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Outline

• Background
§ How to measure particle ID

• PID Detectors in Belle II
• Hands-on session

§ Reconstruction of D* decays and study of PID performance
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The Belle II detector
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CDC and SVD

33. Passage of particles through matter 447

particles), scattering from free electrons is adequately described by
the Rutherford differential cross section [2],

dσR(W ; β)

dW
=

2πr2
emec

2z2

β2

(1 − β2W/Wmax)

W 2
, (33.1)

where Wmax is the maximum energy transfer possible in a single
collision. But in matter electrons are not free. W must be finite and
depends on atomic and bulk structure. For electrons bound in atoms
Bethe [3] used “Born Theorie” to obtain the differential cross section

dσB(W ; β)

dW
=

dσR(W, β)

dW
B(W ) . (33.2)

Electronic binding is accounted for by the correction factor B(W ).
Examples of B(W ) and dσB/dW can be seen in Figs. 5 and 6 of
Ref. 1.

Bethe’s theory extends only to some energy above which atomic
effects are not important. The free-electron cross section (Eq. (33.1))
can be used to extend the cross section to Wmax. At high energies σB

is further modified by polarization of the medium, and this “density
effect,” discussed in Sec. 33.2.5, must also be included. Less important
corrections are discussed below.

The mean number of collisions with energy loss between W and
W + dW occurring in a distance δx is Neδx (dσ/dW )dW , where
dσ(W ; β)/dW contains all contributions. It is convenient to define the
moments

Mj(β) = Ne δx

∫

W j dσ(W ; β)

dW
dW , (33.3)

so that M0 is the mean number of collisions in δx, M1 is the mean
energy loss in δx, (M2 − M1)2 is the variance, etc. The number of
collisions is Poisson-distributed with mean M0. Ne is either measured
in electrons/g (Ne = NAZ/A) or electrons/cm3 (Ne = NA ρZ/A).
The former is used throughout this chapter, since quantities of interest
(dE/dx, X0, etc.) vary smoothly with composition when there is no
density dependence.
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Fig. 33.1: Mass stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a
function of βγ = p/Mc over nine orders of magnitude in momentum (12 orders of
magnitude in kinetic energy). Solid curves indicate the total stopping power. Data
below the break at βγ ≈ 0.1 are taken from ICRU 49 [4], and data at higher energies
are from Ref. 5. Vertical bands indicate boundaries between different approximations
discussed in the text. The short dotted lines labeled “µ− ” illustrate the “Barkas
effect,” the dependence of stopping power on projectile charge at very low energies [6].
dE/dx in the radiative region is not simply a function of β.

33.2.2. Maximum energy transfer in a single collision :

For a particle with mass M ,

Wmax =
2mec

2 β2γ2

1 + 2γme/M + (me/M)2
. (33.4)

In older references [2,8] the “low-energy” approximation Wmax =
2mec

2 β2γ2, valid for 2γme ≪ M , is often implicit. For a pion in

copper, the error thus introduced into dE/dx is greater than 6% at
100 GeV. For 2γme ≫ M , Wmax = Mc2 β2γ.

At energies of order 100 GeV, the maximum 4-momentum transfer
to the electron can exceed 1 GeV/c, where hadronic structure
effects significantly modify the cross sections. This problem has been
investigated by J.D. Jackson [9], who concluded that for hadrons (but
not for large nuclei) corrections to dE/dx are negligible below energies
where radiative effects dominate. While the cross section for rare hard
collisions is modified, the average stopping power, dominated by many
softer collisions, is almost unchanged.

33.2.3. Stopping power at intermediate energies :

The mean rate of energy loss by moderately relativistic charged
heavy particles is well-described by the “Bethe equation,”

〈

−
dE

dx

〉

= Kz2Z

A

1

β2

[

1

2
ln

2mec
2β2γ2Wmax

I2
− β2 −

δ(βγ)

2

]

.

(33.5)
It describes the mean rate of energy loss in the region 0.1 <∼βγ <∼1000
for intermediate-Z materials with an accuracy of a few percent.

This is the mass stopping power ; with the symbol definitions and
values given in Table 33.1, the units are MeV g−1cm2. As can be seen
from Fig. 33.2, ⟨−dE/dx⟩ defined in this way is about the same for
most materials, decreasing slowly with Z. The linear stopping power,
in MeV/cm, is ⟨−dE/dx⟩ ρ, where ρ is the density in g/cm3.

Wmax is defined in Sec. 33.2.2. At the lower limit the projec-
tile velocity becomes comparable to atomic electron “velocities”
(Sec. 33.2.6), and at the upper limit radiative effects begin to
be important (Sec. 33.6). Both limits are Z dependent. A minor
dependence on M at the highest energies is introduced through Wmax,
but for all practical purposes ⟨dE/dx⟩ in a given material is a function
of β alone.

Few concepts in high-energy physics are as misused as ⟨dE/dx⟩.
The main problem is that the mean is weighted by very rare events

with large single-collision energy deposits. Even with samples of
hundreds of events a dependable value for the mean energy loss
cannot be obtained. Far better and more easily measured is the most
probable energy loss, discussed in Sec. 33.2.9. The most probable
energy loss in a detector is considerably below the mean given by the
Bethe equation.

In a TPC (Sec. 34.6.5), the mean of 50%–70% of the samples
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with large single-collision energy deposits. Even with samples of
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cannot be obtained. Far better and more easily measured is the most
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Density correction:
Density dependent polarization effect ... 
Shielding of electrical field far from particle path; 
effectively cuts of the long range contribution ...
More relevant at high γ

For heavy particles (m >> me):

U. Tamponi
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CDC and SVD

6

Separation power of dE/dx in Belle II

Using a sample of single 
particles, we can measure 
the degree of separation 
between different particle 
species

U. Tamponi
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Coverage of the tracking detectors

9

dE/dx: where does it matter the most

For illustration only. Do 
not use this plot to get 
some serious number

dE/dx is used also here, 

but the separation power is not 

 excellent
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ARICH
Master formula nr. 1 : The radiation lays on a cone, whose aperture depends on b

8

Cherenkov Detectors

11

ARICH
Master formula nr. 1 : The radiation lays on a cone, whose aperture depends on b

12

ARICH
Master formula nr. 1 : The radiation lays on a cone, whose aperture depends on b

When a charged particle in a medium moves faster 
than the speed of light in that medium, the particle 
emits Cherenkov radiation 
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Properties of 
Cherenkov Radiation

Cherenkov radiation 

32 

In a Cherenkov detector the produced photons are measured 
 

Number of emitted photons per unit of length: 
•  wavelength dependence ~ 1/λ2 

•  energy dependence ~ constant 
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458 33. Passage of particles through matter

in Ref. 5 list the stopping power as 9.82 MeV g−1cm2 for a 1 TeV
muon, so that the mean loss should be 23 GeV (≈ 23 GeV/c), for a
final momentum of 977 GeV/c, far below the peak. This agrees with
the indicated mean calculated from the simulation. Electromagnetic
and hadronic cascades in detector materials can obscure muon tracks
in detector planes and reduce tracking efficiency [75].
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Figure 33.25: The momentum distribution of 1 TeV/c muons
after traversing 3 m of iron as calculated with the MARS15
Monte Carlo code [71] by S.I. Striganov [5].

33.7. Cherenkov and transition radiation [33,76,77]

A charged particle radiates if its velocity is greater than the
local phase velocity of light (Cherenkov radiation) or if it crosses
suddenly from one medium to another with different optical properties
(transition radiation). Neither process is important for energy loss,
but both are used in high-energy and cosmic-ray physics detectors.

θc

γc

η

Cherenkov wavefront

Particle velocity   v = βc

v =
 v g

Figure 33.26: Cherenkov light emission and wavefront angles.
In a dispersive medium, θc + η ̸= 900.

33.7.1. Optical Cherenkov radiation :

The angle θc of Cherenkov radiation, relative to the particle’s
direction, for a particle with velocity βc in a medium with index of
refraction n is

cos θc = (1/nβ)

or tan θc =
√

β2n2 − 1

≈
√

2(1 − 1/nβ) for small θc, e.g. in gases.(33.43)

The threshold velocity βt is 1/n, and γt = 1/(1 − β2
t )1/2. Therefore,

βtγt = 1/(2δ + δ2)1/2, where δ = n − 1. Values of δ for various
commonly used gases are given as a function of pressure and
wavelength in Ref. 78. For values at atmospheric pressure, see
Table 6.1. Data for other commonly used materials are given in
Ref. 79.

Practical Cherenkov radiator materials are dispersive. Let ω be the
photon’s frequency, and let k = 2π/λ be its wavenumber. The photons
propage at the group velocity vg = dω/dk = c/[n(ω) + ω(dn/dω)]. In
a non-dispersive medium, this simplies to vg = c/n.

In his classical paper, Tamm [80] showed that for dispersive media
the radiation is concentrated in a thin conical shell whose vertex is at
the moving charge, and whose opening half-angle η is given by

cot η =

[

d

dω
(ω tan θc)

]

ω0

=

[

tan θc + β2ω n(ω)
dn

dω
cot θc

]

ω0

, (33.44)

where ω0 is the central value of the small frequency range under
consideration. (See Fig. 33.26.) This cone has a opening half-angle η,
and, unless the medium is non-dispersive (dn/dω = 0), θc + η ̸= 900.
The Cherenkov wavefront ‘sideslips’ along with the particle [81]. This
effect has timing implications for ring imaging Cherenkov counters [82],
but it is probably unimportant for most applications.

The number of photons produced per unit path length of a particle
with charge ze and per unit energy interval of the photons is

d2N

dEdx
=

αz2

!c
sin2θc =

α2z2

re mec2

(

1 −
1

β2n2(E)

)

≈ 370 sin2θc(E) eV−1cm−1 (z = 1) , (33.45)

or, equivalently,

d2N

dxdλ
=

2παz2

λ2

(

1 −
1

β2n2(λ)

)

. (33.46)

The index of refraction n is a function of photon energy E = !ω,
as is the sensitivity of the transducer used to detect the light. For
practical use, Eq. (33.45) must be multiplied by the the transducer
response function and integrated over the region for which β n(ω) > 1.
Further details are given in the discussion of Cherenkov detectors in
the Particle Detectors section (Sec. 34 of this Review).

When two particles are close together (lateral separation <∼ 1
wavelength), the electromagnetic fields from the particles may
add coherently, affecting the Cherenkov radiation. Because of their
opposite charges, the radiation from an e+e− pair at close separation
is suppressed compared to two independent leptons [83].

33.7.2. Coherent radio Cherenkov radiation :

Coherent Cherenkov radiation is produced by many charged
particles with a non-zero net charge moving through matter on an
approximately common “wavefront”—for example, the electrons and
positrons in a high-energy electromagnetic cascade. The signals can
be visible above backgrounds for shower energies as low as 1017eV; see
Sec. 35.3.3 for more details. The phenomenon is called the Askaryan
effect [84]. Near the end of a shower, when typical particle energies
are below Ec (but still relativistic), a charge imbalance develops.
Photons can Compton-scatter atomic electrons, and positrons can
annihilate with atomic electrons to contribute even more photons
which can in turn Compton scatter. These processes result in a
roughly 20% excess of electrons over positrons in a shower. The net
negative charge leads to coherent radio Cherenkov emission. The
radiation includes a component from the decelerating charges (as
in bremsstrahlung). Because the emission is coherent, the electric
field strength is proportional to the shower energy, and the signal
power increases as its square. The electric field strength also increases
linearly with frequency, up to a maximum frequency determined by
the lateral spread of the shower. This cutoff occurs at about 1 GHz in
ice, and scales inversely with the Moliere radius. At low frequencies,
the radiation is roughly isotropic, but, as the frequency rises toward
the cutoff frequency, the radiation becomes increasingly peaked
around the Cherenkov angle. The radiation is linearly polarized in
the plane containing the shower axis and the photon direction. A
measurement of the signal polarization can be used to help determine
the shower direction. The characteristics of this radiation have been
nicely demonstrated in a series of experiments at SLAC [85]. A
detailed discussion of the radiation can be found in Ref. 86.

33.7.3. Transition radiation :

The energy radiated when a particle with charge ze crosses the
boundary between vacuum and a medium with plasma frequency ωp is

I = αz2γ!ωp/3 , (33.47)

where

!ωp =
√

4πNer3
e mec

2/α =
√

ρ (in g/cm3) ⟨Z/A⟩ × 28.81 eV .

(33.48)
For styrene and similar materials, !ωp ≈ 20 eV; for air it is 0.7 eV.

The number spectrum dNγ/d(!ω diverges logarithmically at low
energies and decreases rapidly for !ω/γ!ωp > 1. About half the energy
is emitted in the range 0.1 ≤ !ω/γ!ωp ≤ 1. Inevitable absorption in a
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photon’s frequency, and let k = 2π/λ be its wavenumber. The photons
propage at the group velocity vg = dω/dk = c/[n(ω) + ω(dn/dω)]. In
a non-dispersive medium, this simplies to vg = c/n.

In his classical paper, Tamm [80] showed that for dispersive media
the radiation is concentrated in a thin conical shell whose vertex is at
the moving charge, and whose opening half-angle η is given by

cot η =

[

d

dω
(ω tan θc)

]

ω0

=

[

tan θc + β2ω n(ω)
dn

dω
cot θc

]

ω0

, (33.44)

where ω0 is the central value of the small frequency range under
consideration. (See Fig. 33.26.) This cone has a opening half-angle η,
and, unless the medium is non-dispersive (dn/dω = 0), θc + η ̸= 900.
The Cherenkov wavefront ‘sideslips’ along with the particle [81]. This
effect has timing implications for ring imaging Cherenkov counters [82],
but it is probably unimportant for most applications.

The number of photons produced per unit path length of a particle
with charge ze and per unit energy interval of the photons is

d2N

dEdx
=

αz2

!c
sin2θc =

α2z2

re mec2

(

1 −
1

β2n2(E)

)

≈ 370 sin2θc(E) eV−1cm−1 (z = 1) , (33.45)

or, equivalently,

d2N

dxdλ
=

2παz2

λ2

(

1 −
1

β2n2(λ)

)

. (33.46)

The index of refraction n is a function of photon energy E = !ω,
as is the sensitivity of the transducer used to detect the light. For
practical use, Eq. (33.45) must be multiplied by the the transducer
response function and integrated over the region for which β n(ω) > 1.
Further details are given in the discussion of Cherenkov detectors in
the Particle Detectors section (Sec. 34 of this Review).

When two particles are close together (lateral separation <∼ 1
wavelength), the electromagnetic fields from the particles may
add coherently, affecting the Cherenkov radiation. Because of their
opposite charges, the radiation from an e+e− pair at close separation
is suppressed compared to two independent leptons [83].

33.7.2. Coherent radio Cherenkov radiation :

Coherent Cherenkov radiation is produced by many charged
particles with a non-zero net charge moving through matter on an
approximately common “wavefront”—for example, the electrons and
positrons in a high-energy electromagnetic cascade. The signals can
be visible above backgrounds for shower energies as low as 1017eV; see
Sec. 35.3.3 for more details. The phenomenon is called the Askaryan
effect [84]. Near the end of a shower, when typical particle energies
are below Ec (but still relativistic), a charge imbalance develops.
Photons can Compton-scatter atomic electrons, and positrons can
annihilate with atomic electrons to contribute even more photons
which can in turn Compton scatter. These processes result in a
roughly 20% excess of electrons over positrons in a shower. The net
negative charge leads to coherent radio Cherenkov emission. The
radiation includes a component from the decelerating charges (as
in bremsstrahlung). Because the emission is coherent, the electric
field strength is proportional to the shower energy, and the signal
power increases as its square. The electric field strength also increases
linearly with frequency, up to a maximum frequency determined by
the lateral spread of the shower. This cutoff occurs at about 1 GHz in
ice, and scales inversely with the Moliere radius. At low frequencies,
the radiation is roughly isotropic, but, as the frequency rises toward
the cutoff frequency, the radiation becomes increasingly peaked
around the Cherenkov angle. The radiation is linearly polarized in
the plane containing the shower axis and the photon direction. A
measurement of the signal polarization can be used to help determine
the shower direction. The characteristics of this radiation have been
nicely demonstrated in a series of experiments at SLAC [85]. A
detailed discussion of the radiation can be found in Ref. 86.

33.7.3. Transition radiation :

The energy radiated when a particle with charge ze crosses the
boundary between vacuum and a medium with plasma frequency ωp is

I = αz2γ!ωp/3 , (33.47)

where

!ωp =
√

4πNer3
e mec

2/α =
√

ρ (in g/cm3) ⟨Z/A⟩ × 28.81 eV .

(33.48)
For styrene and similar materials, !ωp ≈ 20 eV; for air it is 0.7 eV.

The number spectrum dNγ/d(!ω diverges logarithmically at low
energies and decreases rapidly for !ω/γ!ωp > 1. About half the energy
is emitted in the range 0.1 ≤ !ω/γ!ωp ≤ 1. Inevitable absorption in a

E
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Endcap Particle ID

October 28, 2019
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Endcap Particle ID: ARICH

● Aerogel Ring Imaging Cherenkov Detector

● Two aerogel layers with different refractive indices

● Hamamatsu Hybrid Avalanche Photo Detector sensors

– Avalanche photo diode in vacuum tube

• Aerogel Ring Imaging Cherenkov Detector
• Two aerogel layers with different refractive indices (1.045/1.055) 

result in a sharper image
• K/π separation for a wide momentum range (0.7 GeV – 4.0 GeV)
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Coverage of the tracking detectors + ARICH

13

ARICH

For illustration only. Do 
not use this plot to get 
some serious number
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ARICH reconstruction

• Likelihood is based on the comparison of expected photon patterns for a given 
particle type with the measured photon patterns. 

lnLh = �Nh +
X

i2hits

nh
i + ln(1� exp(�nh

i ))
<latexit sha1_base64="hKsUc1Y5hJSvuqUHplmCPIa1aYQ="></latexit>

Lh =
Y

i2pixels

phi
<latexit sha1_base64="o6jtxxpTcme0w1HfZt4Uc5BGZ3Y="></latexit>

p0i(mi) = exp(�ni)n
mi
i /mi!

<latexit sha1_base64="mq+OA68/PEr53fx37GcK04uUU5Y=">AAACDXicbVDLSgMxFM3UV62vqjvdRFuxLqwzdaEboSiCuKpgH9DWIZOmbWiSGZKMWIb+gBt/xY0LRdy6dyH4Ef6D6WOhrQduODnnXpJ7vIBRpW37y4pNTc/MzsXnEwuLS8srydW1kvJDiUkR+8yXFQ8pwqggRU01I5VAEsQ9Rspe56zvl2+JVNQX17obkDpHLUGbFCNtJDeZDly6m+Eu3YMnsEbugsy+MBdTN5FRewfm2HKTKTtrDwAniTMiqXyaf19ufJ4X3ORHreHjkBOhMUNKVR070PUISU0xI71ELVQkQLiDWqRqqECcqHo02KYHd4zSgE1fmhIaDtTfExHiSnW5Zzo50m017vXF/7xqqJvH9YiKINRE4OFDzZBB7cN+NLBBJcGadQ1BWFLzV4jbSCKsTYAJE4IzvvIkKeWyzmE2d2XSOAVDxMEm2AYZ4IAjkAcXoACKAIN78AiewYv1YD1Zr9bbsDVmjWbWwR9Y7z8Y/51V</latexit>

Poissonian probability for a pixel with ni
average hits to show mi hits for this track

In our case, the pixel is either hit (mi=1) 
or not hit (mi=0)

pi(0) = exp(�ni)
<latexit sha1_base64="5k8+8ciPEwRNKgvyARK+jXCPNJQ=">AAAB/HicbVDLSsNAFJ3UV62vaJduhhahRSxJXehGKLpxWcE+oAlhMp20QyeTMDMRQ6hf4d6NC0Xc+iHu+jdOHwttPXDhcM693HuPHzMqlWVNjNza+sbmVn67sLO7t39gHh61ZZQITFo4YpHo+kgSRjlpKaoY6caCoNBnpOOPbqZ+54EISSN+r9KYuCEacBpQjJSWPLMYe7RiVeEVdMhjXDnjHq16ZtmqWTPAVWIvSLlRck6fJ4206ZnfTj/CSUi4wgxJ2bOtWLkZEopiRsYFJ5EkRniEBqSnKUchkW42O34MT7TSh0EkdHEFZ+rviQyFUqahrztDpIZy2ZuK/3m9RAWXbkZ5nCjC8XxRkDCoIjhNAvapIFixVBOEBdW3QjxEAmGl8yroEOzll1dJu16zz2v1O53GNZgjD45BCVSADS5AA9yCJmgBDFLwAt7Au/FkvBofxue8NWcsZorgD4yvHwKflgs=</latexit>

pi(1) = 1� pi(0) = 1� exp(�ni)
<latexit sha1_base64="x6uY/Nu2s/Dw9h3A1cjYaG5bFI8=">AAACCXicbZDLSsNAFIYnXmu9RV26GVqEFmlJ6kI3QtGNywr2Am0Jk+mkHTqZhJmJGEK3btz6GG5cKOLWN3DXt3HSdKGtPwx8/OcczpzfDRmVyrKmxsrq2vrGZm4rv72zu7dvHhy2ZBAJTJo4YIHouEgSRjlpKqoY6YSCIN9lpO2Or9N6+54ISQN+p+KQ9H005NSjGCltOSYMHVqyy/AS2pUUrQx75CEsVbhDy45ZtKrWTHAZ7DkU64Xe6fO0Hjcc87s3CHDkE64wQ1J2bStU/QQJRTEjk3wvkiREeIyGpKuRI5/IfjK7ZAJPtDOAXiD04wrO3N8TCfKljH1Xd/pIjeRiLTX/q3Uj5V30E8rDSBGOs0VexKAKYBoLHFBBsGKxBoQF1X+FeIQEwkqHl9ch2IsnL0OrVrXPqrVbncYVyJQDx6AASsAG56AObkADNAEGj+AFvIF348l4NT6Mz6x1xZjPHIE/Mr5+AK0QmYA=</latexit>

Expected total 
number of hits

Average number 
of hits on pixel i

But only for pixels 
that were hit
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ARICH expected number of hits

ni = n1
i + n2

i + nbg
i

<latexit sha1_base64="tZrd0jEuyRr2BEn3MMS7uMPIXPo=">AAACDHicbVDLSgMxFM3UV62vqjvdBKsgCGWmLnQjFEUQVxXsA9qxZNK0Dc1khuSOWIZ+gBt/xY0LRdz6AS4EP8J/MJ12oa0Hkns491ySe7xQcA22/WWlZmbn5hfSi5ml5ZXVtez6RkUHkaKsTAMRqJpHNBNcsjJwEKwWKkZ8T7Cq1zsb9qu3TGkeyGvoh8z1SUfyNqcEjNTM5mST4xNs7hsHHyS1MK4NYHcQe52Bcdl5OwGeJs6Y5Iq7/vfl1ud5qZn9aLQCGvlMAhVE67pjh+DGRAGngg0yjUizkNAe6bC6oZL4TLtxsswA7xmlhduBMkcCTtTfEzHxte77nnH6BLp6sjcU/+vVI2gfuzGXYQRM0tFD7UhgCPAwGdziilEQfUMIVdz8FdMuUYSCyS9jQnAmV54mlULeOcwXrkwap2iENNpGO2gfOegIFdEFKqEyougePaJn9GI9WE/Wq/U2sqas8cwm+gPr/Qci9pzQ</latexit>

 5

Endcap Particle ID: ARICH

● Aerogel Ring Imaging Cherenkov Detector

● Two aerogel layers with different refractive indices

● Hamamatsu Hybrid Avalanche Photo Detector sensors

– Avalanche photo diode in vacuum tube

Nr =
dNch

dx
�abs(1� exp(�d/�abs)

<latexit sha1_base64="LdJBJn3Bsoi3suMnazux81yty5E="></latexit>

nr
i = ✏detN

r

Z

⌦i

1

2⇡
G(✓, ✓rh,�

r
h)d✓d�

<latexit sha1_base64="y7zWL8VO44/Z7oAScNdcvzAZ4vw="></latexit>

Expected number of hits on pixel i

  

In the track internal 
coordinate system

pixel

Also possible photon loss on the edges and 
between aerogel tiles is taken into account
to get Nr 

detection 
efficiency

  

In the track internal 
coordinate system

pixel

Also possible photon loss on the edges and 
between aerogel tiles is taken into account
to get Nr 

detection 
efficiency

Expected number of photons emitted from layer r
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Implementation of ARICH probabilities

  

ARICHTrack

Implementation of this 

We reconstruct              of photon hit, in track coordinate 
system (geometrically, refractions also taken into account). 

Then we propagate “dummy” photon (ray tracing) from the 
emission point, setting its angle to             , to the
detectors plane

Expected 
cherenkov angle for 
particle type h

Expected (mean) position of 
cherenkov ring at 

Z

⌦i

1

2⇡
G(✓, ✓rh,�

r
h)d✓d�

<latexit sha1_base64="Gus8oQX4GIQoWL8QdMFdoixddBg="></latexit>

Z

Si

G(x, 0,�x)dxdy
<latexit sha1_base64="FYcCXp2zyS5vxxD+hVfz0Aj/m9A="></latexit>

We reconstruct (θi, ɸi) of each photon hit in the track coordinate system (taking into account 
refractions)

Then we apply ray tracing from the emission point at the angle (θh
c, ɸi) to the detection plane.
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ARICH hit patterns

N = ✏acc✏det(N
1 +N2) +Nbg

<latexit sha1_base64="71uDRPD7FkgjVcXZJvPryULueZM="></latexit>

Ring 
acceptance

Detection efficiency

✏acc
<latexit sha1_base64="tldH/3796TJYsr1BMK1T1F5UEis=">AAAB/nicbZC7SgNBFIZnvcZ4WxVtbBaDYBV2Y6FliI1lAuYCyRJmJ2eTIbMXZs6KYVnwVWwslGDrA/gEdjY+i5NLoYk/DHz85xzOmd+LBVdo21/Gyura+sZmbiu/vbO7t28eHDZUlEgGdRaJSLY8qkDwEOrIUUArlkADT0DTG95M6s17kIpH4R2OYnAD2g+5zxlFbXXN4w7EiguNaQfhAVPKWJZ1zYJdtKeylsGZQ6F8Uvvm48pHtWt+dnoRSwIIkQmqVNuxY3RTKpEzAVm+kyiIKRvSPrQ1hjQA5abT8zPrXDs9y4+kfiFaU/f3REoDpUaBpzsDigO1WJuY/9XaCfrXbsrDOEEI2WyRnwgLI2uShdXjEhiKkQbKJNe3WmxAJWWoE8vrEJzFLy9Do1R0Loulmk6jQmbKkVNyRi6IQ65ImdySKqkTRlLyRF7Iq/FoPBtj423WumLMZ47IHxnvP0vjmgs=</latexit>

  

Expected total number of detected hits

Ring geometrical 
acceptance

emmited from 1st

2nd  aerogel

background

All these of course depend on 
particle hypothesis! 
(N depends on theta_c)

: what fraction of expected ring falls on 
  photo-sensitive surface?

We do propagation of 200 “dummy” photons at the expected       and uniformily distributed in
     from the emission point and count how many fall on HAPDs. 

Number of expected photons in cherenkov ring 
for 3GeV pions vs. the track position on aerogel 
plane

  

Expected total number of detected hits

Ring geometrical 
acceptance

emmited from 1st

2nd  aerogel

background

All these of course depend on 
particle hypothesis! 
(N depends on theta_c)

: what fraction of expected ring falls on 
  photo-sensitive surface?

We do propagation of 200 “dummy” photons at the expected       and uniformily distributed in
     from the emission point and count how many fall on HAPDs. 

Number of expected photons in cherenkov ring 
for 3GeV pions vs. the track position on aerogel 
plane

Number of photons from 1st and 
2nd layer, respectively

background

The expected number of 
photons depends on the 
particle hypothesis

Geometric acceptance of the 
Cherenkov ring

After propagating 200 “dummy photons” at the expected θh
c

and uniformly distributed in ɸ, we can just count how many fall 
on HAPDs

Expected number of photons in Cherenkov ring for 3 
GeV pions vs. track position on the aerogel plane
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From photon times to particle ID

October 28, 2019

The different reflections in the bar 
result – for a given incident position 
on the bar – in different photon 
arrival times in each channel

tim
e 

(n
s)

pixel ID

time (ns)

The combined likelihood of all of the 
measured photons is the input to the PID

10k K (red) and π (blue) with otherwise equal properties

Probability 
distribution for 
a given type, 
momentum, 
incidence

 7

TOP: Concept

● 16 Quartz Cherenkov radiator bars

– 270cm * 45cm * 2cm each

– Small expansion volume

● Cherenkov photons propagate to sensors via 
total internal reflection
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An example of a Likelihood analysis in the iTOP

24

Combining all the information

How can we combine in a coherent way all the signals from the sub-detectors?

1) Each detector ⇠ts the distribution of its hits with six PDFs (one per species)
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Coverage of the tracking detectors and Cerenkov 
detectors (most of the PID system)

16

TOP

For illustration only. Do 
not use this plot to get 
some serious number
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The signal processing in the ECL improved 
between Belle and Belle II

Electromagnetic calorimeter reconstruction in Belle II (Torben Ferber) �6

Signal processing: Belle and Belle II

t

Shaper output (τ=0.5μs)

Waveform Digitizer, 1.76 MHz, 18 bit

FPGA fits to extract Amplitude and Time

Shaper output (τ=1.0μs)

Gate width (Δt=100ns)

t

Signal charge

Charge-to-time converter (QTC)

Digitizer (TDC)

Amplitude

Electromagnetic calorimeter reconstruction in Belle II (Torben Ferber) �6

Signal processing: Belle and Belle II

t

Shaper output (τ=0.5μs)

Waveform Digitizer, 1.76 MHz, 18 bit

FPGA fits to extract Amplitude and Time

Shaper output (τ=1.0μs)

Gate width (Δt=100ns)

t

Signal charge

Charge-to-time converter (QTC)

Digitizer (TDC)

Amplitude
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Electromagnetic calorimeter reconstruction in Belle II (Torben Ferber) �17

Pulse-Shape Discrimination (PSD)

• First time pulse shape discrimination 
(PSD) is used in an e+e- collider 
experiment 

• New variable based on a BDT trained 
(on MC) to separate photons and K0L 
using all pulse shapes in a cluster 

• Will be included in charged particle 
identification to improve muon vs. 
pion separation

Savino Longo (longos@uvic.ca) ICHEP 2018

First Beam = First Hadrons Observed!

• When SuperKEKB beams started circulating (April 2018) hadronic backgrounds in ECL 
allowed for hadronic pulse shapes to be observed at Belle II.
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Different stages of reconstruction in the ECL

Electromagnetic calorimeter reconstruction in Belle II (Torben Ferber)
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Electromagnetic calorimeter reconstruction in Belle II (Torben Ferber) �18

Low pt Particle Identification plans: Muon vs Pion

• Particles with low transverse 
momentum (pt < 0.5 GeV/c) do not 
reach our muon system: 
 
→ Baseline particle identification 
depends on E/p and is very poor 
 
→ Clustering itself difficult, since 
these particles leave long, charge 
dependent, trails in the calorimeter

ECL

High ptLow pt

muon system
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Particle ID in the ECL
Electromagnetic calorimeter reconstruction in Belle II (Torben Ferber) �18

Low pt Particle Identification plans: Muon vs Pion

• Particles with low transverse 
momentum (pt < 0.5 GeV/c) do not 
reach our muon system: 
 
→ Baseline particle identification 
depends on E/p and is very poor 
 
→ Clustering itself difficult, since 
these particles leave long, charge 
dependent, trails in the calorimeter

ECL

High ptLow pt

muon system
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Deep learning methods to improve the PID in the 
ECL

Electromagnetic calorimeter reconstruction in Belle II (Torben Ferber) �19

Low pt Particle Identification plans
• Approach under study:  

• No clustering 

• Extrapolate tracks to calorimeter 

• Analyse 5×5 pixel calorimeter images around 
impact crystal using convolutional networks

Baseline identification

Calorimeter images + track extrapolation

Baseline identification

Calorimeter images + track extrapolation

Belle II Simulation (work in progress)

Belle II Simulation (work in progress)

Pions Electrons Muons
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Low pt Particle Identification plans
• Approach under study:  

• No clustering 

• Extrapolate tracks to calorimeter 

• Analyse 5×5 pixel calorimeter images around 
impact crystal using convolutional networks

Baseline identification

Calorimeter images + track extrapolation

Baseline identification

Calorimeter images + track extrapolation

Belle II Simulation (work in progress)

Belle II Simulation (work in progress)

Pions Electrons Muons
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Coverage of all of the detectors surrounded by 
the solenoid magnet

20

ECL

For illustration only. Do 
not use this plot to get 
some serious number

The ECL dominates the 

electron identi⇠cation
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The K0
L – Muon detector (KLM)

October 28, 2019

Angular  resolution  of  hit  point  from  the  IP
  is  better  than  10mrad (~4cm)

Iron  plates + Scintillator  strips (14 lyr)
X-Y  directions  in  one  layer
Z direction  in  the  depth  of  layers 

Iron  plates (14 lyr)
inner  2  layers : Scintillators
other  layers (13lyr) : RPC (same  as  Belle)

Endcap KLM

Barrel KLM
IP

Requirement  from  KLM  to  Tracking
25

Endcap KLM: scintillator strips 
(14 layers fwd, 12 layers bwd)

Barrel KLM:
Inner 2 layers: Scintillator strips
Outer 13 layers: RPC 
(glass, not bakelite)

Angular resolution of 
hit from the IP: better 
than 10 mrad (4 cm)



27

3 May 2018 Leo Piilonen, BNL Focused KLM-Readout Review 15

FNAL scintillator for barrel

Light is captured by 
wavelength-shifting fibre
(Kuraray Y11 MC, 1.2 mm ∅)

Scintillator (with TiO2 reflective coating) 
delivers blue light to central-bore WLS fiber

A discharge (=streamer) in either gas gap induces 

an image charge on both readout planes. 

+4.7 kV

–3.5 kV

+4.7 kV

–3.5 kV

Barrel KLM Resistive Plate Counter Panel

has two independent back-to-back RPCs

3 May 2018 Leo Piilonen, BNL Focused KLM-Readout Review 12

Detect WLS-fiber light with Geiger-mode 
avalanche photodiode (“SiPM” or “MPPC”)

1.3 x 1.3 mm2

667 pixels

Rubber
spring

Scintillator strip
developed for T2K  
near detector
operates in 1.5 T 
magnetic field
rad-hard (>10-year 
lifetime in KLM)
8-pixel threshold gives 
>99% efficiency

3 May 2018 Leo Piilonen, BNL Focused KLM-Readout Review 16

Wavelength-shifting fiber

Hamamatsu S10362-13-050C       
attached to one end of fiber

(fiber is mirrored at the other end)

Detect WLS-fiber light with Geiger-mode 
avalanche photodiode (“SiPM” or “MPPC”)

1.3 x 1.3 mm2

667 pixels

Rubber
spring

Scintillator strip
developed for T2K  
near detector
operates in 1.5 T 
magnetic field
rad-hard (>10-year 
lifetime in KLM)
8-pixel threshold gives 
>99% efficiency

3 May 2018 Leo Piilonen, BNL Focused KLM-Readout Review 16

Wavelength-shifting fiber

Hamamatsu S10362-13-050C       
attached to one end of fiber

(fiber is mirrored at the other end)
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Coverage of the detectors in the Belle II 
experiment

21

KLM

For illustration only. Do 
not use this plot to get 
some serious number

The KLM dominates the 

muon identi⇠cation
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Particle ID in Belle II analyses

Current implementation:
• Each subdetector measures the likelihoods for 6 basic species

§ Electron
§ Muon
§ Pion
§ Kaon
§ Proton
§ Deuteron

• Particle ID for a given species is the combination for all detectors

26

Combining all the information

How can we combine in a coherent way all the signals from the sub-detectors?

1) Each detector ⇠ts the distribution of its hits with six PDFs (one per species)

2) The outcome of each ⇠t is quanti⇠ed in a (Log)-likelihood value

    + The higher, the better the PDF ⇠ts the data

3) The for each mass hypothesis, we sum the LogLikelihoods of the sub-detectors to

    construct a single particle likelihood
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Example: Particle separation in the iTOP detector

28

Getting a PID value: DeltaLL

How do we compare di)erent hypotheses?
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Performance characterization

• Two basic concepts to characterize the performance of a detector
§ Efficiency
§ Purity
§ Usually the likelihoods overlap, so deciding on a cut is always a trade-off between the 

two

• Some people like to quote a “fake-rate”. I find this confusing and will use only 
efficiencies
§ The efficiency to correctly identify a particle of type A in a sample of mostly As
§ The efficiency to erroneously identify a particle of type B in a sample of mostly As

ü This latter term is sometimes called “fake rate”
ü Except by people who confuse A and B… 
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Hands-on session

• In the hands-on session you will follow the steps to reconstruct the decay     
D* ➞ D0 (K π) π

• The Kaons and pions can be very cleanly reconstructed without using particle 
ID, so this is a good channel to test the PID performance

• The notebook is making a couple of plots you can use to study the 
performance of the different detectors
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19

ECL and KLM

KLM

+ Muons do not interact that much (why?)

+ Muons are more likely than any other particle to survive the solenoid and the steel plates

ECL

+ Electrons are showering as

    photons  are (why?)

+ Hadrons may leave distinctive 

    signatures (hadronic showers)
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Electromagnetic calorimeter reconstruction in Belle II (Torben Ferber) �16

Pulse-Shape Discrimination (PSD)
• Online FPGA waveform fits use photon 

templates only and provide time and 
amplitude fit results (2 variables) 

• New: Exploit the fact that hadronic and 
electromagnetic scintillation components 
are different 

• If crystal energy E > 30 MeV: Store 
waveform data (31 variables) and 
repeat fit offline with different 
templates. 

• Third information from a crystal: PSD
Savino Longo (longos@uvic.ca) ICHEP 2018

CsI(Tl) Pulse Shape Discrimination at Belle II

13

• Offline waveforms are characterized with photon+hadron component fit. 

• Hadron response for all crystals is calibrated using Fourier analysis to compute 
the impulse response for each calorimeter crystals signal chain.

CsI(Tl) Diodes Preamp ShaperDSP

RHadron(t) = LHadron(t) ⇤ IShaperDSP(t)IShaperDSP(t) = IFT
�FT (R�(t))
FT (L�(t))

�
FT = Fourier Transform 
IFT = Inverse Fourier Transform

Sample Fit of Hadron Pulse in Collision Data

Belle II Phase 2 data – preliminary

S. Longo, ICHEP2018
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Binary or global PID?
A very simple example: a magic universe where only pions and kaons exist.

We observe a “kaon-like” signal.

What’s the probability for that 

particle to be a kaon?

Posterior probability

Prior probability



39

36

Binary or global PID?

The likelihood value is actually a proxy (i.e. is proportional) exactly to the 

conditional probability!

+ Global and binary PID are simply di?erent priors schemes

+ Non-trivial priors are not implemented yet 
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Performances

Few metrics are used to characterize the performances of a PID detector

+ EGciency: ability to correctly assign the ID

    e(K) = N(K identi⇠ed as K)/N(real K)

    Equal, by de⇠nition, to the “probability of a kaon to be called kaon”

+ Mis-ID probability: ability not to assign the incorrect ID

    Mis-ID(K) = N(non-K identi⇠ed as K)/N(non K)

    Equal, by de⇠nition, to the “probability for a non-kaon to be called kaon”

+ Fake rate: fraction of particles with the wrong ID

    F(K) = N(non-K identi⇠ed as K)/N(identi⇠ed as K)

    Equal, by de⇠nition, to the “fraction of non-kaons in my collection of kaons”


