)
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Pull distributions (Phi)

s — ; ; hist_phi_0.5_-1.0_pmax_1.0 s ; j hist_phi_0.5_1.0_pmax_2.5
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Charm Hadron Reconstruction

D> K '

Path length (s)

Slides from Jets and Heavy-flavor meeting

12/06/25 ePIC Tracker Simulation:Shyam Kumar 15


https://indico.bnl.gov/event/28227/contributions/107971/attachments/62270/107039/ML_D0_Reconstruction_ShyamKumar_3June25.pdf

Topological Variables

10.1103/PhvsRevD.110.034017

=

- arXiv:1911.12168 [nucl-ex]
p D°
D Decay e
CT =123 um AN
. o ;= =
Invariant mass: mDO—\/ ( E +E ,;) — ( 7 pﬂ+) P
DCAK A g M
. . N~ DCA,
Topological Variables: Dil:iff{ary Vertex
> DCAx and DCA,* with respect to the reconstructed primary vertex (d0_k, dO_pi)
> Decay length of D° meson (decaylength) Decay length (dl), Primary Vertex (PV),

> Cosb (angle between dl and ppo) Secondary Vertex (SV)

> DCA;; distance between the daughter tracks of D° - - -
_ dl=SV —PV
> DCA impact parameter of reconstructed D° meson —»l -
> Mpo iNvariant mass of kaon and pion pairs cos 0= |EI,I||I_?|
p

> pt_DO reconstructed pt of the D° meson

DCA ,,=dlsin 6

> eta_DO reconstructed n of the D° meson

> Multiplicity (mult
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http://dx.doi.org/10.1103/PhysRevD.110.034017
https://arxiv.org/abs/1911.12168

Data Sample for ML (Q? > 1 GeV?)

> BDT requires the features for the signal D° meson and background D° meson (fake combinations of pion,kaon)

D° enriched same created filtering PYTHIA8 ep, NC, 10X100, Q% >1 GeV? events (~1747M) such that each event
consist one D°- k-n+ known as Signal taken from
24.12.0/epic_craterlake/SIDIS/DO_ABCONV/pythia8.306-1.1/10x100/g2_1):

Total files 1879 and Events = 984746

Background from 24.12.0/epic_craterlake/DIS/NC/10x100/minQ2=1: Total files 5180 and

Event statistics 8 Event statistics
x1 03 3+
4000 hEventStat © 6000X10°&
- Entries 7480609 Q L@ hEventStat
3500 oan 5021 3 S Entries 7227934
C ’ © L | o Mean 2.291
B Std Dev 2.363 g 5000 < Std Dev 073
3000 N -
- © ~1747M DIS Events 40001 ~5M DIS Events
2500[ 2 - ©
B + - e
- 2 ePIC 24.12.0 (DO sample) - ePIC 24.12.0 (DIS Sample) &
2000 3 3000 Y
C @ - LD
- < B e
1500[-{ € = 8 - v
| % o 2000
C| @ = 5 -
10002 & g o B
- = 8 <] L
B © Q R 1000 — ©
500{— ] & C 8
- | & o | - = < & 10 ~
- B Q - & o Y
ot L | I — 0 ——— 3 | N | = | =
© evon ’ Sl 00 " Siongy - gy Dg, "0 8k © erens ’ 7 ik 0 %90 Signg, oo *% S, o, 900
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Secondary Vertex Reconstruction (D°)

0 -+
Secondary Vertex D' >Krn
Approach 1 (Analytical) K
pca,+ pca, DCAnK:‘pE%_pEaz’

Vertex position SV = (Vxy Vy, V2)

+

Secondary vertexing in ACTS JT
considers tracking errors properly

Approach 2 (Shyam)

Ignored track errors Minimizing the distance

(at the moment) By .., dg
TraCkDCA ((),pO’qw (.-~ -
TrCICkAt S]. _(rsl’psl’q]_)

TI‘CICkAt(S):<f;,55’Q) s: path length Track s, =(r%,» Ps2 Qo)

Total parameters (5) = (vx, Vy, V2, S1, S2)

Comparison of four approaches:

> Helix1 (using helix1 to find pca; and pcay) Minimize d=\/(r:1—V)2+(r:2—V)2
> Distance minimization (d)

> Helix2 (using helix2 to find pca; and pca,)

> Using average of Helix1 and Helix2
> 0 0 0 0 0 0 0 0000000000000
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Event display (First two tracks)
Root Based: Event display

> Visualization of two tracks in Event 0 ( Either Signal pair or Bkg pair)

> Visualization of pca and secondary vertex with different approaches

Different approaches:

> Helix1 (using helix1 to find pca; and pcaz)
> Distance minimization (d)

> Helix2 (using helix2 to find pca; and pca.)

> Distance minimization returns the unique point
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Event display (First two tracks)
Root Based: Event display

Green trackl All three methods (track 1 reference,

, and distance minimization) are
Green marker trackl compatible

reference _ _ _ _
Minor difference is due to analytical approach

Distance minimization returns the unique point

White marker
(distance minimization)
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Entries (a.u.)

Entries (a.u.)

Comparison Distribution for D° meson (Q*>1GeV?)

All methods are compatible Signal D° meson Distance minimization gives
unique secondary vertex

10* : = forre] = F i
SignalD0 < SignalDO i o 1 04 al SignalD0 .
e Helix1 Reference B o Helix1 Referer B e Helix1 Reference
~e- Helix2 Reference 2 o Helix2 Reference 2 - -e- Helix2 Reference
—o- Average (Helix1,Helix2) E=] —o- Average (Helix1,Helix2) E=] i —o- Average (Helix1,Helix2)
—e- Distance Minimization & -e- Distance Minimization & -e- Distance Minimization

H J 10°
10° 10°

I
2]
-

)

——

102

E5
i
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i
il

; 7
b £
10° Al @m“%imwi?ﬁ mﬁﬂgﬁ ﬁ&%&?ﬂfwﬁwﬂ ’

2 S
BiLES g 10° e

"_rr.—"

=

- [
1k
A N M M : el e PP WU PO 0O 1 S P [ 8
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 0 1 2 3 4 5 6 7 8
costheta costheta_xy dca_12
N — — — 10° T
10° 1 el L s 1040 Sorel) | s Signalbo -
—e- Helix1 Referenc @» - Helix1 Referenc » wrfts —o— Helix1 F
e Helix2 Referenct 2 o Helix2 Reference 2 s o Helix2 Reference
—o- Average (Helix1,Helix2) E=] —o- Average (Helix1,Helix2) € J_,J il —o- Average (Helix1;Helix2)
U] -e- Distance Minjmizati & 5 -e- Distance Minimization w ur""' -e- Distance Minimizati
10° 10°E r‘fﬁj
- - 10 ; 17
- 5 - L
I ]
102k 10% - |
g E | i
: : T i
- ] L
= - 10 |
- F |
I
T RN | !

TERTERII N R |

S N b i i e
2

20 5 30 -2 -1 0 1 2 3
dca_DO decay_length y_DO

S
N
N
o
©
&
=)
S
o
=
=)
-
o
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Entries (a.u.)

Entries (a.u.)

Comparison Distribution for D° meson (Q*>1GeV?)

All methods are compatible

BkgDO
- Helix1 Reference
108 —o- Helix2 Reference
1 Helix2)
5
10
i i i i i
-1 -0.5 0 0.5 1
costheta
il BkgDO
10* o Helix1 Reference
—o— Helix2 Reference
—o- Average (Helix1,Helix2)
-e- Distance Minimization
10° H
10? :lg
10k
1
A I |

S

12/06/25

10

30
dca_DO

Entries (a.u.)

10°

102

10*

Entries (a.u.)

10°

102

=
S
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Bkg D° meson

BkgDO

—o- Helix1 Reference

—o- Average (Helix1,Helix2)
-e- Distance Minimization
|

o

i
I
o

i
d.
X

A

sl

5 1
costheta_xy

‘BkgD0

—o— Helix1 R
—o— Helix2 Reference
—o- Average (Helix1,Helix2)
-~ Distance Minimization
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[
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Entries (a.u.)
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10 BkgDO .
L —o-Helix1 Reference
H ~o- Helix2 Reference
= —o- Average (Helix1,Helix2)
103 - Distance Minimizati
L %ﬁ
PN A H L
0 2 4 6 8 10 12
dca_12
10°
e
e
- L. - Average (HelixtHelix2)
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Secondary Vertex Reconstruction (Ac*)

Secondary Vertex N -+ DCA, ,=|pca, —pca,|, DCA,,=|pca,—pca,|, DCA, =|pca,— pca)
APpK DCA:; = min {DCAw, DCAxe, DCAwr} Cut

K

Vertex position SV = (vy, vy, V)

Approach 1 (Analytical)

pca, +~ pca,+ pca,
JU

Secondary vertexing in ACTS %
considers tracking errors properly

Approach 2 (Shyam)

Ignored track errors Minimizing the distance

at the moment - "". P
( ) PV ".do

TraCkDCA:<f:)’ﬁ0’q>/’—>“

Total parameters (6) = (v, Vy, V2, S1, S2, S3)
TraCkAt sl ( sl’psl’ql)

Track ,,,=(7,P,,q) s: path length Track ;) =(r jz,P_fz:Clz)
Track (s =(r3s, Pi3s )

Total parameters (6) = (v, Vy, Vz S1, S2, S3)

Minimize d=+(r7,—v ) +(r5,— v +(r;,— V)’
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/. Reconstruction

PYTHIAS8 ep NC (10x100 Q2>1) A.* sample: by Rongrong

A>pK
Truth PID Real PID
vent statistics S ) Event statistics

«10° o x10°e QD 0 hEventStat

B hEventStat - - 2 - pr Entries 313121

B < Entries 531228 TS by Mean 1.606
120/ & Mean 3.197 100 StdDev  1.074

-l S 8 ® StdDev 2229 i

T 5 — S =
1002 = 80—
80— 60 B
60— § .

— ™

- $ B %0

- 1.8 -
40— L -

B 20—
20[— @ - 2

: fg - [{e} [Te} =

— -
- l — — — — — 0 | C— ) —
o TP+ g z e S{g,,a/ A4 e S{g”a/ o "Onay N %9 4 Sven, Chx L I o Sig a4 VR o S{q”a/ Ar o Sig Nay 4, o bkg 4

Issue coming from proton PID in Real PID, basically
from lookup tables (loosing protons)
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o N © W
pnlin b b

Signal N:

Invariant mass of unlike-sign nK pairs

12/06/25

h3InvMass_signal_all

Entries 46039
Mean x 1.739
Meany 1.35
Mean z 2.289
Std Dev x 1.12
Std Devy 0.9782
Std Dev z 0.03373

BPT k@e\”dp

h3InvMass_bkg_all

Entries 132704

Mean y 1.485

: kg A _|_Meanx 1.3

Mean z 2.466
Std Dev x  0.8284
StdDevy 0.8185
StdDevz 0.2717

GPT k@e\l!d\’a

Results

Projection
—

4, %7 = Draw Option: -

[Egroot -

2] PROOF Sessions

(=4 ROOT Fies

-5 SignalLcp rool

18| resMLSig:1
d0_p

= Tree for
gy 00k ML

- Ry 40_pi
R doxy_p
- By d0xy_k
Ry d0xy_pi
gy sum_doxy
h dea_12
Yy dea_Lep
h pt_Lcp
Sy lep
~§y mass_Lep
iy decay_length
iy costheta
h costheta_xy
gy Sioma_vix

h mutt

Projection
S

h3lnvMass_signal_all_pz

14000 — Entries 46039
r . Mean 2.289
B +
12000 — Slgnal /\C Std Dev  0.03384
10000/ —
8000 —
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4000 —
2000—
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Comparison (Results)

5 i 1 + = s
< 10° SignalLecp S I g n al /\C (:; 10* SignalLcp
n o e il
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> 0 0 0 0 0 0 0 0000000000000
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Comparison (Results)
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Comparison (Results)
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vV V VYV VY

Summary and Future Plan

Tracking Performances are now working fine (Issue was related to data type conversion not the beampipe)
Included hit maps and average number of hits per tracking to the benchmarks
| further checked the pull distributions for the track parameters

Compared with the different methods of extracting the secondary vertex, they are compatible with analytical method
which is faster (we will use official code for secondary vertex in ACTS)

First implementation of A _* reconstruction is completed and will commit the code soon

Future Plan
- Include hit maps and average number of hits per track for each momentum
- Need to understand why pull distributions for momentum are not consistent with unity especially for higher n
- Implement pull distributions to the benchmarks

- Implementation of machine learning for A_* is in progress
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Track Parametrization (Local to Global)

; Vector3 LineSurface::localToGlobal(const GeometryContext& gctx, const Vector2&
Helical Track model; <IO s ll s ¢, 8, Q/p> Iposition, const Vector3& direction) const
x=—I,sin¢, y=I,cos¢, z=I, {

Vector3 unitZ0 = lineDirection(gctx);

p,=pcos¢sinf, p,=psingsiné, p,=pcosb

/I get the vector perpendicular to the momentum direction and the straw axis

charge=sign(ql/p) y

Vector3 radiusAxisGlobal = unitZ0.cross(direction);
Vector3 locZinGlobal = transform(gctx) * Vector3(0., 0., Iposition[1]);

/I add locO * radiusAxis
do = |o
Zo

return Vector3(locZinGlobal + Iposition[0] * radiusAxisGlobal.normalized());

}

. UnitZ0: is (0,0,1) vector along the z-axis for cylinder and disks.
At Point of closest approach (0.0.1) g y

(perigee surface) direction: (p Cos(phi) Sin(theta), p Sin(phi) Sin(theta), p Cos(theta))

radiusAxisGlobal = UnitZ0 Cross product direction = (-p Sin(phi) Sin(theta), p Cos(phi)
Sin(theta), 0)

(IO , ll , ¢, 9, q / p) rzildti)uslsAxisGlobal.Normalized = (-Sin(phi), Cos(phi), 0)locZinGlobal = (0,0,1) (is same as
globa
Global (Lab frame) Global position = locZinGlobal + Iposition[0] * radiusAxisGlobal.normalized() = (0,0,11) +

[0(-Sin(phi), Cos(phi), 0)Global Position = (-I0 Sin(phi), 10 Cos(phi), 11)

Returns the components, which we are using in HF analysis.

(X’y’z’px’py’pz’q> X=-|oSin¢,y=|oCOS¢,Z=|1
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Track Parameters (1.,1,,¢,6,q/ p,time)

l

o

L
¢
0

q/p
time

2 (1o)

-

Covariance Matrix iIn ACTS

For each fitted track we get track parameters and
covariance matrix

L, 1) 0
cov(lp,l1) cov(lp,¢) cov(lp,8)
o2(ly) cov(li, ) cov(ly,)
o2 (¢)  cov(¢,6)

2(6)

Symmetric matrix: Independent entries = n(n+1)/2 = 6*7/2 = 21

Processing ReadCovarianceArray new.C...
of tracks: 8

Event @, number
Track @ covariance:
[8] = 0.0104456

w[1] = 2.366e-06

[ = 0.8103324
v[3] = -0.000289634
[4] = 7.52669e-87

[ = 5.04972e-06
[6] = -8.12589e-07
V[7] = B.000284166
cov[8] = 4.50984e-08
cov[9] = 7.82997e-06
cov[10] = 0.000153944
= 7.8262%9e-07
= -4.94218e-06
w[13] = 5.14138e-09
v[14] = 0.00011838
[15] = -1.41347e-06
v[16] = -3.20263e-06
w[17] = 3.80044e-08
v[18] = -8.82041e-08
v[19] = 2.242e-09
[20] = 0.800333566

12/06/25

q/p
cov(lo,q/p)
cov(li,q/p)
cov(e,q/p)
cov(6,q/p)

%(q/p)

time
cov(lo,t) |
cov(ly,t)

cov(op,t)
cov(8,1t)

cov(g/p,t)

o2(t)

Cov[0] = cov(l0, 10)
Cov[1] = cov(lIO, I11)
Cov[2] = cov(I1, I11)
Cov[3] = cov(l0, @)
cov[4] = cov(I1, @)
cov[5] = cov(qp, @)
cov[6] = cov(I0, 6)
cov[7] = cov(I1, 6)
cov[8] = cov(gp, 6)
cov[9] = cov(8, 8)
cov[10] = cov(I0, g/p)

Cov[11] = cov(l1, g/p)
Cov[12] = cov(p, g/p)
Cov[13] = cov(B, g/p)
Cov[14] = cov(d/p, a/p)
Cov[15] = cov(l0, time)
Cov[16] = cov(I1, time)
Cov[17] = cov(op, time)
Cov[18] = cov(8, time)
Cov[19] = cov(g/p, time)
Cov[20] = cov(time, time)

010="(Cov|[0])
o,=V(Cov|[5])
o,/ p=V(Cov[14])

Oy=

Op1=V (COV[ )

2]
V(Cov([9])
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Event display (First two tracks)

Green trackl reference White (fitting)
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Event display (First two tracks)

Green trackl reference

All three methods (track 1 reference, track2
White (fitting) reference, and distance minimization) are
compatible

Minor difference is due to analytical approach

Distance minimization returns the unique point
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