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Secondary Vertex Reconstruction

Primary Vertex Reconstruction:
> CentralTrackVertices
> AdaptiveMultiVertexFinder (in development: Bishoy)

Primary vertex: allows access to the DCA of daughter tracks g ,,,0c0 dca/ VN acks

D? Decay
Secondary vertex: allows access to more topological variables, e.g., ::i‘\
decay length (dl), pointing angle (cos8), DCAp, or DCA,etc. ,.3:‘.‘
— 0 ,” }IED\&pa Length
GSVOC Oddca/‘\/ Ndau Noau = 2 for D e E E \\Y : DY Decay detail
Ndau = 3 fOr /\c+ DCAE/"\ HB ‘/}\\

\sl P g
ko’ DCA
DCADO! K

Primary Vertex

Secondary Vertex (SV) Reconstruction:
> Helix Swimming
> Chi2 minimization (considers track errors): Shyam

Phys. Rev. C 102, 014905 (2020)

> AdaptiveMultiVertexFinder (considers track errors): Bishoy
Based on

> KFParticle (considers track errors): Xin and others Kalman filter
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Secondary Vertex

X. Dong (LBNL)
B. Dongwi (SBU)

S. Kumar
ACTS Track Objects -
= ACTS objs
\ PODIO output
ReconstructedParticles ElCrecon ready
Under development |
Vertex Finder(s) (Primary)
(Secondary)

Acts-based AMVF Finder

- PR #1915 (under review)

CentralTrackVertices

N

reco/SecondaryVertices (Helix/KFParticle/...)

a. reco/Helix.”
b. KFParticle sdandalone package
working on integration

SecondaryVertexHelix™ - PR # 2144 merged
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v

SecondaryVerticesXXX - PR #132 (under review)
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AMVF - under review (PR
#1915)

Helix - merged (PR #2144)

Chi2 fitting-need to implement
in EICRecon

KFParticle - under development




Helix Swimming

Method based on STAR experiment which use track parameters to determine the vertex position

D'>K'n’ g o Track parameters (DCA):
K P
/ ,
/,/ Reco /,/ + (1,,1,,¢,8,q/p) Local
el —> T ~ 7
D’ T
(x,y,z,px,py,pz) Global
e
_ TrackAt(S):(f’s, P.,q) X =-lo sing, y = - lo cosq, z=I,
s path length pca, + Px = P COS® sinB, py = p sin@ sind

TraCkDCA: (FO’ ﬁO ’q) /;‘::’dlo,

. '..' d T
PV ™,

Implemented in EICRecon (Xin dong, LBL)

p; = p cos6, g = sign(q/p)

-

SV=%(pEa1+p(':’a2)

Ignores the track

Next: Compared the results from EICRecon to local code on the same simulation file, the two must be exactly same
Information used: Track parameters
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Chi2 Minimization

Considering the tracking errors S. Kumar,INFN D0 >K 't
Minimization of chi-square

(> o - Helix swimming is used for
TraCkAt(s) = (FS s Ps s q) K helix definition

s: path length pca,=r,=(x,,y,,2,)

uncertainties
N @
- b d %'\‘-,‘d7 - _ - _
Track =Ir 20 PCGz—’”sz—(Xz,Yz,Zz)
DCA 0> 0> )

.Q

PV o
*
>

For a given track: x=-lp sing , y=lo cos¢ , z=1I;

0,2= sin?$-ow?+ ?cos?d-ad? + 2-Losingcosd-Cov(Lo,d)
0,°=C0S%(- T+ Lo?sin?d-adp>—2-Lsindcosd-Cov(lo,d)
0,2 = Ou?

- - - 2
Minimize chi2: x =———"—+———+ ;T 5t

Information used: Track parameters and Covariance
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Comparison of Results (Helix Swimming and Chi2)

Helix Swimming

Analytical method: Residual of SV (X)

SVX,o-SVx,, (mm)
(=R

|
N

[
Sabos b

30 3

hRes_SVx_Helixana

Entries 611259

Mean x 1.273

Mean y 1.068

Mean z ~0.0002449

| std Devx 0.8975
d Devy 1.0

Std Dev z 0.1621

50
40 45 Ic
5 49, GV

Analytical method: Residual of SV (Y)

hRes_SVy_Helixana

Entries 611259

Mean x 1.273

Mean y 1.068

Meanz  6.865e-05

| Std Dev x 0.8975
d Dev y 1.0¢

0.1616

Std Dev z

SVz,.-SVz, . (mm)

Analytical method: Residual of SV (Z)

hRes_SVz_Helixana
Entries 611259
Mean x 1272
Mean y 1.066
Mean z -0.0002578

| Std Dev x 0.8975
S n -y
Std Dev z 0.4731

—/

Chi2 fitting

Fit method: Residual of SV (X)

SVX,o-SVx,, (mm)

hRes_SVx_Helixfit

Entries 611259
Mean x 1.273
Mean y 1.068
Meanz  -0.000358
| Std Dev x 0.8975

Std Dev z

| Std-Bevy———+043 |

Fit method: Residual of SV (Y)

hRes_SVy_Helixfit

Entries 611259

Mean x 1.273

Mean y 1.068

Meanz  5.773e-05

| Std Dev x 0.8975
evy 1.04:

0.1556

Std Dev z

\V

)
]

w

n

SVz,,.-SVz,,. (mm
QO -

b bme i
\‘-’-“?Iwbwm

Fit method: Residual of SV (2)

hRes_SVz_Helixfit
Entries 611259
Mean x 1.272
Meany 1.066
Meanz  -5.39e-05
Std Dev x 0.8974
| SidDevy———643_|
Std Dev z 0.3976

. _/
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Secondary Vertex Resolution

Chi-square minimization using track parameters and covariances D° Sample
0 . ep (10x100, Q2> 1 GeV?)
D'»>K'n . K
= 4
s K /’,,
el Reco et Fit Range: Mean+/- 2*StdDev

SViec 10.2025 preTDR

Simu campaign: 10/2025

A core 2 A tail 2 0.02

Z 0.6 ePIC Performance E e m™(0<p, <1GeVio)
5 C e+p, (5 =63 GeV 20<y<-1.0 F o Ayz(0<p7<1GeV/C) -1.0<y<1.0
'; 0.14 — —— Gy (AX) = 54 um C e Axsv (2<p, <5 GeVic) — G4y (AX) =55 pm
= C 2< <5 GeV/e
Two G i A A S o o =3 um TP <5 G 0y (80 =31 um
wo aussian ( core, Ocore, Atail, Gtail) g L
4 o E
0.08 =
0.06 =
0.04 E

O — O + O, . —
eff core ( ) tail .
( Acore +A tail) A core T Atail 2 o oeveso B boras
° O<y<2. L O<y<3.
= 008 — o, () =69um [ Oy (A%) =80 um
é T Oy (AX) =55 um [ T 0 (AX) =79 pm
o —
o decreases as we go at high pr o
0.04 [
0.02 -

‘ = P .. : I PP :
-04 -03 -02 -01 0 0.1 0.2 0.3 0.4 -04 -03 -02 -041 0 0.1 0.2 0.3 0.4
)y - xS (mm) Xty - xiy®) (mm)

Rec Me Rec Mc
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Pull distributions

D° Sample 10.2025

ep (10x100, Q2> 1 GeV?)

D’»>Kr'

SV...—SV. SV!.—SV’.

X Z
2 = Simu campaign: 10/2025 L > 001— Simu campaign: 10/2025 —
G 0.01— 20<y<-1.0 o 10<y<1.0 G = 20<y<-1.0 r 10<y<1.0
S |-ePIC Performance —0<p, <1GeVic - —0<p <1GeVic 5 |-ePIC Performance —0<p, <1GeVio F —0<p_ <1 GeVio
'i e+p, Vs =63 GeV —1<p <2GeVic C —1<p <2GeVic 'i —e+p, Vs = 63 GeV —1<p, <2GeVic = —1<p, <2GeVic
500087 —2<p, <5GeVic C —2<p, <5GeVic £ 0.008— —2<p, <5GeVic F —2<p <5GeVic
2 [ —stdDev=1.3875 [~ —StdDev - 1.3053 ] [ —StdDev = 1.3064 [ —StdDev = 1.2451
Q - Ee} -
S [_ —StdDev = 1.4590 [ —StdDev = 1.3415 & o006 51908V =1.3153 [ —StdDev = 12536
0.006 ™ —stdDev = 1.4146 [ —StdDev=1.2835 " L —SidDev - 1.3653 [~ —StdDev = 1.2431
0.004 F 0.004 F
0.002 E 0.002 F
k M AL L Al P o Lo
20.006]— E A B
2 C 10<y<20 = 20<y<35 E’DOOSL 10<y<20 F 20<y<35
L] = —0<p7<1GeV/c L —0<p7<1GeV/c 3 : C —O<pT<IGeV/C C —0<p7<1GeV/c
2:0_005; —1<pT<ZGeV/c C —1<pT<ZGeV/c 2> C —1<pT<ZGeV/C r —1<pT<ZGeV/c
E C —2<p7<5GeV/c r —2<pT<SGeV/c Eo,oos— —2<pT<SGeV/c ; —2<p7<5GeV/c
8 gpa L —S1dDev = 1.4367 [ —StdDev = 1.4323 § [ -sibev-13615 [ —StdDev = 1.3499
20.004 - <4 O n
o [ —StdDev = 1.5085 [ —StdDev = 1.5161 0.0.0041" —ggpey = 1.4091 [ —StdDev = 1.4094
0.003|——StdDev = 1.5133 [ —StdDev = 1.5060 0.003 [ —StdDev = 1.4706 [ —StdDev = 1.4865
0.0021— C 0.002{— -
0001 = 0.001— F
F— b & N
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Pulls=
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s Pulls=

o

4 3 -2

4
v ey
rec ~ Xc) /O

3
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Topological features and ML
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https://colab.research.google.com/drive/1JtKXPSfRBXTOu4-yUd_h7fOENDyWLCDm?usp=sharing

Probability density

Probability density

Pull distributions

N\ Sample
ep (10x100, Q2> 1 GeV?)

10.2025

SV3.—SV.,

Pulls=
o

X

1
]
] - ! =
' K 4 K
I /’ I .
A >pKn F i
1 i 4 4 L
c?PK T signalpair /.. Reco >
Pl "y o
T >
.‘—--h_---"'h ﬂj— - a——‘_-__--‘
A+ "”‘ JU
s
c SV, SV,
SV, .—SV’ mm
rec mc
C Simu campaign: 10/2025 2 o 1'
- - 20<¢y<¢-1.0 L -1.0<¢y<¢1.0 @ E -
0.12—AZ—>pK'z* n — 0<p, <1Gevic —0<p,_ <1GeVic 5 F Ac—pK'Tt
[Ce+p, ¥s=63GeV ——1¢p_ <2GeVie - —1<p <2GeVic E‘ [e+p, fs=63GeV
- —Mean = -0.0216 —2¢ P < 5 GeVic ~  —Mean =0.0007 —2< P, < 5 GeVic = 0.08 |_—Mean =-0.3964
0.1~ __stdpev = 0.1080 [ —StdDev = 0.0961 & "L —stdpev = 1.7036
|- —Mean = -0.0029 I [ —Mean=-0.0022 o | —Mean =-0.0160
[~ —StdDev = 0.1166 | —StdDev = 0.0799 9— | — StdDev = 1.5444
0.08 [~ __ pean - -0.0152 L —Mean=-00015 & 06— Mean=-0.1239
[ —stdDev - 0.1076 |- —StdDev - 0.0603 | —stdDev = 1.537
0.06 [— L r
0.04— +
r il r
002~ L
1| | Mt 1 o TR e =
0,07 10<¢y<20 = 20¢y <35 2 001
o —0<p, <1GeVe C —0<p <1GeVic 2 -
F —1<p_<2GeVic C —1<p_<2GeVic > B
0.06}- - C s 2 L
[ —Mean = -0.0002 —2< P < 5 GeVic r —Mean =-0.0000 —2< p, < 5 GeVl/c 50.008 |- —Mean = 0.0081
0.05 | —StdDev = 0.1276 [ —stdDev = 0.1397 s I — StdDev = 1.5835
“PE —Mean = 0.0001 [ —Mean = 0.0003 o - —Mean = 0.0006
| —StdDev = 0.1226 [ —StdDev = 0.1400 0 0ol — StdDev = 1.6010
0.041~—Mean = 0.0033 [ —Mean = -0.0029 L —Mean = 0.0295
[ —StdDev = 0.1022 [~ —StdDev = 0.1410 I — StdDev = 1.5234
0.03 C r
E C 0.004—
0.02F C -
E r 0.002—
0.01F E -
E O b e N P I IR P O
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Simu campaign: 10/2025
2.0<y<-1.0
—D<pT<1GeV/c
—1<pT<ZGeV/c
—2<pT<5GeV/c

—Mean = 0.0079

—Mean
—StdDev = 1.3654

1.0<y<20
—0<pT<1GeV/c
— 1<p_<2GeVlc
—2< p.< 5 GeV/c —Mean = -0.0059
—StdDev = 1.5103
—Mean = -0.0049
—StdDev = 1.5663
—Mean = -0.0087
—StdDev = 1.5238

8 SV
(X

4
SV
Rec Xiae) O

Secondary Vertexing: Shyam Kumar

-1.0<y<1.0
—0<pT<1GeV/c
—1<pT<ZGeV/c
—2<pT<5GeV/c

20<y<35

—0<pT<1GeV/c
—1<p_<2GeVlc
—2<pT<SGeV/c

3 4
SV SVs
(><REC - Xplo,
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Considers track parameters and covariance (fitting approach: Kalman)

Bcy<-1 and0<F'T<1

uuuuuu

AdaptiveMultiVertexFinder (AMVF)

-3<y<-land1 <PT<2

LA, I

—
i nfp—=
—

sofF

Bl o

kel o

20

I R R R R R R PR O
Vs v

-1<y<1and0<PT<1

= 4 3 =2 -1 0 1 %X 3—)( e
Vg M T

“1<y<iand1 cPT<2

TR TP IO P
43 2 -1 0 1 3.4

M O

1<y<3and0<PT<1

5

4
5 -4 3 2 10 1 20< j X Ae®

1<y<3andi <PT<2
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-3<y<-1and2 <PT<5 3<y<-land5 <PT<10
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£
.
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k3 0,
JE
af 0.4
¥ 04
) 3
e B 2 R e 5%y R e B B v v
raco GV = = raco BY = -
d1<y<land2 <PT<5 -1<y<1and5<PT<1D
ey
100} e
1
sof-
a4
sof
a4
4o
j
2ol i 2
. ST TR TR A uullllll,“Ml - rﬂLﬂwuuul"
I I Sx_2yo® T
l<y<3and2 <P_<5 1T<y<3and5 <P_<10
T T
100§
sof
sof
aof
20

‘‘‘‘‘‘ s

Additional time information can help

B. Dongwi (SBU)
AO—)pn'
Slide 16

Pulls are ~1.5

Apply on D° sample

Information used: Track parameters, time, and Covariance
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https://indico.global/event/15249/contributions/134323/attachments/62701/120963/dongwiEICReadinessWorkshop2025.pdf

KFParticle

Considers track parameters and covariance (fitting approach: Kalman)  Additional kinematic constraint e.g. mass

Implementation Requires:

Xin dong, LBL
> Track Parameters in Global Coordinates
> Covariance in Global Coordinates
(15,1,,0,08,q/p) Local X = - lo sing, y = - lo cose, z=
Px = P COS® SinB, py = p Sin@ sinO
p. = p cosB, g = sign(q/p) Under development

(X,y,z,px,py,pz) Global

#include <KFParticle/KFPTrack.h>
KFPTrack& t;

(:(%,L,¢,9,q/p) t.SetParameters(xyzp);
t.SetCovarianceMatrix(CovXyzp);
I L o 2] qlp time t.SetCharge(charge);
L [0%) cov(iol) cov(lo,d) cov(lo,8) cov(lo,a/p) cov(lo,?)]
L ‘)( 1) cov(ly,¢) cov(ly,B) cov(li,g/p) cov(ly,t) | Jacobian Matrix (J)
oy T
(¢ cov(¢,8) cov(e, cov(e,t ﬁ =
g @) ,( ) | : q{p) (4,) Cray.zmxoyp = Gyl 0,0,am)
; a”(6) cov(@,q/p) cov(6,t) Global
P - - . . o*(a/p)  cov(a/p;t)
time =
. : : . : a*(t)
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Summary

Helix swimming is already available in EICRecon but ignores the track covariances.

In the meantime, a Chi2-fitting method is used in the analysis for D° and Ac*, which uses track parameters and
covariances and also allows access to the chi2 of the fit

AMVF can be very useful with timing information (pull request not merged yet)

KFParticle can be further helpful and is widely used for heavy-flavor analyses in the community (still development)

Thank You !
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Secondary Vertex Reconstruction (D°)

Ly I ¢ 0 ql/p time
I, [02(ly) cov(lp,ly) cov(lp,d) cov(ly,8) cov(ly,q/p) cov(ly,t) ]
A o?(ly)  cov(ly,¢) cov(ly,d) cov(ly,q/p) cov(ly,t)
¢ () cov(¢,0) cov(p,q/p) cov(g,t)
0 2(6)  cov(f,a/p)  cov(,)
a’p *(a/p)  covia/p,t)
time 5
] o(t) |

For a given track: x=—lo sing , y=lo cos¢ , z=1Ix

0x°= SiN?Q-Ow?+ 8h?c0s2P-0¢? + 2-Lsingcosd-Cov(lo,d)
0,2=C0S2d- 0w+ L?sin?d-odp>—2-Lsinpcosd-Cov(Lo,d)
0% = Ou?
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Chi2 Minimization Code

0 -+
D' =>Kn
// Define function for Chi2 minimization between two helices
struct Chi2Minimization {
StPhysicalHelix fhelix1, fhelix2;
std::array<float, 21> fcovl, fcov2; // full covariance matrix

Chi2Minimization(StPhysicalHelix helix1, StPhysicalHelix helix2,| std::array<float, 21> covl, std::array<float, 21> cov2)|: fhelix1(helix1),fhelix2(helix2), fcovl(covl), fcov2(cov2) {}
// Implementation of the function to be minimized
double operator() (const double *par) {

double x = par[0];

ot ’z’ b Root files store the covariance at the DCA
double s1 = par[3];

double s2 = par[4];

double f =0;

TVector3 vertex(x, y, z);
TVector3 pl = fhelixl.at(sl);

TVector3 p2 = fhelix2.at(s2);
TVector3 moml = fhelix1l.momentumAt(sl, bField * tesla);
TVector3 mom2 = fhelix2.momentumAt(s2, bField * tesla);

// x= -18@ sing , y=10 cosd , z=1

// Recalculate 10 at PCA for error propagation
float 10 trackl = pl.Pt(); float 11 trackl = pl.Z(); double phi trackl
float 10 track2 = p2.Pt(); float 11 track2 = p2.Z(); double phi track2
// Trackl: ox"2=sin"2¢-cf0"2+£0"2cos™2¢-0¢"~2+2 - fOsindcosdh-Cov (0, ¢)
float sigx1l 2 = sin(phi_trackl)*sin(phi_trackl)*fcovl[@] + 10 _trackl*10_trackl*cos(phi_trackl)*cos(phi_trackl)*fcovl[5]+ 2.0*1@ trackl*sin(phi_trackl)*cos(phi_trackl)*fcovl[3];
float sigx2_2 = sin(phi_track2)*sin(phi_track2)*fcov2[0] + 10_track2*10_track2*cos(phi_track2)*cos(phi_track2)*fcov2[5]+ 2.0*10_track2*sin(phi_track2)*cos(phi_track2)*fcov2[3];

moml.Phi();
mom2.Phi();

// oy™2=cos”2¢-0f0"2+1072sin"2¢ - 6p"2-2- fOsindcosd - Cov( 0, d)
float sigyl 2 cos{phi_trackl)*cos(phi_trackl)*fcovl[@] + 10 _trackl*10_trackl*sin(phi_trackl)*sin(phi_trackl)*fcovl[5]-2.0*10_trackl*sin(phi_trackl)*cos(phi_trackl)*fcovl[3];
float sigy2 2 = cos(phi_track2)*cos(phi_track2)*fcov2[0] + 10 _track2*10_track2*sin(phi_track2)*sin(phi_track2)*fcov2[5]-2.0*10_track2*sin(phi_track2)*cos(phi_track2)*fcov2[3];

[/ az”2

flont siger s - feovalol] Note: Covariances are taken from DCA to primary vertex
double d1 x = 10.*(vertex - pl).X(); double d2 x = 10.*(vertex - p2).X(); : '

double d1y = 10 *(vertex . p1) Y(): double d2y = 10 *(vertex . p2) Y(). Need to estimate at pcal and pca2 can be done in ACTs
double d1 z = 10.*(vertex - pl).Z(); double d2 z = 10.*(vertex - p2).Z();

f = dl _x*d1l x/sigxl 2 + d2_x*d2_x/sigx2 2 + dl_y*dl y/sigyl 2 + d2 y*d2 y/sigy2 2 + d1_z*dl z/sigzl 2+ d2_z*d2_z/sigz2 2; // chi2
return f;

I3
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Covariance Matrix in ACTS

Track Parameters (],,1,,¢,6,q/ p,time)

For each fitted track we get track parameters and
covariance matrix

| TR
=

1
¢
0

q/p
time

Il]
Ealthy)

Iy
cov(lp, ;)
o?(l1)

¢
cov(ly, @)
cov(ly, @)

o*(¢)

7, qlp time
cov(lyg,8) cov(lg,q/p) cov(lp,t) ]
cov(ly,6) cov(ly,q/p) cov(ly,t)
cov(¢,8) cov(e,q/p) cov(e,t)

a(9) cov(f,q/p) cov(6,t)
o*(g/p)  cov(q/p,t)
a*(t)

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

Processing ReadCovarlanceArray new.C...
Event 8, number of tracks: 8
Track @ covariance;

cov[a]
cow[1]
cov[?]
cov[3]

cov[d] =
= B.84972¢-86
cov[B] =
= B.808284166

cov[5]

cov[7]
cov[B]
cow[0]

cov[18] =

cow[11]

cow[12] =
cow[13] =

cow[14]

cow[15] =
cow[16] =
cow[17] =
cov[18] =
cow[19] =
cow[28] =

= B.8104456
= Z.366e-06
= B.9183374

-3.060280634
7.52669e-B7

-8.1258%0-87

= 4.509B42-08
= 7.829097e-06

0, 888153944
7.026200-87
-4.94218e-06
5.14138&-89
0. Bea11B3E
-1.41347e-06
-3.28263a-06
3.89844e-08
-8.92841a-08
2.242e-89
B8.080333566

05/02/26

Cov[0] = cov(l0, 10)
Cov[1] = cov(l0, 11)
Cov[2] = cov(I1, 11)
Cov[3] = cov(l0, @)
cov[4] = cov(l1, @)
cov[5] = cov(g, @)
cov[6] = cov(l0, B)
cov[7] = cov(l1, B)
cov[8] = cov(q, B)
cov[9] = cov(8, 8)
cov[10] = cov(l0, g/p)

Cov[11] = cov(I1, a/p)
Cov[12] = cov(eo, a/p)
Cov[13] = cov(B, g/p)
Cov[14] = cov(g/p, g/p)
Cov[15] = cov(I0, time)
Cov[16] = cov(I1, time)
Cov[17] = cov(p, time)
Cov[18] = cov(B, time)
Cov[19] = cov(g/p, time)
Cov[20] = cov(time, time)

0,,=v(Cov[0]) 0;;=V(Cov[2])
o,=V(Cov|5])

Uq/p=1r'(C0V[l4]}

Oy= \“fm

Secondary Vertexing: Shyam Kumar
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