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Motivation

Klnks are\tracks W|thbreakp0|nts |nS|de th’e,
experiment tracker |

—~._Belle [2,3]

. * They can be caused by charged particles decay f
_in flight or scattering in the detector material __/

< Their reconstruction is one of the steps 10
improve the performance:

* |t can reduce the fake rate in the particle

identification (PID), e.g., K~ — ¥ s al

natural cause of initial kaons to be identified | [1] JHEP 10 (2022) 035

as pions {  [2] Phys.Rev.Lett. 131 (2023) 021801
! [3] Phys.Rev.D 108 (2023) 012003

e Ko1K > pv,andr —uv, '3'1

, _ i 07 [ p —e o,
can be used for dE/dx-calibration N -7,
. _ R I K —7 7
e Clone tracks can imitate the Kkink (thelrg 30 ¢ I K —3 body
reconstruction can reduce their rate) IS B K,
- | B c-scattering
. * Kinks can be used in physics studies: “ 10t BN -scattering
¥ : ; hadron
— . . — scattering
e E.9., 4 — e v, reconstruction provides: o 20 40 60
e” u ¢ data
i DPep, [MeV/C]

mformatlon about muon polarlzatlon [1]
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https://link.springer.com/article/10.1007/JHEP10(2022)035
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.021801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012003

Belle || @SuperKEKB

e The Belle Il experiment is located at the asymmetric energy e e~ collider SuperKEKB
(Tsukuba, Japan)

e Belle Il expects integrated luminosity of £ = 50 ab™! by 2035 ( ~ 530 fb~!collected)

* More details in Monday talk by Alexander Kuzmin

(Ee)=76ev, Eeh = dGev |
| Target luminosity: 6 X 103> cm—2s-1

PTEP 2019 (2019) 12, 123C01

 Achieved luminosity: 4.7 X 10™ cm~2s-1;

Belle Il detector

Pixel Detector (PXD)

Silicon Vertex Detector (SVD)

Central Drift Chamber (CDC)

TOP counter (TOP)

. | Electron-Positron

Aerogel RICH counter (ARICH) "L | linear accelerator

Electromagnetic Carolimeter (ECL)

K.,/ Muon Detector (KLM)

N © Rey.Hori/KEK

Positron damping ring
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https://indico.pnp.ustc.edu.cn/event/1948/contributions/17305/
https://academic.oup.com/ptep/article/2019/12/123C01/5685006?login=true

Tracking detectors

Pixel Detector (PXD) PXD and SVD together
e Silicon pixel detector 7~ form Vertex Detector (VXD)

e 2 layers
 Radii: 14 and 22 mm
Silicon Vertex Detector (SVD)

* Double-sided silicon strip
detector

* 4 |ayers
* Radii: from39to 135 mm . _ Axiallayerforxy coordinate
Central Drift Chamber (CDC)
+ ~ 14000 sence wires - _
e 56 layers form 9 superlayers: ____

. Axial (A) -

e Stereo (U, V) 16.8 Cm

AUAVAUAVA
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Track Finding @Belle I

* Local track finder based on [1] Comput. Phys. Commun. 259 (2021) 107610
Cellular Automaton [2] arXiv:1902.04405 [physics.data-an]

* Has high efficiency for

CDC Hits [1]

displaced tracks ' CDC
e Currently is partially switched |
off due to high fake rate VD

e To measure track Helix ‘ H SVD Clusters

e . CDC Tracks
parameters, Deterministic > SVD CKF

Annealing Fitter (DAF) from the :
genfit2 package is used [2] Remaining
: - : .. § | CDC Tracks SVD Clusters

e |t uses iterative Kalman Filter with |

additional welghts calculation to e —— SVD Tracks VD
. remove outliers i Fit | Standalone
. * Three hypotheses are used for fit: | \
. bion, kaon, and proton ] Pos ) LU *CKF — Combinatorial
R T A B A I P A \ Kalman Filter
* New GNN Track Finding algorithm is developed in Belle Il } | _Track Fit

. (incredible performance for displaced tracks) ,
\ See a talk by Lea Reuter at Hemholtz Al Conference 2024

it min P
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https://www.sciencedirect.com/science/article/pii/S0010465520302861?via=ihub
https://arxiv.org/abs/1902.04405

Global CDC Track Finding

 (Conformal transformation: circles crossing IP to straight lines

* | egendre transformation: to find common tangents to the drift circles

. Good for tracks from IP

’ 1. In rgb using aX|aI Iayers onIy tangent to the dr|ft Clrcle

p =xycosl+y,smnf R,

2. Extrapolate in 3D by attaching hits in stereo layers, in z, tan A:

ZO — Zrec: tan /1

e Hit Candldates shared by several tracks are not added to any track (on average 19 % of

hits) _otgy

E-l L1 l 1Ll 1 l Ll ll 1
1% "65 1 15 2 25 3
(a) Two-dim. binary search
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SVD Standalone

* Found CDC tracks are extrapolated to SVD
to attach hits

* To the remaining hits, SVD Standalone
reconstruction is applied:

fo Each SVD sensor is divided in 4 X 4
sectors
~« Sector map trained on simulated tracks !

to learn geometrical relations between
sectors

* Filters reject bad space point
- combinations (angle, timing, distance)

N

[

\.* Cellular automaton yields a set of paths ;

An B Lo i 3 TR ey T e et

TS,
020200020620 %6% %
N2 %% %% %%’

o

AAAAAA

|
[N

Generalized Sensor V Coordinate
o

|
N

* New found tracks are extrapolated to CDC

|
w

-4 -3 -2

0 1 2 3 4
Generalized Sensor U Coordinate
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=71 3D Distance Filter
77 2D Distance Filter
RZ Slope Filter
I Z Distance Filter
E=1 XY Angle Filter
Il Combined Filter
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Kinks at Belle |l

®* Based on MC simulation for K~ — B,

from7t™ — K v, ®* More general case for decays-in-flight from

4+ _— N —_
®* 10 % of decays-in-flight inside CDC v'7, BB, and cc events

cannot be reconstructed in principle ® Mother track reconstruction efficiencies:

®* Mother track: ® Above 80 % for kaon and muon decays
* 84 % of mother tracks reconstructed * Around 60 % for pion decays (hits are

® Daughter track: assigned to daughter track more often)

® Around 25 % of mother tracks are

reconstructed by VXD only (great
Reconstructed as a combined track from improvement compared to Belle)

daughter and mother hits:

* 31 % of daughter tracks reconstructed

® Daughter track reconstruction efficiencies:
®* 17 % as a mother (more than 66 %
hits from mother)

® 2% as a daughter (more than 66 % ® Around 23 % for pion decays
hits from daughter)

® 13% with ~ 50/50 % ratio

® Around 31 % for kaon decays

® Around 15 % for muon decays
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Kink Finding

* |n Belle ll, currently we consider two types of Kinks:

* Both daughter and mother tracks are individually reconstructed by the
default track finding (depending on the decayed particle, it is around 10

—20 % of all decays in flight)

e Hits from daughter and mother track are combined in one track
reconstructed by the default track finding (depending on the decayed

particle, it is around 40—70 % of all decays in flight)
* The last case is the most crucial for the PID fake rate
* Kink Finder is a newly developed algorithm:

* Shown numbers and overall performance are preliminary and not official

* |t has not been used for the data processing yet
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Combination of track palrs

* The default track finding is not optimized for kinks,
sO we have to consider 6 cases:

* The daughter’s FIRST hit is close to the mother’s
last hit in 3D (a)

* The daughter’s LAST hit is close to the mother’s
last hit in 3D (wrong charge reconstruction for
daughters coming back to IP as the default track
finding is optimized for the tracks from IP) (b)

* The daughter track helix extrapolation passes
close to the mother’s last hit in 3D (track finding
can miss some superlayers) (c)

e The other 3 cases are similar, but the 7
coordinate has poor resolution so check in 2D

* Depending on the case, the processing is different

e |n 2D cases, we usually can improve the 7
coordinate resolution by refitting the daughter with
better seeds estimated from the mother last hit
information
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Hit reassignment

* The track finding can assign hits from one of the kink particles to another, leading to a
worse resolution of decay vertex and track parameters

* To solve this problem, a hit reassignment is performed between tracks after the first
vertex fit

. o Example of hit reassignment
* If the fitted vertex is inside of one A whole stereo super layer was reassigned
of the tracks:

* Reassign the extra hits to the
complementary track

e Refit both tracks and checKk if
the following value is improved

2 2 2
Xcomb Am +)(d

N.d.f.comb n.d.f.,, + n.d.f.4
e Refit vertex

* Repeat until converges or
reaches maximum (3 to limit
resource usage)

Default Reassigned MCTruth
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Combined fit

* Clones of the tracks (one real track is reconstructed as two separate tracks) are
inevitable in track finding

* They can imitate kinks
* [t will be required to suppress their contribution in analysis
e Combine two tracks into one and fit it

* Do not save the result and only use a flag, based on the improvement of the fit result

e Around 50 % of clones can be suppressed with this flag, while having more than 90 %
retention for real kinks

* Further suppression can be applied at analysis level with ML using other characteristic

variables
6 T Y
- Belle I MC - Belle I MC I K
5 F 6 After T
: D5t N K—uv
4 F > ﬂag cut hadron
[ ) - . 5
- s 4 inelastic
E S B clones
2 E ~ 5 B fake kink
: Z
1 i i 1
0 5 10 15 —-0.2 0.0 0.2 0.4 0.6
Flag of combined fit pm — pa [GeV/e]
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Number of kinks for general case

NMC NMC Nkinks ]Vkinks/]\fMC

reco reco

- + __— D 5 7 sample
- MC study with 777~ and BB samples, 10 | aldens o170 568 o1 01
events in each Muon decays 48 1 0 _
! Pion decays 5774 493 319 65%
- Total number of found kinks: ~ 2.4 X 10° for |  Kaon decays 387 69 61 88%
4+ — 4 — " BB sample
‘T T and X 1.7 X 10 for BB. i Decay-in-flight 95830 8598 5597 65%
:" j‘ Muon decays 576 4 2 -
Among them: | Pion decays 63964 4348 2204 51%
" Kaon decays 31260 4246 3390 80%
. ® Combination of fake mother (daughter) track: g 40
: . — . T T T T T T 1 O 7—pv
2 % (8 %) for T+T and 2 % (9 %) for BB £ 125t —L Belle IMC | mmm K—nr
‘ F =2 ] | B K—uw
, . . . > 1.00} _
. ® Fake combination of real tracks: 4 % for = 075 | A
, - Lo i
vt~ and 8 % for BB ~ 050 = clones
0.25 | ake K
. ® True kinks: 55 % for t77~ and 46 % for BB e em———
| ~ . Ppur [GeV/c]
® Decay: 30% fort™t"and 74 % for BB | o[t |
1 Py - Belle [ MC j
' 2 15 ¢
o : . + - | S _
Hadron inelastic: 69 % for 77~ and 24 % | 2 N BB sample
| for BB P2 after clone
3 { S 05F
i _ iz 95 flag cut
. ® Clones: 32 % forttt” and 36 % for BB |

0.00 0.05 0.10 0.15 0.20 0.25 0.30

PrK [GeV/C]
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Kink Vertex reconstruction

N /(4.5 cm)

20

T'7T sample

40 60

vertex R [cm]

105

104 |

N /(4.5 cm)

20

Denis Bodrov

BB sample

40 60

vertex R [cm]

— T T T 7 2.5X1'02'"|""|""|""
Belle II MC | } Belle II MC{
' 2.0 f -
= E |
© 1.5}
F.| L
O I
= 1.0 |
z
0.5 |
80 100 -1.0 -0.5 0.0 0.5 1.0
vertex R — R&" [cm]
— T T T 7 150X103|||
Belle IT MC | : Belle I MC:
] 1.25 F -
‘S 1.00
© i
e L
9 0.75 :
~ I
—~ 0.50 }
0.25 |
80 100 -1.0 -0.5 0.0 0.5 1.0

vertex R — R&" [cm]
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IR NN

T— 4V
K—nm
K—puv

hadron
inelastic

clones
fake kink

Good resolution for
real kinks

Hadron scattering
mostly occur on VXD
material
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N /(1 MeV/c)

N /(5 MeV/c)

Denis Bodrov

2.5 |
- Belle I MC

—10

3.0

2.5

Daughter momentum resolution

x10°

-5 0 5
pTy — pT5" [MeV/c] (@vertex)

10

><103

;' K™= p”

180

- Belle II MC ]
U,

200 220 240

Pdm [GeV/C]

260

280

N / (2 MeV/c)

N /(2 MeV/c)

2.5

2.0 |

—20

2.0

—20

><103 '

- Belle II MC

—-10 0 10
pZq—pZ5" [MeV/c] (@vertex)

><103 '

Belle I1 MC

—-10 0 10
ps [MeV/c]

20
Pdm —
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N KinkFinder
I default

T - K U, sample W|th

] kaon 2-body decays

Daughter momentum
resolution in the lab frame

| | (p) and in the mother rest
20 1

frame (p,,,,) with correct

,mass hypotheses applled

For comparlson a default
situation is shown: the
initial tracks from found
kinks are taken and fitted
to one vertex with
geometric fitter

Bias in p1 , for default is
due to unaccounted
dE/dx losses
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Track splitting

® Split the track in 5 iterations (usually

o . enough to converge) and do a binary
Around 40 % of decays in flight of kaons search for the best splitting position

from 7= — K" v, are reconstructed as based on the following criteria

one (combined) track )(2
b
® Around 70 % of decays in flight of pions 1
from 7= — m v_are reconstructed as n.d-F-comb
T

one (combined) track ® Fit new track pairs

®* Combined tracks can be distinguished by

low p-value and less fitted hits Initial track is split 3 times in 3 points
® Several times more ordinary tracks
with low p-value and a small amount 50/50 %
of hits 20/80 % 80/20 %
* Not all tracks have bad p-value Choose the best edge and repeat
50/50 %
20/30 % 80/20 %
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Splitting performance

10° ——————r
Belle II MC
__10%
2
>
® 103
=
o
— 102
z 10!
-1.0 -0.5 0.0 0.5 1.0
pT,, — pT&" [GeV/c] (@IP)
2.0 (A8
I Belle I1 MC |
9
>
(]
>
©
p

-04 -0.2 0.0 0.2 0.4
pT; — pT5" [GeV/c] (@vertex)

8 ><102

Belle II MC

N/ (1 cm)

-10 -5 0 5 10
vertex R — R&" [cm]
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N / (5 MeV/c) N /(10 MeV/c)

N/ (1 cm)

10—
Belle II MC

10% 4

103 L

102 L

10!

-1.0 -0.5 0.0 0.5 1.0
pZ,y, —pZ&" [GeV/c] (@IP)
PRV L —

Belle 11 MC

-04 -0.2 0.0 0.2 0.4
pZg —pZ5" [GeV/c] (@vertex)

1'2 ><].03

Belle II MC |
1.0 f -

-10 -5 0 5 10
vertex Z — Z&" [cm]

KinkFinder
split track

Initial
1 track

/7 — m~uv,_sample with pion decay *

Mother and daughter momenta
resolution

\Decay vertex resolution

® Efficiency to find kink from combined :
~ track is 37% (46%) for kaon (pion) |
decays

; ®* Ratio of fake split to real:
® For "7, around 4.2-to-1

® For BB, around 2.1-to-1

: ® \ertex and momenta resolutions are
. worse than ones for track pairs
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Conclusions

* First version of the Kink Finder was developed within the Belle Il Tracking
Software

* Two major cases were considered: combining two reconstructed tracks and
splitting one track, combined from hits of both mother and daughter, to
create a Kink

* The source code can be found in the Belle Il GitHub repository: https://
github.com/belle2/basf2/tree/main/tracking/modules/kinkFinder

* Both cases do not change the default track finding

* The obtained finding efficiency is good while the reasons of the inefficiency
are understood

* The resolution of the decay vertex and momenta at it are improved
significantly compared to the default tracking

e Effect on PID is still to be studied

* There is still room for further improvements
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https://github.com/belle2/basf2/tree/main/tracking/modules/kinkFinder

Thank you for
attention!
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Local CDC Track Finding

Build segments

e (Cellular Automaton based local search for
tracks

« I = Zwij_l_z@f

1. Combine hits in segments located in
one superlayer

2. Combine segments into tracks

e Segments are first combined with tracks
reconstructed by global track finding
algorithm

* The remaining segments are used to
reconstruct additional tracks

* High efficiency for displaced tracks

e Currently is switched off due to high
fake rate
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Daughter momentum resolution (2)

2.5

N /(1 MeV/c)

3.0

N /(5 MeV/c)
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—10

XlO% 1 T T T
Belle II MC |
-5 0 5 10
pTy — pT5" [MeV/c] (@vertex)
Xlo% — 7T T T T T T T T T T
Belle IT MC |
20 40 00 80 100

Pdm [GeV/C]

N / (2 MeV/c)

N /(2 MeV/c)

2.0 |

x10°

—20

2.0 |

—-10 0 10
pZq—pZ5" [MeV/c] (@vertex)
XlO% — T T T T T

Belle Il MC |

20

—20

—10

Pdm —

0

Belle IT MC |

10

ps [MeV/c]

20
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I KinkFinder
EE default

/17 — 7 v,_sample with

' pion decay

| Daughter momentum
. resolution in the lab

' frame (p) and in the

. mother rest frame (p )

,'tl with correct mass
% hypotheses applled

Bias in pTd for default is

due to unaccounted
dE/dx losses
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Splitting performance (2

10° ————————
Belle II MC
— 10%
Q
>
o 103
>
o
= 102
& 10!
-1.0 -0.5 0.0 0.5 1.0
pT, —pTE" [GeV/c] (@IP)

3.0 (18—

55| Belle Il MC |
ZE I ]
>
)
>
S
Z

-1.0 -0.5 0.0 0.5 1.0

pT; — pT5" [GeV/c] (@vertex)

x103

1.50 .
Belle II MC

1.25 .

1.00 r

0.75

N /(1 cm)

0.50 r

0.25 |

-10

-5
vertex R — R&" [cm]

0 5 10
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N /(10 MeV/c)

N /(10 MeV/c)

N/ (1 cm)

10°

Belle II MC
104 F .

103 L

102 L

10!

—-1.0 -0.5 0.0 0.5 1.0
pZy, —pZE" [GeV/e] (@IP)
3o
25 L Belle II MC |

-1.0 -0.5 0.0 0.5 1.0
pZg —pZ5" [GeV/c] (@vertex)
2.5 ><103

Belle II MC

-10

-5 0 5
vertex Z — Z&" [cm]

10
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KinkFinder
split track

Initial
1 track

/77 — K~ v_sample with kaon
- decays

-

Mother and daughter momenta
resolution

i Decay vertex resolution
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Fake splitting suppression

0.14 : : : 0.25 — : : : :
0.12  Belle 1 MC (a) 4o | Belle TMC (b)
4 0.10 - [ Decay split
T S AN : } 0.08 L > E Fake split
To suppress fake track 5 0.06 |
e o

0.04

splitting, an ML algorlthm |

0.02 L
can be tralned at the ] 10 20 30 40 50 -40 -30 -20 -10
anal SlS Ievel US|n the N CDC hits initial track Ln(p-value) initial track
y _ _ g . 0.10 : : : 0.5 : : : : 0.6 : :
following variables as an | 005 b Belle IMC © | o4. BellelIMC @ 05 Belle 1 MC ©)
example < 0.06 g g
i i ) — g 0.04 g g
- Distributions for BB < g g
! 0.02
sample are shown
- ; 0 10C Chzo h30 40 10 -8 ( —61 )—4 ) -2 0 ~10 —8( _f )d_4 h—z 0
N CDC hits mother Ln(p-value) mother Ln(p-value) daughter
They are sllghtly dlfferent et e " S
Belle I MC 150 b Belle I MC 1 - Belle I MC
with 777~ sample, thus - - @ ] Q10 o
g g 125+ o
dependence on S < 100 2
multiplicity exists =
5 g 0.50 F i
© © 0.25 f S
20 40 60 80 100 50 0 50 100 0.0 0.1 0.2 0.3 0.4
vertex R [cm] vertex Z [cm] prr [GeV/e]
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Fake splitting suppression (2)

0.12 1 : : : 0.20 —— : : : :
0.10 | Belle I MC (a) Belle I MC (b)
~ 0.08 | ~ s EEE Decay split
o s S i e S ‘ N - I Fake split
S faketrack 2"
[= =
o suppress fake trac g 1 z

splitting, an ML algorlthm | 0.02 |
can be trained at the

3 10 20 30 40 -50 -40 -30 -20 -10
. " N CDC hits initial track Ln(p-value) initial track
analysis level using the e e e
following variables as an | o4l BelleIMC @ 0.5 L Belle Il MC ©

example

density / 2
density / 0.4
density / 0.4

~ Distributions for 777~
L4 sample are shown

: | 0 10 20 30 40 -10 -8 —6 -4 -2 0 -10 -8 —6 -4 -2 0
N CDC hits mother Ln(p-value) mother Ln(p-value) daughter
They are sllghtly dlfferent e e " o |
Belle I MC Belle I MC R Belle I MC
with BB sample, thus ol Lo T e g o
1.0 ] © 10 L
dependence on S = 2 s
multiplicity exists g g 067 >
g § 04l @ 4
s s =
02 F S 2
20 40 60 80 100 -50 0 50 100 0.0 0.1 0.2 0.3 0.4
vertex R [cm] vertex Z [cm] prr [GeV/e]
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Problems and solutions

Inefficiency in finding kinks from reconstructed track pairs

e Finding hits in missing superlayers can improve z resolution

Inefficiency in reconstruction of the daughter particles

e Local track finding can improve the efficiency at least by 50 %

e Short tracks passing one-two superlayers can be reconstructed since usually their
segments are found (may generate extra background)

Processing time due to multiple refitting

* Prepare a special fitter for the kinks, e.g., saving results of each iteration of the
KalmanFilter can reduce the number of fitting to two (forward and backward)

* Better optimization of the fitter’'s parameters (number of general iterations to find
the optimum)

Development of special fitter which will consider kink as one continuous object can
improve both momentum and vertex resolutions

New GNN algorithm developed in Belle Il shows incredible performance for displaced
tracks. It may also increase kink reconstruction efficiency if trained properly

* See for example, a talk by Lea Reuter at Hemholtz Al Conference 2024
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