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Belle 1l & Particle Identification (PID)
ete™ — Y(4S) — BB

KL and u detector
(KLM)

Electromagnetic Calorimeter

(ECL): 8736 Csl(TI) 5%5x30 cm’
scintillating crystals

-
-
—

Vertex Detectors
(VXD)

Time-Of-Propagation counter
(TOP barrel)

| Aerogel Ring-Imaging Cherenkov

counter (ARICH, end-caps)

Central Drift Chamber
(CDC)

tracking system
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Muon-pion separation

|ldentification of low-momenta muons relies on the calorimeter:

0.2 <p <0.6GeV/c

Low-momenta muons cannot reach KLM.

Better muon-pion separation is advantageous for leptonic tau

KLM

decays.
12 S cm U
4 5cm
N -
35cm | | N | high-pt
p track

¢

The energy deposition patterns for pions are more dispersed than muons.

Convolutional neural network (CNN) is useful to find patterns in crystal images.

Abtin Narimani Charan DPG Heidelberg 23.03.2022




Default PID at Belle Il

Default PID in the calorimeter defines a likelihood as a function of E/p.

E/p is not very powerful for muon-pion separation in low momentum.

1.2,

Abtin Narimani Charan

x10%

Belle Il Simulation ui
r[i
0.2 =p= 0.6 GeV/c
ECL barrel
0 02 04 06 08 10
E/P[c]

DPG Heidelberg

1.2

4.0

x10%
| Belle Il Simulation Hi
I
- p > 0.9 GeV/c
ECL barrel
o 02 04 06 08 10 12
E/P[c]
23.03.2022 4



Boosted decision trees (BDT) for PID

It is based on multivariate classification
algorithm.

BDTs are trained combining measurements
from the ECL and the tracking system.
There are observables that are defined to

describe lateral shower shape

development in the ECL which differs for ¢,

u, and .

Abtin Narimani Charan DPG Heidelberg

Variable Range Description
E/p [c] — Ratio of cluster energy over track momentum.
E jusier [GEV] — Cluster energy.
E./Eg — Ratio of the energy of the seed crystal
over the energy sum of the 9 surrounding crystals.
Eq/E>; — Ratio of the energy sum of 9 crystals surrounding
the seed over the energy sum of the 25
surrounding crystals (minus 4 corners).
|Z 40| — Zernike moment n = 4, m = 0, calculated in a plane
orthogonal to the EM shower direction.
|Z51| — Zernike moment n = 5, m = 1, calculated in a plane
orthogonal to the EM shower direction.
Zyva — Score of BDT trained on 11 Zernike moments.
AL [mm] — Projection on the extrapolated track direction
of the distance between the track entry point
in the ECL and the cluster centroid.
Alog L(£/7)cpc — Log-likelihood difference between £ — «r
hypothesis in the CDC.
Alog L({/m)rop ECL barrel Log-likelihood difference between £ —
hypothesis in the TOP.
Alog L(€/m)aricy ECL FWD endcap Log-likelihood difference between £ —
hypothesis in the ARICH.
Alog L(u/m)kim p > 0.6 GeV/c Log-likelihood difference between u — n
hypothesis in the KLM.
EPJ Web Contf., 245 (2020) 06023
23.03.2022 5



https://www.epj-conferences.org/articles/epjconf/abs/2020/21/epjconf_chep2020_06023/epjconf_chep2020_06023.html

Convolutional Neural Network (CNN)
FCH

Inputs Binary
Classification

Problem

Ly
Dropout
dip| | OO
HL :
’ Energy Convolutional
" layers
deposition 4
128 neurons
0, and ¢, are crystal numbers. 3295 neurons

Due to the geometry of the ECL, two separate CNNs are trained with positive and negative charged tracks

Abtin Narimani Charan DPG Heidelberg 23.03.2022



Energy deposition in crystals

H

L

* The central crystal shows the entering point of the track into the ECL barrel.

L

* Pions undergo ionization and hadronic interactions.

Abtin Narimani Charan
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Training samples and inputs

1~ and 7= samples (1 track per event)

The samples include different beam background levels or noise (BGX1, BGXx2, BGX5)

Number of training samples: 865k

Number of validation samples: 288k

Y/

BGX1

Abtin Narimani Charan

BGX1: nominal beam background

DPG Heidelberg

BGX2

ol
_
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CNN - different beam background levels

1.0
) 8 Train
o Belle 1l Simulation Test BGX1 BGXx2 BGX5
> | 0.28 <pr< 1.00 GeV/c
_@ 0.6 ECL barrel
& | BGx1 0.848 0.842
0 0.4}
| |
< | —— CNN (0.852)
0.2 —— BDT (0.827)
| —— Default (0.696)
00 02 04 06 08 10 BGX2
nm~ Fake rate
Number of muons identified as muons
u Efficiency =
Total number of muons BG X 5
Number of pions identified as muons
it fake rate =

Total number of pions

Abtin Narimani Charan DPG Heidelberg 23.03.2022 9



CNN - different beam background levels
soxr ]| soxs]

Efficiency

U

BGx1

Belle 1l Simulation

0.28 =pr< 1.00 GeV/c
ECL barrel BGx2F g e

Trained: BGXx1

—— Test BGx1 (0.852)
---- Test BGx2 (0.844) BGX5
........ Test BGx5 (0.817)

0.9 0.2 0.4

nm~ Fake rate

Abtin Narimani Charan

0.6 0.8

 BGx1 ]

0.848 0.842

0.845

Efficiency

=

Belle Il Simulation
0.28 =pr< 1.00 GeV/c

ECL barrel
Trained: BGXx5

—— Test BGx1 (0.842)
---- Test BGx2 (0.840)
........ Test BGx5 (0.831)

Efficiency

0

Belle Il Simulation
0.28 =pr< 1.00 GeV/c

ECL barrel
Trained: BGXx?2

—— Test BGx1 (0.848)
———- Test BGx2 (0.845)
-------- Test BGx5 (0.830)

090 0.2 0.4

0.6 0.8 1.0

n~ Fake rate

DPG Heidelberg

23.03.2022

0.2

0.4 0.6 0.8
nm~ Fake rate

1.0
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CNN comparison with tracks that have no cluster

Efficiency

0

Abtin Narimani Charan

1.07

o O
@) 00

©
IN

About 5.5% of tracks do not have a matched cluster.

s
s
R4
) Belle Il Simulation
SR/ 0.28 =pr< 1.00 GeV/c
4 ECL barrel

0.2

=== All tracks (0.864)
—— Tracks w/ matched clusters (0.852)
----- Tracks w/o matched clusters (0.884)

02 04 06 08 1.0
n~- Fake rate

DPG Heidelberg 23.03.2022
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Test on data

-e+e_—>y
QD*—)DO[—)K
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CNN comparison with different PID methods

1.07
Belle 11 2020/21
0.8 [cdt=21.5 fb?
> | 0.52 <pr< 0.76 GeV/c
S 0.6f ECL barrel
O |
E .
= | ~ —— BDT MC(0.808)
02t —— BDT data(0.802)
| Default MC(0.709)
— Default data(0.713)
0.0 0.2 0.4 0.6 0.8 1.0
n~ Fake rate
* Model is trained with BGX1.
Abtin Narimani Charan DPG Heidelberg
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CNN comparison with all tracks

1.0_- 0.90;
| Belle 11 2020/21 |
0'8.— f[ldt= 21.5 fb~?! 085!
> | 0.52 <pr< 0.76 GeV/c |
S 0.6f ECL barrel
O |
3: .
W 0.4+
| |
= —— CNN w/ cluster MC(0.830)

0.2}

%0 0z 04 06 o8 10 = e
n- Fake rate cﬁﬁeﬂ‘c\\""d C

* Model is trained with BGX1.

Abtin Narimani Charan DPG Heidelberg 23.03.2022 14



Using 7x7 crystal images in the ECL, muon-pion separation can

be improved for low-momenta tracks.

Two separate CNNs are trained for positive and negative

charged tracks.

CNN method does not rely on clustering or shower-shape

. . B
information.

CNN outperforms default and BDT method:

For a  fake rate of 0.2, u efficiency is:

Default: 38.21% —> BDT: 61.78% —> CNN: 65.26% (+)

Default: 34.40% —> BDT: 61.16% —> CNN: 68.12% (-)

Abtin Narimani Charan DPG Heidelberg 23.03.2022 15



Back-up

Abtin Narimani Charan DPG Heidelberg 23.03.2022



Training samples and inputs

7000
%) - Belle Il Simulation
= 6000}
8 : W=
~ 5000;:
o |
o 4000+
= 3000} — M~
-lq-)-' ' I u"‘
- -
S 2000; ~
5 | ——
% 1000:- Tt
O e

(9.28 0.40 0.60 0.80 1.00
pr [GeV/C]

Abtin Narimani Charan

- Belle Il Simulation

- Belle Il Simulation

P,

DPG Heidelberg

| V) |
e @ 1000}
' _ © I _
: H © 3800y — M
| —— ut | 2 600} — ut
] © .
| — O 400¢ — "
:' — " 200} —
4 36 47 57 %0 36 72 108 143
Oip dip
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Energy deposition inputs

Candidates / (0.008 GeV)

o O

o O

x10*

x10*

Negative charged tracks

6 x10*

6 x10%

x10*

x10*

Extrapolated Energy (GeV
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Positive charged tracks
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Inputs & CNN parameters

Extrapolated energy (Reconstructed track-seeded cluster
energy):
Threshold: 1 MeV (If energy < 1 MeV: energy = 0)
If energy > 1GeV: energy = 1
Since energy values are already between 0 and 1, 1 do
not apply any scaling.
Transverse momentum:

No scaling is applied.

Oip and ¢p;

They are given as categorical inputs (embedding layer).

Abtin Narimani Charan DPG Heidelberg

Kernel: (3, 3), Stride: (1, 1), Padding: (1, 1)

® Feature maps: 64

# neurons in FC1: 3295

# neurons in FC2: 128

Dropout between FC1 and FC2: 0.1
Optimizer: Adam

Learning rate: 0.001

Loss: CrossEntropy

Batch size: 512

23.03.2022
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CNN and other PID methods

Method

BDT

oNN

- 10% (positive)

S
LAY e i\ —

— — — . o - -

38.71

36.89

207 (positive)

n — > - -

=
T e se-

S A s

10% (negative)

s - . =
S BT b o > - -

41.75

36.97

— —— — — e > - -

20% (negative)

— — — e .

63.12

61.16

= .
fm L o —

Default

19.25

17.32

34.40

1.0f

u* Efficiency
-
o)

O
S

0.0

0.0
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..........................

Belle Il Simulation
0.28 =pr< 1.00
ECL barrel

Test: BGx1
Trained: BGx1

—— CNN ECL (0.844)
- BDT ECL (0.831)
—— binary ECL (0.729)

0.2

0.4

0.6 0.8 1.0
n* Fake rate

DPG Heidelberg

1.07
0.8
Belle Il Simulation
0.28 =pr< 1.00
O ECL barrel
- 0.6 Test: BGx1
-8 Trained: BGx1
- =
wl
, 0.4
-
0.2 CNN ECL (0.852)
—— BDT ECL (0.827)
: —— binary ECL (0.696)
0.0 f : :
0.0 0.2 0.4 0.6 0.8 1.0
n~ Fake rate
23.03.2022



CNN - different beam background levels (+)

1.0_'
| Train
0.8} | | Test BGx1 BGX?2 BGXx5
o | Belle Il Simulation
O | 0.28 =pr< 1.00 GeV/c
S 0.6f ECL barrel
o | BGx1 0.841 0.838
W 0.4}
. |
< —— CNN (0.844)
0.2/ —— BDT (0.831)
| —— Default (0.729)
%% 0.2 0.4 0.6 0.8 1.0 BG X2

nt Fake rate

BGx5
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CNN comparison with different PID methods for all p; regions

1.0f

1.07

Belle Il 2020/21

[rat=21.5fb?

0.28 =pr< 0.52 GeV/c
ECL barrel

Belle Il 2020/21

[rat=21.5fb™?

0.28 =pr< 0.52 GeV/c
ECL barrel

Efficiency

—— CNN MC(0.855)
—— CNN data(0.834)
— BDT MC(0.865)
— BDT data(0.845)
Default MC(0.803)
—— Default data(0.776)

0.0 0.2 0.4 0.6 0.8 1.0

—— CNN MC(0.873)
—— CNN data(0.842)
— BDT MC(0.877)
— BDT data(0.858)
Default MC(0.733)
—— Default data(0.669)

u* Efficiency

v

. 0.4 0.6 0.8 1.0
nt Fake rate n~ Fake rate
1.0f — 1.07
Belle 11 2020/21 Belle 11 2020/21
0.3 [cat =215 fb? 031 [cdt =215 fb
0 0.52 =pr< 0.76 GeV/c > 0.52 =pr< 0.76 GeV/c
@ 0.6} ECL barrel _@ 0.6} ECL barrel
2 2
NT 0.4l —— CNN MC(0.828) NT 04l —— CNN MC(0.830)
+ —— CNN data(0.817) | ' —— CNN data(0.821)
= —— BDT MC(0.823) = —— BDT MC(0.808)
0.2 —— BDT data(0.821) 0.2 —— BDT data(0.802)
Default MC(0.736) Default MC(0.709)
/ —— Default data(0.730) ), —— Default data(0.713)
0.0 ' ' - ' ' 0.0 ' ' ' ' '
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
nt Fake rate n~ Fake rate
1.0f 1.0 —————
" Belle 11 2020/21 /" Belle 11 2020/21
0.8 [cdt =215 fb? 0.8 [cdt =215 fb?
9 0.76 =pr< 1.00 GeV/c %) 0.76 =pr< 1.00 GeV/c
_§ 0.6 ECL barrel _@ 0.6 ECL barrel
2 2
0 0.4} —— CNN MC(0.810) 0 0.4} —— CNN MC(0.812)
+ —— CNN data(0.812) | ' —— CNN data(0.804)
= —— BDT MC(0.817) = —— BDT MC(0.814)
0.2 —— BDT data(0.820) 021 —— BDT data(0.809)
Default MC(0.716) Default MC(0.709)
—— Default data(0.731) , —— Default data(0.707)
0.0 ' ' ' ' ' 0.0 ' ' 1 ' '
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
nt Fake rate n~ Fake rate
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CNN comparison with all tracks for all p, ranges (data and MC)
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—eo— Data all
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1.07
Belle 11 2020/21
0.8 [cde=21.5fb?
9 0.28 <pr< 0.52 GeV/c
S 0.6f ECL barrel
O
t
W 0.4
+
3 —— CNN w/ cluster MC(0.855)
02 —— CNN w/ cluster data(0.834)
—— CNN all MC(0.877)
—— CNN all data(0.863)
0.0 1 1 . 1 1
0.0 0.2 0.4 0.6 0.8 1.0
nt Fake rate
1.07
Belle 11 2020/21
0.8 [cdt=21.5 b
9 0.52 <pr< 0.76 GeV/c
S 0.6} ECL barrel
o
b
W 0.4
+
= —— CNN w/ cluster MC(0.828)
02¢t —— CNN w/ cluster data(0.817)
—— CNN all MC(0.833)
—— CNN all data(0.826)
0.0 1 1 . 1 1
0.0 0.2 0.4 0.6 0.8 1.0

nt Fake rate

Belle 11 2020/21

[cat=21.5fb!

0.76 =pr< 1.00 GeV/c
ECL barrel

u™ Efficiency

—— CNN w/ cluster MC(0.810)
—— CNN w/ cluster data(0.812)
—— CNN all MC(0.814)

—— CNN all data(0.818)

0.0 0.2 0.4 0.6 0.8 1.0
n*t Fake rate
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Efficiency

e

Efficiency

0

Efficiency

e

1.07
Belle 11 2020/21
0.8 [cdt =215 fb?
0.28 =pr< 0.52 GeV/c
0.6 ECL barrel
0.4}
—— CNN w/ cluster MC(0.873)
02 —— CNN w/ cluster data(0.842)
—— CNN all MC(0.896)
—— CNN all data(0.871)
0.0 - - - - -
0.0 0.2 0.4 0.6 0.8 1.0
n~ Fake rate
1.07
Belle 11 2020/21
0.8 [cdt =215 fb?
0.52 =pr< 0.76 GeV/c
0.6 ECL barrel
0.4}
—— CNN w/ cluster MC(0.830)
02+ —— CNN w/ cluster data(0.821)
— CNN all MC(0.837)
—— CNN all data(0.830)
0.0

0.0 0.2 0.4 0.6 0.8 1.0
n~ Fake rate

Belle 11 2020/21

[rat= 215!

0.76 =pr< 1.00 GeV/c
ECL barrel

—— CNN w/ cluster MC(0.812)
—— CNN w/ cluster data(0.804)
—— CNN all MC(0.817)

—— CNN all data(0.811)

0.0 0.2 0.4 0.6 0.8 1.0
n~ Fake rate

23



