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Interaction of particles in diff. detector components:

lracking Electromagnetic Hadro Muon
Detector Calorimeter Calorimete Detector
photons
t
e -
muons .
ntp
n

]

Innermost Layer... » ...Outermost Layer
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Primar Secondary
Vertex Vertex
ﬁﬁCb —J/¥ K*
T
[mm] ‘\.‘XY Pro;ectlon

Tracks from PV are forced to come from PV
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ete 2nml/vy, J/y2> ete

e~ 1.39GeV/c i}

= 0.24GeV/c

AR i

16000 - c0= 0.081 *0.020°
+ - mean = 3.0967908 + 0.0080074
e’ 1.66G EV/ C 14000 ¢ mean_bkg = 3.098240 + (1000080
312000 — nbkg = 9516 * 169
= 10000 - nsigl = 79174 +433
e = r sig2 = 19176 +310
~ <, 8000 sigma = 0.0017372 + 0.§090090
E 6000 - sigma_bkg = 0.00708 J_rT 0013
; ! 2000
N E
A\ 2000 - ,
7t 0.26GeV/c j: ;
.06

3.07 3.08 3.09 31 311 312 3.13 3.14
m_recoil (GeV/c?)
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Connecting The Dots -- a workshop on tracking

CONNECTING THE DOTS 2018

4TH INTERNATIONAL WORKSHOP

20-22 MARCH 2018
UNIVERSITY OF WASHINGTON, SEATTLE, USA

=L
Connecting The Dots 2018

20-22 March 2018 Search... jo

University of Washington Seattle
US/Paciiic tmezone

Voo This is a workshop on track reconstruction and other problems in pattern recognition in sparsely
Scientific Programme sampled data. The workshop is intended to be inclusive across other disciplines wherever similar
problems arise. The main focus will be on pattern recognition and machine learning problems that arise

e g. in the reconstruction of particle tracks or jets in high energy physics experiments.

Timetable

Seattle tracking

hackathon This 2018 edition is the 4th of the Connecting The Dot series (see CTD2015 Berkeley, CTD2016 Vienna,

. TrackML hackathon WIT/CTD2017 LAL-Orsay).

“ registration ) ) _ - - )
R The workshop is plenary sessions only, with a mix of invited talks and accepted contributions. There will

also be a Poster session.
Participant List

Wifi is available on site, eduroam credentials, from your institution or CERN, are recommended (but not

mandatan

Contribution List

2018-9-28 12
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expectation
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candidate modified

/rajectories

extrapolation

direction
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4-hit pattern dictionary

Cells for pattern
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LA (Conformal mapping)

N

o HiLEARHL (Legendre transform)

o B RAH (Hough transform)



LI AL it
BT S, FIRDA H

BGFE: (x-x )2+ (y-y )2 =12 —  X=2x/(2+y?), Y =2y/(x2+y?)

4

(X=X.) #+(y=y.) =1

Xidy:=g* . ,
XX+v.Y =|

0 X 0| \\ X

2018-9-28 17
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Real space Legendre transformation space

Ve

NIM A 745(2014) 16-23

y =10+ /R2 — (x — x0)2

(Sﬁu,y?) O r==2p C039+y{] sinf + R

\ R
g = A[:xlryl) 6 -\KQ‘.
/ rs = C(I31 y3:’ = "

I's =B(I2:y2) o

y =y0— VR? = (& — x0)

T 0
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e Acircle can be estimated by every three datapoints
e Each circle is transformed to the Legendre space

 The maxima in Legendre space are used for
extraction of the original circle parameters

(a) (b)

3 12F

g 10f A
\-S i b

N a4 -

0 PRRTR SVRUE FUaTS |
15 1050 05 1 15 2 25 3 -15 -1-05 0 05 1 156 2 25 3
2018-9-28 8 [radians] o [radians)

10p : 20
9f -—~ 3 18
E al &g 3
8F o "fﬂ’-'j. \ E 16
E L )
o dE f Y ™
£ 6f | s 12
= = "" = ® 0
g B Qe /1 3
@ E 2 E ol
= 45— .\\\ c | E >~ 8
3F T 3 6
2— 4
1 ) 2
02...|....|....|....|....|....|....|....|...||...F 0
02T eS8 N B89 0 -15§-1-05 0 05 1 15 2 25 3
x [arb. units] 6 [radians)
(c) (d)
20 g AR LARI 20{‘ T R T T T
18 F 18 y
- r 7
16 F 16 &
T 14f 14F '
c F

ry+r, [arb. units]
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A

HoughZ%

e R->0F]Legendre”Z
 Transform a point in real space to a line or a curve in parameter

space
* Points rest on a line in real space < —2lines or curves in Hough
space
Real Space Parameter pace Parameter pace
8 e ¥ p=Xcosa+Ysina
Track
p
. 0 a
k p=XcosO+Ysin® X

(x-y)->(a-p)
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Example: circular Hough transform in Comet experiment

From Ewen Lawson Gillies s
15 i . ”-JE-E‘

m Open circles are /i | S
original hit | Com
locations f ' A

30 e
- . L5 ]

m Signal Hits and | 10 g
Background o |
Hits are scaled \ ’
to the output of \ 58 . "‘_f ;
the neighbour ML fid 1o O
level GBDT. AN . F/

225>, = s

-,
-

Detector watches for 105MeV electron™— -

270"
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Figure 1: Points in (x, y) space,  Figure 2: A mapping from the

blue, thought to be on a circle, points in (x, y) space, blue, to
red, whose centre lies at the possible circle centers in (a, b)
origin, orange. space, green.
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e 2.6m long cylindrical chamber

* |t consists of an inner chamber and
an outer chamber

e With an inner radius of 59mm and
an outer radius of 810mm

*  Filled with He/C,H,(60/40)

Outer skin

Y Outer chamber

Inner chamber

71620

2018-9-28

Inner skin
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* Sense Wires:
— ¢25um gold-plated tungsten

— at a potential of 2100V for the
inner chamber and 2200V for
the outer chamber

* Field wires:
— ¢110um gold-plated aluminum , |
— at ground il bl ‘ -

2018-9-28 29



i LA

e Square cell

® @ @ 0 o
@

e 6796 sense wires and
21884 field wires.

* The average half-cell size is
6mm for the inner chamber
and 8.1mm for the outer
chamber

12 or 16.2 mm

* Half cell staggering to
@ sense wire @ field wire resolve the left-right
ambiguity

2018-9-28 30
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43 sense layers

The inner most 8 layers are located in the inner chamber and the other 35 layer are

in the outer chamber.

Layer Number of cells per layer type Stereo angle
(degree)
1—4 40/44/48/56 stereo (-) 2.9 ~3.3
S, 1] 64/72/80/80 stereo (+) 3.4~3.9
9 — 20 76/88/100/112/128/140 axial —
205 24 160 stereo (-) 2.4~27
25 — 28 176 stereo (+) 2.7~3.1
29 — 32 208 stereo (-) 3.0~33
33 — 36 240 stereo (+) 3.3~3.6
37 — 40 256 axial —
41 — 43 288 axial —
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fEx-y(kr-¢)*
AE(P,)

R: m
P;: GeV/c
B: T

q: RLf AT, DALY
FLAT Ny AL

7Es-z*F 1 _E = dip angle (A)
SHHLT CAFK I

P = P;/cosA
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H. 22 (axial wire): X-y~F [ HJIN =

FH22 (stereo wire): X-y~F1H K z[=) =
22 5578 1) & A FR N URL A ()

IR ox=120um, e=50mrad = 6z=2.4mm

Lpe L

Zhit — 5
" tane 2

e /N o(Lag) = ox

0z ~ oX/tane
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I ZH

dr

— Signed distance in x-y plane from the pivot to the helix

Po

— Azimuth angle of the Poca (point of closest approach in the x-y plane)

K y
— g/Pt
dz /
— z position of the Poca Poca
P &
tanA
dr \(I)o
— Tangent of the dip angle ‘
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— PAT algorithm: based on template matching
— TSF algorithm: conformal transformation

— CurlFinder algorithm: low momentum tracking
— Hough transform: a complementary tracking

algorithm
o 1RIYLE
— Global least-squares fit
— Track fit with Kalman filter
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PAT algorithm

Read MDC raw hits

Find segments in super layers based on
template matching

Combine axial segments to circle

Track fit in x-y plane

Combine stereo segments

Helix track fit

37



Segment Finding Method

* Tracking in the MDC is based on segments
» Search for patterns in the super layer

An example of the pattern

Cells for pattern

One segment pattern

@ W@ O @' @

S TOLSIOHNCINO
05) (04) (03) (02 (0,1)

clockwise

(15 (14 13 (012 O,

We have 8 4-hit patterns
and 20 3-hit patterns

©) ©
Dl B i, R
G S o R )

Pattern No.0

2018-9-28
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4-hit patterns
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Combination of segments

Link axial segments

by = ¢ — arcsin(kry)

K

\/1 Sg/ﬁ:

2y p—

Link stereo segments

ot = (s = o) (—VT = 2R (=)

2 = Z
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TSF algorithm

________________________________

__________________________ L,
;‘ conformal transformation |
. (both position and dnﬁ distance for hits) |

_______________________________________________________

=
o
B
P
=
H.
e
']
e
]
o
g
T
=
—*
o

e R .
. fitaxial hits by r.:lrcle fitting to get 2D tracks
..................................... x-

--------------------------------------------
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Conformal transform

e A hit position (x, y) in x-y plane is transformed into a position (X, Y) in the
conformal plane.

X = 2x/(x%+y?),

Y = 2y/(x?+y?)

» Acircle which passes through the origin (0, 0) is transformed into a line.
XX+yY=1
(x., Y.) is the center of the circle

y(cm)

2018-9-28

35 x-yplane | _...o...
il —ho° 60'8'."@.

. o Oo™
5 g ;
20F ¢

0}

15:- a
10

: o QP
0;’ QY ) et .
= R PP Al PR BEUAPY INATTd 7Y
-“3,02520151050510

x(cm)

0.1
Conformal
0.08
plane P
0.06f f"_;:@o
~ . ~~'
0.041 o i
i (]
1 : I
0,02 o-*0
LC)
ofF Q'(X,Y’)
0.02fF
004: | AP EETEE PR EPAT AT AT AR R Y

0.1 0.08-0.06-004-002 0 002
X(cm'™)
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Track segment finding

If the hit belongs to the track, its drift circle in the conformal

plane is tangent to the line of the track

Left-right ambiguity is kept after conformal transform
Require that at least 3 layer are fired in each super layer

(a) [

b)

I
/ “‘*-

- L/

A

k

{ |

I

A1
!

[ I\

\

(d)

(c)

Patterns

Four-layer pattern in the
conformal plane

Four candidates of track
segment

The best candidate after
matching the middle layers



CurlFinder algorithm

_ Super Stereo/ Py
low mF)m'entum 1 stereo 11.5 17
track finding

2 stereo 16.2 24

3 axial 24.6 37

4 axial 31.0 47

5 axial 37.5 56

6 stereo 44.8 67

7 stereo 51.4 77

8 stereo 57.9 87

9 stereo 64.2 96

10 axial 71.6 107

- 11 axial 77.1 116
o i g Outer - 81.0 122

2018-9-28 tube
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2D finder

Flow diagram

Link consecutive axial hits into a segment

v

Fit the best segment with IP as a circle

¥

Expand the circle with axial segment in nearby superlayers

)

3D finder

%

Salvage unused axial hits

,

Find close stereo hits near the 2Dcircle

.

Set SZ for those close stereo hits,then fit them into a line

y

Helix fitting

45



Axial segment finding

» More than one hit in the same layer

» Find consecutive hits in each axial super layer

* Fired cell = find neighbor = find neighbor’s
neighbor ...

Definition of neighbor

HE
B \X\f‘ﬂ‘




3-D track finding

drift circle

* Find stereo hits near the
circle

Z

stereo wire
e Line fitin s-z plane

- charged track

* Helix fitting

charged track

2018-9-28 t4
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Hough transform

One drift circle

oo 0.4 0.1
Conformal plane O D,gaq Hough place acel
0.025H fan® f
- 0.06 poal =
0.02 0.04;'.— “U“i' ’/. f
—~ 0.02F 002l
0.015 }_EJF 0;_ n:E /
a E i
. -0.02F ok
pot i 0 UJE
0.04:— %
0,005 -U.UB;-— UBi:‘.
'0-03:'_ 0. au!_
GRTE an 01056 a1 0035 008 0.085 00 'D—' GIE ; 1‘5 2I, 2.5 0 ]; . ':] 5 3 5
X(em™ Brad)
Hits Distance distribution
100MeV 30
r fus  eomess Pick axial hits: ;
12001 Gommmne A Calc. distance between P
i Mean 00046 !
[ sgms o2 candidate track and drift circles f
1 000_‘ . 20
o 500 - =it
Lv] i - . I
E [ 1[]E
c o .
S 600f e - |
- S . ‘,I 5:
400f i * 5
[ 0|
200 ;
[ 5
y3 02 03 04 05 10
residual(cm)
2018-9-28

All drift circles on a track . Peak finding

| Erbrms o092
== Meanx 1588

:_ Circle track in real space :
S Rc =(1/rho)
P xc =
(1/rho)*cos(theta)

Yc = (1/rho)*sin(theta)

25 20 15 -0 5 a 5 10

48



R IR T 2

e Least squares fitting without consideration of
NUMPF, multiple scattering, energy loss

1 N it (d (1) d(l)ck)Z

tra
7%= Z meas a
=1 O;
e d is the measured drift distance

meas

* d,.. i-e. doca, distance of closest approach



=T KalmanJEE AR &

Track parameters obtained by in iterations:
..~2prediction—>filter with a hit2>update—>...

Considered effects: nonuniform magnetic field, energy loss and multiple
scattering

5 hypothesis: e, u, «, K, p
Inwards filter: provide track parameters at IP

Outwards filter: provide track parameters seed for extrapolation (expected
TOF, reconstruction with TOF/EMC/MUC)

—>

o * FBEH
2 RIS
A o BUME CERBBHAREAS]. £ UB )
Yt W (R

o HHRHIHE
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o= 1.754 +/- 0.013
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1.65
P (GeVi/c)

000

000

000

000

000

000

(=]

AP AEIZE S5 HX LR

KalmanjiE Kk L & 45 &

- ~

— | o= 1.4576 +/- 0.0085

C | 6P = 0.011343 +/- 0.000030

- | P= 1.547811 +/- 0.000037

— | n=1.019 +-0.013

- oP=11.3MeV/c

:E b & 1 1 1 1 1 1 I 1 1 1 1 d o . 'l

1.4 1.45 1.5 1.55 1.6 165
P (GeVi/c)
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BESIII Drift Chamber Tracking

> MdcPatRec

* limited by segment pattern coverage,
rec. for high pt tracks (P; > 250MeV/c)

» MdcTsfRec

* P;:120~250MeV/c
» CurlFinder

«  P;<120MeV
» Hough transform

\_

Runge-Kutta

Kalman fitting fitting

2018-9-28

e

Curlfinder

Hough transorm
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Tracking efficiency with P-

J/psi 2 pprm, without Hough transform

proton
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Evenis/{0.001 GeV/c®)

Tracking efficiency after Hough tracking

Ds Signal Yields slightly improved after using HOUGH tracking
By HL. Ma and S.F. Zhang

From 2.386 data, number of signal increased ~5% after using HOUGH

A X.N and Zhou X R.

Events/(0.001 GeV/c’)

(B L]

LA 2 LIE (N 11
M, iGaVic®)

Monte-Carlo A_from 4.6GeV

Efficiency(%) relative eff. increase after
HOUGH

A —>¥'e0 (mBC 2.282~2292) 9.491 2.89
A—=E"D (mBC 2.275~) 2571 1.98
A—>p @’ (mBC 2.275) 6.213 3.30

A—=p'Ke'v, (mBC 2.275) 24.808 2.5
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Tracking efficiency with cos0

J/psi 2 pprm, without Hough transform
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Main References Contact

GENFIT

a generic toolkit for track reconstruction
for experiments in particle and nuclear physics

GENFIT is an experiment-independent framework for track reconstruction for particle and nuclear physics. It consists of three
modular components:
» Track fitting algorithms
Currently, GENFIT contains a Kalman Filter and a Deterministic Annealing Filter. Other algorithm modules can be added
easily.
 Track representations
These modules hold the data of track track parameters and can perform extrapolations of these parameters. GENFIT is
distributed with two well-tested track representations.
Existing track extrapolation codes can be interfaced in a very straightforward way in this framework, using their native
geometry and magnetic field interfaces.

» Reconstruction hits
The hit dimensionality and the orientation of planar tracking detectors can be chosen freely. GENFIT is especially useful for
tracking systems which include detectors which do not measure the passage of particles on predefined planes, like TPCs
or wire-based drift chambers. The concept of so-called virtual detector planes provides a simple mechanism to use these
detector hits in a transparent way without any geometrical simplifications.
GENFIT has been developed in the framework of the PANDA experiment at FAIR, Darmstadt, Germany. It is also used in the
Belle-2, Fopi, and GEM-TPC experiments.
GENFIT is implemented in C++ and makes extensive use of object-oriented design. It is available here at sourceforge under
the LGPL v3. There is a mailing list, which you can register for at htips://lists.sourceforge.net/lists/listinfo/genfit-forum. A paper
on GENFIT has been published in NIM A (preprint). Recent developments are described in another preprint.

http://genfit.sourceforge.net/Main.html

2018-7-24 60



External Track
Fropagation Code

Funcoans

ate io POCA
wrt point

exirapolale o POCA
wri ling

exfrapoiate 1o plane

Track
Representation

Dara

state vecton T,

&

covariance matrix C,

refarence plane

x

i

%

Fitting
Algorithm

g

2018-7-24

Funcmons

detecion Vit

Pan®  pnysical

projection matrtx H,

hit coordinaies i,

hit covanance W,

Reconstruction
Hit

raw hit coordinates

raw bt covanance

61
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class emplate
GFRecoHitlfc<Policy>
Fitting Algorithm
B GFRecoHitlfic
B <GFPlanarPolicy>
Inieracis with hiks .
- abstr - E&Tﬁﬁml miedhogs:
i getHitCovariance()
. Inhertt
. GF AbsRecoHit from
' Implemenis method: GFRecoHitlc
;| getResidual () <GFSpacepointPolicy>
viriial methods to be Impiemented by 35 above
|| derived classes:
virtual getDetPlane| =0
: | wirtual getHitCoordinates(j=0
| wirtual getHitC.ovananced =0 GERecoHitlic
virtual getHMakrix( =0 <GFWirePolicy>
: a5 above
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