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Motivation

• ATLAS, CMS ( High-energy collisions ) In accord with SM (Standard model)

(Higgs, CKM, …)

Gravitation, Black matter, CP violation?

NP (“new physics”)

Belle II , LHCb

Experiments hinting at existence of 
NP :

• Lepton Flavor Universality 
(LFU) Violation
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Motivation

• ATLAS, CMS ( High-energy collisions ) In accord with SM (Standard model)

(Higgs, CKM, …)

• Lepton Flavor Universality 
(LFU) violation

SU(2)xU(1) Electro-weak 
int.

3 lepton 
generations 
(flavors)

Belle II , LHCb
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Motivation

• ATLAS, CMS ( High-energy collisions ) In accord with SM (Standard model)

(Higgs, CKM, …)

Gravitation, black matter, CP violation?

NP (“new physics”)
(To) low statistical 
significance 

Need more 
measurements!

Belle II , LHCb

Experiments hinting at existence of 
NP :

• Lepton Flavor Universality 
(LFU) violation
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SuperKEKB particle collider and Belle II detector

Belle II detector :

• Precise measurements of rare B,D meson 
and lepton 𝜏 particle decays

• Magnet spectrometer

• Detection of charged particle tracks and 
subsequent trajectory curvature 
measurement allow for momentum 
determination.

• More subdetector components, crucial for ID: TOP 
and ARICH

𝑒, 𝜇, 𝜋, 𝐾, 𝑝

Energy: 𝛾 + 𝐾𝐿
0

Decay 
reconstruction

(CDC, ARICH, 
TOP, KLM,ECL)

CDC- central drift 
chamber

TOP-TOP counter

ECL-
Electromagnetic 
calorimeter

KLM- Kaon and 
long-lived muon 
detector
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Particle ID

• Vital for High-Energy experiments – Belle II

• Reduction of combinatorial background, B meson flavor tagging 

• Example: 𝜙 → 𝐾+𝐾−

• B meson decay endstates           𝐾 + 𝜋 (Mostly at ARICH)
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SuperKEKB particle collider and Belle II detector

HAPD photodetectors

Aerogel 
radiator

𝑚

Charged particles emit 
Cherenkov photons when 
traversing the radiator layers

Different 
Cherenkov 
angle

ARICH (Aerogel Ring Imaging Cherenkov counter):

𝑚𝐾 ∼ 494 MeV/c2

𝑚𝜋 ∼ 140 MeV/c2

Different velocity + 
known track 
momentum

𝑝 = 𝛾𝑚𝑣

Different velocity
cos 𝜃𝑐 = 1/𝛽𝑛
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Particle ID at ARICH

• Formally: Calculate likelihood function ℒ 𝒙 𝐻

• “Global” likelihood:

• 𝜋/𝐾 separation, 𝑅𝑖𝑗 ration:

Expected detector 
response (for each mass 
hypothesis: 𝑒, 𝜇, 𝜋, 𝐾, 𝑝)

Measured 
detector response

Probabilty, that 
particle type 𝐻
produces detector 
response 𝒙.

Independent 
detector 
measurements

Control samples, 
simulation, theoretical 
predictions

Concretely  (ARICH): Calculate expected photon hit 
distribution, for each mass hypothesis, compared it with 
measured hit distribution.

Depends on 
detector
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Particle ID at ARICH

Efficiency 
measure:

Example: (Separation based on 

𝑅𝐾𝜋 value)

Get a set of 
points 

Determined from 
*simulation, where data 
on real particle identity, 
scattering, … is known.  

𝑅𝐾𝜋 =
ℒ𝐾

ℒ𝐾+ℒ𝜋
(pion tracks)

𝑅𝐾𝜋 =
ℒ𝐾

ℒ𝐾+ℒ𝜋
(kaon tracks)

Purpose: 

• Efficiency 
measure

• Determination of 
optimal 𝑅𝑐𝑢𝑡*or control samples 9

𝑅𝑐𝑢𝑡



• Scattering/decay of particles 
drastically decreases K/𝜋 separation 
efficiency 

• For construction of the Likelihood 
function ℒ𝐴𝑅𝐼𝐶𝐻 a PDF of photon hits 
by Cherenkov  angle is used.

• Without 

scattering

/decay

• All Tracks

Problem: Current method does 
not discriminate between 
scattered/decayed particle tracks 
and non – scattered/decayed 
tracks.

PDF currently in use

Observed 
distribution in MC 
for 
scattered/decayed 
particles

Kaons, 

p>3.0GeV

• MC sim

• PDF

Background: ℒ𝐴𝑅𝐼𝐶𝐻 is 
calculated for all tracks, but 
not all actually reach the 
detector. 

Notice: 
Immense 
difference !

10

Improvement of the particle ID 
method at ARICH



• Problem: Scattering + 
“in flight” decays of 
particles before 
reaching the ARICH

Interaction 
point

Interaction
point

ARICH: 𝑧 ∼ 164 cm

∼ 10% 𝜋,𝐾

Interaction 
point z

CDC endplate

Pions 𝜋
Kaons K

Pions 𝜋
Kaons K

Decay Vertex distribution (dP/dz)

d
N
sc
at
te
re
d

d
N
al
l

/d
p

More evident at lower 
momenta (decay time,  
scattering crossection,..)MC simulation
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Idea: Write PDF as a sum 
of two contributions: 
𝑃𝐷𝐹𝑠𝑐𝑎𝑡𝑡. (scattered) + 
𝑃𝐷𝐹𝑛𝑠𝑐𝑎𝑡𝑡. (non-scattered)

𝑃𝐷𝐹 = 𝑝𝑠𝑐𝑎𝑡𝑡. × 𝑃𝐷𝐹𝑠𝑐𝑎𝑡𝑡. + 𝑝𝑛𝑠𝑐𝑎𝑡𝑡. × 𝑃𝐷𝐹𝑛𝑠𝑐𝑎𝑡𝑡.

Scattering/decay 
probability weights 
(for each track)

𝑃𝐷𝐹𝑠𝑐𝑎𝑡𝑡.

𝑃𝐷𝐹𝑛𝑠𝑐𝑎𝑡𝑡.

We need to determine 
𝑝𝑠𝑐𝑎𝑡𝑡. probability 
weights. 

Based on two 
criteria

Pions, 

p>2.0GeV

• Data

• 𝑃𝐷𝐹𝑠𝑐𝑎𝑡𝑡.

Pions, 

p>2.0GeV

• Data

• 𝑃𝐷𝐹𝑛𝑠𝑐𝑎𝑡𝑡.

𝑃𝐷𝐹𝑠𝑐𝑎𝑡𝑡., 𝑃𝐷𝐹𝑛𝑠𝑐𝑎𝑡𝑡.
determined via least 
squares fit using MC 
simulation data

Notice: better 
agreement of data 
and PDF

*scattered means 
scattered + decayed 
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Scattered, non-Scattered?

ECL Shower criteria

Quartz window 
(Cherenkov) photons 
criteria

More photons

Less photons

𝑟 = |Ԧ𝑟𝑇𝑟𝑎𝑐𝑘 𝐻𝑖𝑡 − Ԧ𝑟𝑝ℎ𝑜𝑡𝑜𝑛|

Distribution of photon 
hits by distance from 
extrapolated track hit 
(r) on detector plane

Scattered

Non-scattered

Problem: Not all tracks 
have a recorded window 
hit, HAPD coverage ∼
60%
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Scattered, non-Scattered?

6 categories 

Tracks without a window 
hit (winHit=0):

Tracks with a window hit:

Simulation 
(determination of 
𝑝𝑠𝑐𝑎𝑡𝑡. )

0

1

2

3

Graph 
category:

Identification:

For every track we 
determine the category 
(based on presence of 
recorded window hit, 
ECL shower, photons)

Using category 
determination and 
momentum each track is 
assigned a 𝑝𝑠𝑐𝑎𝑡𝑡. value 

𝑖-category, ℎ-mass hypothesis (K/𝜋)

ℒ𝐴𝑅𝐼𝐶𝐻

𝑝𝑛𝑠𝑐𝑎𝑡𝑡 .

𝑝𝑠𝑐𝑎𝑡𝑡.

category

Difference!

𝑝𝑠𝑐𝑎𝑡𝑡.
𝑖 =

scattered tracks in category 𝑖

all track in category 𝑖

New 
method:

Old 
method:

(no discrimination 
between scattered and 
non-scattered ) 

PDF ℒ𝐴𝑅𝐼𝐶𝐻

Pions (𝜋)
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Results

Considerable 
improvement 
(up to 1.5 GeV)

Green – new method
Black – old method

Considerable 
improvement 
at ∼5% 𝜋-
fake rate

Bigger momenta 
(>1.5 GeV)

Less improvement

Negligible 
improvement at 
higher 𝜋-fake rates 
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Summary:

• Scattering of particle tracks

• Separated treatment of scattered and non-scattered particle tracks

• Probability of scattering/decay based on two criteria

Improved K/𝜋 separation efficiency 

• Further testing on “real” data necessary
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